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ABSTRACT

Traumatic stress exposure can lead to post-traumatic stress disorder (PTSD),
which often co-occurs with substance use disorders (SUDs), including opioid use
disorder (OUD). Prolonged opioid use significantly affects the brain's reward circuit,
altering the volume of reward circuit nodes, their functional connectivity, and the
expression and function of opioid receptors. Besides affecting fear learning and
memory, PTSD also involves symptoms related to the reward system, such as emotional
numbing and anhedonia. Understanding the reward system's role in PTSD
symptomatology can help address PTSD and tackle co-occurring disorders like OUD.

This dissertation investigates the effects of traumatic stress exposure on reward
system components using a rodent model of PTSD (i.e., single prolonged stress, SPS).
The focus is on the expression and dynamics of mu-opioid receptors (MORs), functional
connectivity within the brain's reward system, and the volume of reward system nodes.

Traumatic stress exposure caused sex-specific effects on MOR phosphorylation
(p-MOR) within the anterior cingulate cortex (ACC) and CA2 subregion of the ventral
hippocampus (VCA2). In female rats, SPS increased p-MOR levels within the ACC and
vCAZ2, while in male rats, it decreased p-MOR levels in the ACC and had no significant
effect on p-MOR levels within the vCA2. SPS did not significantly affect MOR

expression in these regions.
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Neuroimaging data collected before and 7 to 10 days after SPS exposure showed
a decrease in overall functional connectivity within the default mode network (DMN)
in both sexes. SPS affected intrahippocampal functional connectivity, including dCA1-
VCAL and CA2-dDG, and connectivity between StriVM and thCM in both sexes.
Additionally, SPS had sex-specific effects on functional connectivity between
hippocampal subregions and thalamic nuclei: in male rats, it inhibited the increase in
connectivity between vCA1-thMD, while in female rats, it increased connectivity
between VCA1-PV and dDG-thMD. Structural MRI analysis revealed that traumatic
stress exposure inhibited the expansion of the dDG in both sexes.

This study identified brain regions within the reward system affected by
traumatic stress in male and female rats and highlighted pathways and networks with
sex-specific responses. Future research should determine the behavioral correlates of
these changes, particularly in fear and addictive behaviors, to provide insights into the
mechanisms of PTSD and PTSD-OUD comorbidity. This could lead to targeted
treatments that consider sex-specific responses to traumatic stress, ultimately improving

outcomes for individuals with PTSD or PTSD-OUD.
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Chapter 1

INTRODUCTION

1.1 Interplay of Trauma, Post-Traumatic Stress Disorder, and Substance Use

Traumatic events are characterized as conditions of significant stress. Exposure to
traumatic stress gives rise to a wide range of psycho- and physio-pathological
conditions. In the most severe form, the response to traumatic stress exposure leads to
a psychological condition known as post-traumatic stress disorder (PTSD) (American
Psychiatric Association [APA], 2013). PTSD is characterized by nightmares, unwanted
memories, and intrusive flashbacks related to the traumatic event (American Psychiatric
Association [APA], 2013; NIMH, 2023). These symptoms stem from disruptions in
acquisition, consolidation, and reconsolidation of the memory associated with the
traumatic experience (Brewin, 2011). Instances such as terrorist attacks, violent crime,
military combat, natural disasters, severe injuries, or violent personal assaults can all
precipitate PTSD (lIribarren et al., 2005). PTSD frequently co-occurs with other
psychiatric disorders (Brady et al., 2000). According to the national comorbidity survey
(NCS) 59% of men and 44% of women with PTSD meet the criteria for three or more
additional psychiatric disorders (Kessler et al., 1995).

Substance use disorders (SUDs), also referred to as drug addiction, are chronically

relapsing disorders characterized by (1) a compulsive urge to seek and consume drugs,



(2) an inability to manage drug consumption, and (3) the emergence of withdrawal
symptoms (i.e., anxiety, dysphoria, and irritability) when the drug is not available
(American Psychiatric Association [APA], 2013; NIMH, 2023). SUDs are among the
most common co-occurring disorders with PTSD (Brady et al., 2000). Studies on PTSD
veterans showed that 64%—-84% of these patients met the criteria for a lifetime alcohol
use disorder and 40%-44% met the criteria for a lifetime drug use disorder. Estimates
of the lifetime prevalence of substance use disorders in civilian populations with PTSD
vary from 22% to 43%, which significantly surpasses the estimates for SUDs in the
general population (Brady & Sinha, 2005).

According to epidemiological data gathered from the United States and Australia,
individuals who use opioids have higher rates of PTSD compared to users of any other
substances (Mills et al., 2006). Clinical reports further revealed that PTSD rates are
higher in the patients seeking treatment for heroin dependence (~25%) than the general
population (~2%) (Mills et al., 2007). Furthermore, opioid abuse was found in 9% of
combat veterans diagnosed with PTSD following their return from Irag and
Afghanistan; three times the population average, according to a study conducted by the
Rand Corporation (Tanielian et al., 2008).

A quantitative examination of 25 years’ worth of PTSD research conducted by
Tolin and Foa (2008) revealed that women are twice as likely as men to meet the criteria
for PTSD, regardless of the study’s nature, the sampled population, the assessment
method employed, or other methodological variables (Tolin & Foa, 2008). The higher

prevalence of PTSD in women does not stem from women being more likely than men



to experience potentially traumatic events (Tolin & Foa, 2008). Additionally, following
trauma exposure, women tend to develop negative affective states (including
depression, anxiety, and somatization), whereas men are more likely to manifest their
distress externally, often through aggressive, hostile, and antisocial behaviors (Tolin &
Foa, 2008).

Exposure to trauma and/or a PTSD is associated with greater risk of SUDs for
women compared to men (Kachadourian et al., 2014). The likelihood of comorbidity
between PTSD-alcohol use disorder is greater in women than men (Helzer et al., 1987).
Moreover, PTSD has been correlated with a higher risk of non-medical opioid use and
opioid use disorder (OUD) in women than men (Smith et al., 2016). Among the various
PTSD symptoms, the avoidance symptom cluster has the strongest associations with
opioid abuse in women, while the arousal and reactivity symptom cluster have the
strongest associations with opioid abuse in men (Smith et al., 2016). With regards to
symptomatology, opioid use in women may serve as a coping mechanism to avoid
trauma-related stimuli and alleviate negative emotions (Smith et al., 2016; Back et al.,
2011), but men may use opioids to numb or manage heightened physiological arousal,
including increased anger, exaggerated startle response, and difficulty sleeping (Back
etal., 2011).

These findings underscore the complex interplay between traumatic stress, PTSD,
and SUDs, emphasizing the importance of investigating sex differences in these

disorders.



1.2 The Brain’s Intricate Reward System

The central hub within the reward system is the ventral tegmental area (VTA)-
nucleus accumbens (NAc) dopaminergic pathway (Nestler & Malenka, 2004). This
pathway plays an important role in triggering the reward response (Salgado & Kaplitt,
2015). However, the reward system in mammals extends beyond the VTA-NAc
dopaminergic pathway. Reward circuits in mammals encompass additional brain
regions that add emotional significance to the rewarding experiences and guide
behaviors towards the rewarding stimuli (Nestler & Malenka, 2004). Among these brain
regions, the amygdala (AMG) has the critical role of storing the emotional memory of
an experience and assessing if the experience is rewarding or aversive — a process
referred to as reward evaluation (Balleine & Killcross, 2006; Holland & Gallagher,
2004; Murray, 2007). Moreover, AMG’s connection to the NAc facilitates reward
seeking and reinforces positive behavior (Stuber et al., 2011). The dorsal hippocampus
(DH) records the contextual memories of an experience including details like location,
timing, and individuals involved in the experience (Gauthier & Tank, 2018; Nestler &
Malenka, 2004). The ventral hippocampus (VH) receives contextual information from
the DH and emotional information from the AMG (Oleskevich et al., 1989; French et
al., 2003). The VH-NAc connection serves to convey contextual and emotional
information that affects goal-directed behavior (Pascoli et al., 2014; Vezinaet al., 1989).
Midline thalamic nuclei, including the paraventricular nucleus of the thalamus (PV),
have been shown to play a significant role in reward-related behavior through their

connections to the NAc (Cooper et al., 2017). However, activation of the PV-NAc



pathway results in aversive behavior rather than rewarding behavior (Zhu et al., 2016).
Additionally, the prefrontal cortex (PFC) processes the information from all the other
components of the reward circuit and uses this information to predict rewards and
mediate the execution of the most fitting behavioral response towards the stimuli
(Guirado et al., 2020).

Thus, the reward system is a complex network involving multiple brain regions that

integrate emotional, contextual, and motivational information to guide behavior.

1.3 Neuroadaptive Changes in Opioid Use Disorder (OUD)

Prolonged opioid use contributes to the development of opioid use disorder (OUD)
(Listos et al., 2019). OUD is linked to neuroadaptive changes occurring within the brain
at the molecular, structural, and functional levels (Bohn et al, 2000; Zuo, 2005; Ma et
al., 2010; Maet al., 2015; Upadhyay et al., 2010). Exogenous opioids such as morphine,
heroin and fentanyl induce a wide range of behavioral effects such as analgesia,
euphoria, and sedation, among others (Listos et al., 2019). Within the brain, there are 3
types of opioid receptors- pu, 6 and k- each belonging to the category of G-protein
coupled receptors (Waldhoer et al., 2004). Structurally, they consist of seven
transmembrane domains, three intracellular and three extracellular loops, an
extracellular amino acid N-terminus and an intracellular carboxyl C-terminus
(Waldhoer et al., 2004).

Opioid receptors are ubiquitously distributed throughout the brain, including within

nodes of the reward system like NAc, VTA, PFC, AMG, hippocampus, and thalamic



nuclei (Gray et al., 2006). The rewarding effect of opioids is largely caused by the
activation of the u-opioid receptors (MORs) at the GABAergic terminal of the VTA.
Stimulation of the MORs inhibits GABA release, which consequently disinhibits
dopaminergic neurons, leading to increased dopamine release into the NAc (Johnson &
North, 1992). It is worth noting that activation of the opioid receptors can also occur
naturally through endogenous opioids like endorphins, enkephalins and dynorphins
(Bodnar, 2016).

Chronic opioid use induces neuroadaptive changes in the receptor density, G-protein
coupling, and signal transduction pathways involved in opioid receptors. Adaptive
responses such as down regulation, internalization, and desensitization of the MORs
have been proposed as changes that happen due to chronic opioid use (Listos et al.,
2019). These adaptations are responsible for diminishing the response to opioids,
fostering dependence, and increasing tolerance following long-term opioid use (Listos
etal., 2019).

Morphine is an opioid medication that is frequently prescribed to PTSD patients to
alleviate physical pain (Holbrook et al., 2010). However, despite its high effectiveness
in reducing the pain symptoms, morphine can lead to addiction over time (Fareed et al.,
2013). Chronic morphine use, like other opioids, can lead to dependence. The
downregulation and internalization of MORs, which are typically observed with
prolonged use of other opioids, are not evident with chronic morphine use (Stafford et
al., 2001; Dang & Christie, 2012; Anselmi et al., 2013). In morphine dependence, the

primary mechanism seems to involve the desensitization of the MORs and their



downstream signaling pathway. MORs desensitization begins with MORs
phosphorylation (Trigo et al., 2010). This phosphorylation changes the G-protein
coupled receptor conformation, increasing its affinity for R-arrestin (Koch & Hollt,
2008). Consequently, the interaction between the MOR and (-arrestin leads to the
uncoupling of G-protein signaling (Koch & Ho6llt, 2008). The desensitization of MORS
could arise from G-protein uncoupling and/or deregulation of B-arrestin 1 and 2, which
are proteins accountable for halting G-protein coupled receptor activity and initiating
internalization (Bohn et al., 2000; Fan et al., 2003). Desensitization of MORs leads to
increased adenylyl cyclase (AC) activity and elevated cyclic AMP (CAMP) levels,
which subsequently influence the activity of CAMP response element-binding protein
(CREB) (Terwilliger et al., 1991).

Long-term opioid use has also been linked to altered functional connectivity within
various nodes of the reward circuit. Resting state functional magnetic resonance
imaging (rs-fMRI) data collected from individuals with chronic opioid use has shown
an increase in functional connectivity between NAc and the rostral/ventral anterior
cingulate cortex (ACC), between NAc and orbitofrontal cortex (OFC), and between the
AMG and the PFC (Maet al., 2010). Conversely, chronic opioid use has been associated
with decreased functional connectivity between the PFC and ACC, between PFC and
OFC, and between anterior AMG, insular cortex and NAc (Ma et al., 2010; Upadhyay
et al., 2010). Additionally, chronic opioid use has been found to affect the volume of
the nodes of the reward system. For instance, bilateral reduction in AMG volume has

been observed in individuals dependent on prescription opioids (Upadhyay et al., 2010).



It is important to note that these neuroimaging studies have been conducted on
human subjects. While they provide valuable insights, establishing a direct cause-and-
effect relationship between chronic opioid use and alterations in the functional
connectivity and volume of specific brain regions is challenging. This difficulty arises
from the absence of information about the brain's condition prior to addiction. The
observed changes in individuals with chronic opioid use may not necessarily be solely
attributed to the drug use itself but could also stem from pre-existing brain

predispositions that make individuals more susceptible to developing addiction.

1.4 PTSD and the Reward System

The relationship between PTSD and the reward system is not fully characterized.
However, PTSD encompasses symptoms that are related to the reward system, such as
emotional numbing and anhedonia (American Psychiatric Association [APA], 2013).
Understanding the role of the reward system in PTSD symptomatology holds the
potential to address PTSD itself and tackle co-occurring reward-related disorders, such
as SUDs, that frequently coincide with PTSD.

The reward system in PTSD patients has been studied using functional
neuroimaging. Functional imaging studies of the reward system in individuals with
PTSD fall into two categories: those that utilize reward-related tasks and those that
measure resting-state functional connectivity (rs-fMRI).

Studies utilizing reward-related tasks consistently showed reduced striatal activity

in PTSD patients. For instance, PTSD patients exhibited reduced activity in the NAc



and mPFC during engagement in reward-related tasks (Sailer et al., 2008). When
exposed to passive rewards, PTSD patients displayed decreased activity in the AMG
and striatal subregions (NAc and caudate-putamen) compared to healthy counterparts
(Elman et al., 2009). Additionally, PTSD patients showed reduced activity in the
striatum, parietal cortex, and temporal cortex in response to pleasant images compared
to healthy controls (Elman et al., 2018). Furthermore, PTSD patients demonstrated
decreased activity in the AMG and ventral striatal-limbic networks when exposed to
images of happy faces compared to trauma-exposed non-PTSD individuals
(Felmingham et al., 2014). PTSD patients also rated these images as less happy than the
control group, and there was a negative correlation between emotional numbing
symptoms and the activity of ventral striatal regions in the PTSD patients (Felmingham
et al., 2014). These findings collectively suggest alterations in neural processing in
response to emotional and rewarding stimuli in PTSD patients compared to non-affected
individuals.

Studies that assessed rs-fMRI in PTSD patients showed mixed results. For instance,
compared to healthy controls, PTSD patients exhibited increased local coherence in
subcortical regions, including the AMG, hippocampus, thalamus, and putamen, and
decreased local coherence in cortical regions, including the mPFC and dorsolateral PFC
(Zhong et al., 2015). Additionally, one study observed reduced BLA functional
connectivity with the ACC and mPFC and increased functional connectivity between
the CeA and OFC in PTSD adolescent patients compared to the control group (Aghajani

et al., 2016). Another study found that PTSD patients showed stronger functional



connectivity between the BLA and pregenual ACC, dorsomedial PFC, and dorsal ACC
than the trauma-exposed control group (Brown et al., 2014). Furthermore,
hyperconnectivity between the left frontal, temporal, and hippocampal regions have
been observed in PTSD patients compared to combat-exposed individuals without
PTSD, where the strength of hippocampal connectivity positively correlated with the
severity of PTSD symptoms (Dunkley et al., 2014).

PTSD has also been linked to changes in the volume of reward system nodes. For
example, decreased hippocampal volume has been observed in PTSD patients (Woon
et al., 2010; Bootsman et al., 2016). However, it appears that smaller hippocampal
volume is a pre-existing vulnerability factor for PTSD rather than an acquired sign of
the disorder (Gilbertson et al., 2002; Gilbertson et al., 2007). Additionally, the ACC has
been found to be smaller and have less gray matter density in PTSD patients compared
to combat-exposed individuals without PTSD (Corbo et al., 2005; Kasai et al., 2008).
Similarly, a decrease in the volume of the AMG has been reported in PTSD patients;
however, some studies show no changes in AMG volume in PTSD patients compared
to controls (Karl et al., 2006; Woon et al., 2008).

PTSD has also been associated with alterations in different neurotransmitter systems
within the reward system. PTSD patients exhibit higher levels of dopamine transporter
in their striatum compared to trauma-exposed individuals without PTSD (Hoexter et al.,
2012). This increase in dopamine transporter leads to a decrease in dopamine
transmission (Moriam et al., 2013; Zhu et al., 2011), which might result in reward

hyposensitivity. Additionally, increasing levels of dopamine, norepinephrine, and
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serotonin using selective serotonin reuptake inhibitors (SSRIs) has shown
antidepressant effects in PTSD patients (Malikowska-Racia et al., 2019; Krystal et al.,
2009; Thase et al., 2001), indicating decreased dopamine, norepinephrine and serotonin
neurotransmission in PTSD patients. Dysregulation in the opioid system has also been
reported in PTSD. PTSD patients had lower availability of MORs in their ACC
compared to individuals without PTSD (Liberzon et al., 2007).

The relationship between PTSD and the reward system is multifaceted. Findings
from various studies highlight alterations in the responsiveness, activity, volume and
functional connectivity of reward-related regions in PTSD patients, along with changes
in neurotransmitter systems. These alterations may contribute to shifts in reward and
emotional processing within individuals with PTSD potentially making them more

vulnerable to developing SUDs.

1.5 Substance Use Disorders (SUDs) and Their Risk Factors: Is PTSD a Risk
Factor?

Only a small percentage of individuals exposed to drugs will become addicted to
them. From 29 million of the United States adult population that have used illicit drugs
at some point in their lives, only 5.4 million developed drug dependence (Grant &
Dawson,1998; Grant et al.,2004). Genetic, developmental, and environmental factors
all contribute to a person's susceptibility to developing SUDs after drug exposure.

Genetic factors are responsible for 40-60% of the susceptibility to addiction

(Volkow, 2005). Sensitivity to the reinforcing effects of abused substances and their
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metabolites is a genetic phenotype that can indicate an individual’s vulnerability for
addiction (Volkow, 2005). Furthermore, studies showed that the presence of certain
gene variants encoding components of a drug's neurotransmission can predict the risk
of developing addiction to that drug (Dick et al., 2009; Etter et al., 2009).

Adolescence is the stage of life where the risk of addiction is highest (Chambers
et al., 2003). The human brain develops until the early to mid-twenties. Different brain
circuits evolve at different times, with reward and emotional circuits developing first,
followed by prefrontal top-down control circuits (Durston et al., 2001; Giedd et al.,
1999). Increased reward seeking behavior, emotional reactivity, as well as impulsivity
and risk-taking behavior in adolescents happen because of the delay in the development
of prefrontal control circuits (Steinberg, 2017). These typical behavioral traits make
adolescents more prone to abuse drugs (Jordan & Andersen, 2017). In addition, early
exposure to drugs of abuse may impede the development of the PFC, raising the risk of
addiction in the long run (Nestler, 2014; Cass et al., 2013; Gulley & Juraska, 2013).

Drug availability and stress are two environmental factors that influence drug
addiction. Increased availability of various drugs has led to addiction epidemics, as
history has demonstrated. For example, in the late 1990s, increased prescriptions of
opioid drugs led to widespread abuse of prescription opioids (CDC, 2011). The second
wave of opioid epidemics started in 2010 with increased availability of heroin (Rudd et
al., 2014). And the third wave began in 2013 with increased availability of synthetic

opioids (e.g., fentanyl) (Gladden et al., 2016).
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Stress is a common characteristic in environments that are often associated with
an elevated risk of addiction, such as low socioeconomic status and lack of parental
support (Gordon et al., 2020). Stress is also a common feature in psychological disorders
(e.g., anxiety, depression, and PTSD) that are often comorbid with SUDs.

Many theoretical models for explaining the relationship between PTSD and SUD
have been proposed over time. According to one model, SUD may increase the
likelihood of traumatic stress exposure as a result of the pursuit and use of addictive
drugs, thereby increasing the likelihood of developing PTSD (Danovitch, 2016). In
support of this model, the data from the St. Louis Catchment Area study showed that
cocaine/opiate users were three times more likely than non-users to meet DSM-I11 PTSD
diagnostic criteria. In this study, physical assault reported to be the triggering traumatic
event that led to PTSD in the substance abusers (Cottler et al., 1992). Similarly,
evidence from a study of 33 patients with comorbid PTSD and cocaine addiction
showed that in 75% of cases, PTSD-related trauma was directly related to the use or
procurement of illegal drugs (Brady et al., 1998). These findings indicate that SUD is
a risk factor for PTSD because patients with SUD engage in high-risk drug seeking
behavior, which can increase the likelihood of encountering a variety of traumatic
events and the development of PTSD.

The self-medication model is another model for explaining PTSD-SUD
comorbidity. In this case, PTSD may increase the risk of developing SUD because
people may turn to drugs to alleviate their PTSD symptoms (Danovitch, 2016). This

model is supported by evidence from a longitudinal analysis of Vietnam war veterans
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suffering from PTSD. In this study, the onset of alcohol and drug abuse was linked to
the onset of PTSD symptoms, and the increase in use corresponded to the increase in
PTSD symptoms. In addition, patients reported that alcohol, marijuana, opioids, and
benzodiazepines alleviated their PTSD symptoms (Bremner et al.,1996). According to
evidence from a longitudinal study of Persian Gulf War veterans, PTSD arousal
symptoms can predict substance use (Shipherd et al., 2005). Furthermore, a study of
civilian PTSD patients with alcohol or cocaine dependence found that PTSD patients
used drugs more often in negative situations (unpleasant feelings, physical pain,
interpersonal conflict) than non-PTSD subjects (Graf et al., 2013). These studies have
identified PTSD as a risk factor for SUD and backed up the self-medication model,
which proposes that substance use is a coping mechanism for PTSD symptoms.
Intrinsic vulnerability factors such as genetic factors, early life events, and
personality traits, according to a third model, can predispose some individuals to both
PTSD and SUD (Maria-Rios & Morrow, 2020). For example, impulsivity is a
behavioral endophenotype linked to both PTSD and SUD (Young et al., 2020; Mahoney
et al., 2020). Data from a study on 6 high-impulsive and 6 non-impulsive rats revealed
significantly lower D2 dopamine receptor availability in the NAc of high-impulsive rats
compared to non-impulsive rats. The high-impulsive rats with lower D2 receptor
availability self-administered cocaine at a higher rate (Dalley et al., 2007). Reduced D2
receptors have also been related to PTSD symptoms including context- and cue-induced

extinction memory deficit, with a D2 partial agonist being able to reverse the
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compromised extinction memory in rats exposed to single prolonged stress (SPS) (Lin
etal., 2019).

Early life events, especially early life stress, have also been linked to the
development of PTSD and SUD. According to data from the Safe Home project study,
maltreated children are seven times more likely to use alcohol than community control
children. Furthermore, maltreated children began drinking alcohol more than two years
earlier than controls (Kaufman et al., 2007). In addition, the extent of trauma exposure
during childhood was positively correlated to the development of SUD and PTSD
symptoms later in life (Khoury et al., 2010).

According to a fourth model, stress and drugs have similar impacts on neuronal
and endocrine substrates. In this case, PTSD and SUD will stimulate and potentiate one
another by driving related circuitry into a pathological condition that favors both
disorders’ symptoms (Maria-Rios & Morrow, 2020).

Long-term drug use in SUD and stress in PTSD have similar effects on
dopamine transmission. Chronic drug abuse alters reward processing by decreasing
VTA dopaminergic cell activity and transmission, resulting in an increased reward
threshold and a decreased desire to pursue naturally rewarding stimuli (i.e. anhedonia)
(Maria-Rios & Morrow, 2020). Anhedonia is also a common symptom of PTSD
(American Psychiatric Association [APA], 2013; Vinograd et al., 2021). According to
one study, SPS exposure reduces sucrose intake and cocaine preference, as well as
dopamine levels in the NAc in rats (Enman et al., 2015). In addition to dopamine

transmission, the PFC-AMG circuit has been shown to be dysregulated in both PTSD
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and SUD. Fear and drug-seeking behaviors are regulated by medial prefrontal cortex
(mPFC) projections to the amygdala nuclei, and dysregulation of these top-down mPFC
projections can lead to abnormal fear conditioning and compulsive drug-seeking
behavior (Peters et al., 2009).

In conclusion, while genetic, developmental, and environmental factors all
contribute to the risk of developing SUDs, PTSD has emerged as a significant risk
factor. Models explaining the PTSD-SUD comorbidity suggest that SUD can increase
the likelihood of encountering traumatic events, PTSD can lead to substance use as a
coping mechanism, and intrinsic factors like impulsivity and early life stress can
predispose individuals to both conditions. The overlap in neural and endocrine pathways
affected by stress and drug use further potentiates this comorbidity, highlighting the

importance of conducting studies that address both PTSD and SUD.

1.6 Using the SPS Paradigm to Investigate the Neurobiological Impacts of
Traumatic Stress on the Reward System and Its Link to OUD.

Clinical PTSD studies face several limitations due to ethical constraints. For
instance, exposing individuals to traumatic events for research purposes is unethical,
resulting in a lack of baseline information about the brain prior to the traumatic event.
This hinders the ability to distinguish between preexisting risk factors for PTSD and
changes that occur as a result of traumatic stress exposure. Additionally, investigating
the cellular and molecular mechanisms underlying PTSD often requires brain tissue

samples that are ethically unobtainable in humans. The heterogeneity of traumatic
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experiences complicates generalizations across different populations, and individual
variations in trauma response further add to this complexity.

To address these challenges, researchers often turn to animal models of traumatic
stress. These models allow for longitudinal designs with controlled traumatic stressors.
Commonly used animal PTSD models include SPS, the predator stress model,
inescapable shocks, immobilization stress, and social defeat stress (Deslauriers et al.,
2018).

In our experiments, we employed the SPS paradigm to simulate traumatic stress
exposure in rats. SPS is a well-established PTSD animal model that involves exposure
to three consecutive stressors: 2 hours of restraint, 20 minutes of forced swimming, and
ether exposure until the animal becomes anesthetized (Lisieski et al., 2018).

All components of the SPS activate the HPA axis. Restraint acts as a physical
stressor, swimming induces both physical and psychological stress, and ether exposure
serves as a chemical stressor (Ferland-Beckham et al., 2021). Notably, ether exposure
triggers the release of ACTH, norepinephrine, epinephrine, and corticosterone—an
effect not observed with other anesthetic agents (Cook et al., 1973 & Glowa, 1993). For
instance, using isoflurane instead of ether does not result in the extinction retention
deficit (Knox et al., 2012).

A robust animal model should demonstrate various validities to be considered
effective in mimicking the human condition. SPS exhibits face validity by replicating
core symptoms of PTSD observed in humans, such as increased HPA axis negative

feedback, increased glucocorticoid receptor expression, disrupted functional
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connectivity in emotional circuits, and persistent fear memory expression (Liberzon et
al., 1999; Eagle et al., 2013; Knox et al., 2012; Yamamoto et al., 2008; de VVoogd et al.,
2022; VanElzakker et al., 2014; Milad & Quirk, 2012). Furthermore, SPS demonstrates
construct validity by accurately measuring the intended factors related to PTSD,
including neurobiological changes, behavioral responses, and psychological symptoms
(Yamamoto et al., 2008; Liberzon et al., 1999; Knox et al., 2012). SPS also shows
predictive validity by forecasting treatment outcomes that align with those observed in
humans. For instance, medications such as SSRIs, which are effective in alleviating
PTSD symptoms in humans, also show therapeutic effects in the SPS model (Lee et al.,
2016; Wang et al., 2012; Takahashi et al., 2006; Lin et al., 2016). Lastly, SPS exhibits
discriminant validity by inducing PTSD-like symptoms selectively in exposed animals,
while non-exposed control animals do not exhibit these symptoms. Moreover, SPS has
been utilized in previous studies to investigate the impact of traumatic stress on
substance abuse, as evidenced by research conducted by Enman et al. (2015) and Eagle
et al. (2015).

In conclusion, SPS is a valuable model for studying the effect of traumatic stress
on the reward system and its link to OUD. Due to ethical and practical challenges in
clinical PTSD research, animal models like SPS are essential. SPS effectively replicates
human PTSD symptoms and underlying mechanisms, demonstrating strong face,
construct, predictive, and discriminant validity. Its use in previous studies on traumatic
stress and substance abuse underscores its relevance. Therefore, SPS is well-suited for

exploring the interactions between traumatic stress, the reward system, and OUD.
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1.7 Effect of SPS on Addiction Behavior and the Reward System: A Literature
Review

SPS has been used previously to study the effects of traumatic stress exposure on the
reward system and addictive behaviors (Patki et al., 2014; Eagle et al., 2015; Enman et
al., 2015; Matchynski-Franks et al., 2016; Yu et al., 2016).

SPS has been shown to decrease preference for naturally rewarding stimuli, such
as sucrose pellets (Patki et al., 2014; Enman et al., 2015). Additionally, SPS has
demonstrated various effects on behavioral sensitization (i.e., a phenomenon
characterized by an increase in a specific behavioral response following repeated
exposure to a drug of abuse) (Lisieski et al., 2018). For instance, SPS attenuates ethanol-
induced behavioral sensitization (Matchynski-Franks et al., 2016), while increasing
behavioral sensitization to psychostimulants like cocaine and methamphetamine (Eagle
et al., 2015; Eagle & Perrine, 2013).

The effect of SPS on drug seeking and taking also varies depending on the type of
drug. For instance, SPS increases ethanol place preference inrats (Yu et al., 2016), while
it has no effect on short-access self-administration, extinction, and reinstatement of
cocaine. Moreover, SPS decreases cocaine long-access self-administration and cocaine
place preference (Eagle et al., 2015; Enman et al., 2015). In another study SPS has been
shown to decrease the cue-induced reinstatement of cocaine seeking without affecting
the cocaine self-administration suggesting that SPS decreases the motivational aspect
of cocaine seeking behavior and not the consummatory aspect of it (Fitzpatrick et al.,

2019).
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SPS has been shown to alter neurotransmitter systems within the reward system.
For instance, SPS reduces the density of D2 receptors (Matchynski-Franks et al., 2016;
Enman et al., 2015) and the tissue content of dopamine and its metabolites in the
striatum (Enman et al., 2015). Additionally, SPS decreases glutamate within the mPFC
which suggests a decrease in the excitatory tone of this brain region (Knox et al., 2010).

The literature review highlights the use of the SPS model in studying the effects
of traumatic stress on the reward system and addictive behaviors. The findings from
these studies underscore the relevance of the SPS model in mimicking aspects of PTSD-
related alterations in reward system and reward behavior. However, the behavioral
effects of SPS have been inconsistent, and none of these studies have included female
subjects to investigate sex differences in the effects of SPS on the reward system and
reward behavior. Additionally, to our knowledge, no studies have investigated the
impact of SPS on the opioid neurotransmitter system, functional connectivity, and the
volume of reward system nodes—aspects of the reward system known to be affected in
PTSD (Sailer et al., 2008; Elman et al., 2018; Zhong et al., 2015; Woon et al., 2010;
Bootsman et al., 2016; Liberzon et al., 2007).

This dissertation addressed these gaps by examining the impact of SPS on MORs
of the reward system, functional connectivity within the reward circuit, and the volume
of reward system nodes in both male and female rats. This comprehensive approach
provides a better understanding of the effects of traumatic stress exposure on the reward

System across sexes.
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1.8 Summary

Traumatic events can lead to PTSD, characterized with symptoms like
nightmares, intrusive memories, and flashbacks (American Psychiatric Association
[APA], 2013). Notably, trauma exposure poses a higher risk of SUDs, including OUD,
in women compared to men (Smith et al., 2016). The brain's reward system, comprising
regions like the VTA, NAc, AMG, Hippocampus, and PFC, integrates emotional,
contextual, and motivational information to regulate reward-related behaviors (Nestler
& Malenka, 2004). OUD has been associated with alterations within the brain's reward
system at cellular, structural, and functional levels, including MOR desensitization,
internalization, and downregulation; reduction in AMG volume; increased functional
connectivity between NAc-ACC, NAc-OFC, and AMG-PFC; and decreased functional
connectivity between PFC-ACC, PFC-OFC, and AMG-NACc (Listos et al., 2019; Ma et
al., 2010; Upadhyay et al., 2010).

Similarly, studies have demonstrated the impact of PTSD on the reward system
across various levels—cellular, structural, and functional—including decreased MOR
availability within the ACC, reduced hippocampal, AMG and ACC volumes,
diminished striatal activity during reward-related tasks, and alterations in resting-state
functional connectivity within the reward circuit nodes (Sailer et al., 2008; ElIman et al.,
2009; Elman et al., 2018; Felmingham et al., 2014; Zhong et al., 2015; Aghajani et al.,
2016; Brown et al., 2014; Dunkley et al., 2014; Woon et al., 2010; Bootsman et al.,
2016; Gilbertson et al., 2002; Gilbertson et al., 2007; Corbo et al., 2005; Kasai et al.,

2008; Karl et al., 2006; Woon et al., 2008). Some of these alterations have been
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correlated with changes in reward behaviors. For example, decreased striatum activity
has been linked to increased emotional numbing symptoms (Felmingham et al., 2014),
suggesting that alterations in the reward system can lead to changes in reward-related
behaviors. The disruptions in reward-related behaviors caused by traumatic stress
exposure can potentially increase the risk of addiction.

The SPS paradigm is an established animal model for PTSD that has been used
to study the effects of traumatic stress exposure on the reward system and addictive
behaviors (Eagle et al., 2015; Enman et al., 2015; Matchynski-Franks et al., 2016).
However, to date, all studies utilizing the SPS model to investigate the impact of
traumatic stress on the reward system and reward behavior have excluded female
subjects. Additionally, many aspects of the reward system—such as the opioid
neurotransmitter system, functional connectivity, and the volume of reward system
nodes—remain unexplored in the context of SPS, despite being shown to be affected in
PTSD patients. In clinical studies, the challenge lies in distinguishing between changes
resulting from trauma and pre-existing factors that increase the risk of PTSD, owing to
a lack of robust control groups or baseline information about the brain prior to the
traumatic experience.

Animal models such as SPS help overcome this limitation by enabling
longitudinal studies with controlled stressors. Additionally, considering the observed
sex differences in the prevalence of PTSD-OUD comorbidity, it is essential to
investigate the effect of traumatic stress exposure in females as well. Within the

experiments of this dissertation, we explored the sex-specific effects of SPS on MORs
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of the reward system, functional connectivity within the reward circuit, and the volume
of reward system nodes in male and female rats. This approach enhances our

understanding of how traumatic stress exposure affects the reward system across sexes.
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Chapter 2
HYPOTHESIS FOR CURRENT STUDY

2.1 Gaps in our Knowledge

Comorbidity between PTSD and OUD is common (Mills et al., 2006), with some
reports indicating women exhibit a higher likelihood than men of developing OUD
following traumatic stress exposure (Smith et al.,, 2016). However, the specific
mechanisms through which traumatic stress exposure or PTSD increases the risk of
OUD remain unclear. Furthermore, insufficient attention has been given to investigating
sex differences in the effects of traumatic stress exposure on the development of OUD
(Enman et al., 2015; Ma et al., 2010).

The reward system of the brain is a complex network of structures and pathways
that regulate and mediate the experience of pleasure and reinforcement learning (Nestler
& Malenka, 2004). It involves several key brain regions, including the VTA, NAc, PFC,
AMG, DH and VH. Several neurotransmitter systems, including the opioid system, play
an important role in the reward system by modulating the release of dopamine,
influencing pleasure and reinforcement, regulating emotional responses, and affecting
cognitive functions related to reward processing (Le Merrer et al., 2009). Functional
coordination among these brain regions and neurotransmitter systems within the reward

system is necessary for a proper reward response. Any dysregulation in the function of
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these regions or their neurotransmitter systems can lead to aberrant reward-related
behavior, increasing the risk of addiction (Dugré et al., 2023; Reed et al., 2017).

The role of the reward system remains inadequately characterized in PTSD
research. Many studies on PTSD have primarily concentrated on fear learning and
extinction processes (Seidemann et al., 2021). However, certain core symptoms of
PTSD, such as anhedonia and emotional numbing, are intricately linked to the reward
system. Therefore, investigating the impact of traumatic stress on the reward system can
not only enhance our comprehension of the neurobiology underlying key PTSD
symptoms but also shed light on the neurobiological mechanisms contributing to
reward-related disorders like OUD, which frequently co-occur with PTSD.

To address these gaps in our knowledge, this dissertation aimed to investigate the
impact of traumatic stress exposure on various components of the brain's reward system.
To achieve this goal, we utilized the SPS paradigm to model PTSD in rats. While
clinical studies have provided valuable insights into PTSD, they often struggle to
establish causal relationships. Longitudinal studies in clinical settings are challenging
to conduct, making it difficult to determine causality. Moreover, clinical studies
typically lack good control groups and/or baseline information about the brain before
traumatic experiences, hindering our ability to attribute observed changes solely to
trauma rather than pre-existing factors. Additionally, the predominantly male
composition of PTSD study participants in clinical research leads to a significant gap in

understanding PTSD's impact across sex.
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The SPS paradigm induces behavioral and physiological symptoms in rats that
closely resemble PTSD for example, it increases negative feedback in the HPA axis,
enhances fear memory, heightens hyperarousal, decreases object and social novelty
seeking, and increases glucocorticoid receptor (GR) expression within the hippocampus
(Liberzon et al., 1999; Eagle et al., 2013; Knox et al., 2012; Yamamoto, et al., 2008;
Bowers & Ressler, 2015; Ferland-Beckham et al., 2021). It also enables us to implement
a longitudinal study design with controlled stressors. In this study, both male and female
rats were included to capture potential sex-specific effects.

In the first experiment, we investigated the impact of SPS on the expression and
dynamics of MORs within the reward system. The endogenous opioid system of the
brain's reward circuit plays an important role in regulating reward processing and
reward-related behaviors (Le Merrer et al., 2009). MORs are critical in mediating the
effects of endogenous opioids (such as endorphins) and exogenous opioids (such as
morphine) (Herman et al., 2023). Traumatic stress has been shown to cause significant
changes in MORs within the brain's reward system. For example, trauma exposure
decreases the availability of MORs in AMG and NAc while increasing the availability
of MORs in the orbitofrontal cortex (OFC) (Liberzon et al., 2007). Additionally, PTSD
patients have lower availability of MORs in the ACC compared to individuals without
PTSD (Liberzon et al., 2007). Furthermore, predator scent stress (PSS), a model for
traumatic stress, has shown that traumatic stress causes downregulation of p-MORs in
the hippocampus of rats (Manjoch et al., 2016). Alterations in MORs within the reward

system can have significant implications for conditions like addiction and PTSD, where
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reward processing is often disrupted. Dysregulation of MORs in the reward system is
also a recognized feature of OUD (Koob, 2020), suggesting that alterations in these
receptors due to traumatic stress exposure may indirectly influence susceptibility to
opioid addiction. Additionally, it is plausible that SPS affects MORs differently in male
and female rats, potentially contributing to observed sex differences in OUD prevalence
among individuals with PTSD.

In the second experiment, we employed high-resolution MRI scanning before and
after SPS/control exposure to investigate the sex-specific effects of SPS on the volume
of nodes within the reward system and the resting-state functional connectivity within
this system. Changes in the volume of reward system nodes (e.g., AMG, DH) and
alterations in functional connectivity between edges of the reward system (e.g., mPFC-
AMG) have been documented in studies involving PTSD and SUDs (Upadhyay et al.,
2022; Peters et al., 2009; Bromis et al., 2018; Logue et al., 2018; Nelson & Tumpap,
2017; Morey et al., 2012; Hayes et al., 2017, Wang et al., 2010; Koch et al., 2021).
However, it remains unclear whether these changes are a result of traumatic stress
exposure or represent predispositions that increase the risk of PTSD. By combining an
animal model of PTSD with advanced imaging techniques, we aimed to investigate the
pure stress effects on different aspects (e.g., volume and functional connectivity) of the
brain's reward system.

In the second experiment, we also examined the sex-specific effects of SPS on the
functional connectivity within the default mode network (DMN) of the rat brain. In

humans, the DMN supports various self-referential cognitive functions (Raichle et al.,
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2001; Buckner et al., 2008; Horovitz et al., 2009) and is known to be disrupted in PTSD
and addiction. For instance, meta-analyses of rs-fMRI data from PTSD patients reveal
hypoconnectivity within the DMN (Bao et al., 2021). Additionally, individuals with
SUDs tend to show decreased resting state functional connectivity in the anterior DMN
(Zhang & Volkow, 2019). Rats also have a DMN, but the exact function of this well-
organized and intrinsically coherent network in rats, and how it is affected by traumatic
stress exposure, is still not fully understood (Lu et al., 2012). We used SPS in
combination with rs-fMRI to further investigate the functional structure of the DMN in
both male and female rats and to examine how traumatic stress affects this structure

acCross sex.

2.2 Specific Aims

This dissertation specifically aimed to examine: 1) the effects of traumatic stress
exposure on MOR expression and dynamics in the brain's reward circuit in male and
female rats, and 2) the effects of traumatic stress on the volume and functional
connectivity within the brain's reward circuit in male and female rats.

Aim 1 investigated the effect of traumatic stress exposure on MOR expression
and dynamics in the brain's reward circuit in males and females. We hypothesized that
SPS influences MOR expression and dynamics within the reward system, potentially
leading to dysregulation in reward and motivational processes. These changes could
contribute to abnormal reward-related behaviors and lead to an increased risk of

addiction. We also hypothesized that these changes are sex-specific and potentially
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more pronounced in females, which might contribute to the higher PTSD-OUD
comorbidity observed in women. This hypothesis was tested by measuring MOR
expression and dynamics in response to SPS and comparing them between male and
female rats. MOR expression was examined using western blot for whole mPFC, AMG,
DH, and VH, and immunohistochemistry for subregions and smaller brain areas (i.e.
NAc, VTA). MOR internalization and phosphorylation were measured as indicators of
MOR dynamics. Additionally, we tested the effect of a single dose of morphine 7-10
days following SPS/control exposure on MORs in a subset of male rats. The goal was
to determine if acute morphine administration affects the SPS-induced changes in MOR
expression and phosphorylation. The results revealed a sex-specific effect of SPS on p-
MOR levels within the ACC and vCAZ2 subregions. Regardless of SPS effects, female
rats had lower levels of MORs in their whole AMG and VH, and in the subregions of
mPFC (ACC, PL, IL) and DH (dCAL, dCA2, dCA3), but higher levels of p-MOR in
their BLA, dCA2, vCALl and vCAS3 subregions. Additionally, SPS had no significant
effects on the cytoplasmic and membrane MOR levels (MORs internalization) in the
mPFC, AMG, DH, or VH of male rats. Furthermore, acute morphine administration 7-
10 days after SPS/control exposure increased MORs within the CeA regardless of SPS
exposure, while it had no effect on p-MOR levels in male rats. For a detailed explanation
of the methods and results, see Chapter 3.

Aim 2 examined the effect of traumatic stress on volume and functional
connectivity within the brain's reward circuit in male and female rats. We hypothesized

that traumatic stress exposure changes the volume of nodes and functional connectivity
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within the reward circuit, potentially causing dysregulation in reward and motivational
processes and leading to aberrant reward-related behavior and an increased risk of
addiction. We also hypothesized that these alterations might occur to different extents
and/or within different regions in male and female rats, contributing to the observed sex
differences in the prevalence of PTSD-OUD. To test this, we employed in vivo magnetic
resonance imaging to measure the volume and resting-state functional connectivity
patterns in response to SPS or control stress in male and female rats. Measurements
were taken under general anesthesia before and 7-10 days after SPS or control
conditions. The analysis revealed a sex-specific effect of SPS on the functional
connectivity between vCAl-thMD, vCA1-PV, and dDG-thMD. SPS also similarly
affected the functional connectivity between thCM-StiVM, dCA1-vCA1l, and CA2-
dDG in both sexes. Notably, the functional connectivity changes from pre- to post-
SPS/control between ACC-PL, ACC-IL, and MeA-RMg differed between male and
female rats. Additionally, the DMN functional connectivity and functional structure was
affected by SPS in both sexes. Along with its impact on functional connectivity within
the reward system, SPS also affected the volume of dDG in both male and female rats.

For a detailed explanation of the methods and results, see Chapter 4.

2.3 Summary
This dissertation sought to enhance our understanding of the effects of traumatic
stress exposure on the components of the reward system, including MOR expression

and dynamics, volume of the nodes, and functional connectivity between the edges in
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male and female rats. Comorbidity between PTSD and OUD is common, with women
being more likely than men to develop OUD following traumatic stress exposure.
However, the mechanisms through which traumatic stress exposure or PTSD increases
the risk of OUD are not well understood, and research has not adequately addressed sex
differences in the effects of traumatic stress exposure on OUD development.
Investigating the impact of traumatic stress exposure on the reward system can enhance
our understanding of the neurobiology underlying reward-related disorders like OUD,
which often co-occur with PTSD.

Clinical studies, while informative, often struggle to establish causality due to
the lack of proper control groups and baseline data. The use of the SPS paradigm in this
dissertation's experiments, along with proper control groups, allowed us to capture the
pure effects of SPS. This study was innovative because it employed four unique
approaches: 1) using the SPS paradigm to model PTSD in rats, 2) conducting
longitudinal functional and volumetric neuroimaging, 3) utilizing multiple measures to
assess MOR expression and dynamics, and 4) including female rats to identify sex
differences. By integrating these methodologies, the experiments in this dissertation
provided a more comprehensive understanding of how traumatic stress exposure affects

the reward system and highlighted the importance of considering sex differences.
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Chapter 3

THE EFFECT OF SPS ON MOR EXPRESSION AND DYNAMICS IN THE
BRAIN'S REWARD SYSTEM IN MALE AND FEMALE RATS

3.1 Introduction

MORs are the primary receptors through which exogenous opioids, including
those used in clinical practice, exert their effects (Pathan & Williams, 2012). MORs
belong to the family of G-protein-coupled receptors (GPCRs) and specifically interact
with Gi/o proteins (Waldhoer et al., 2004).

These receptors are extensively present in key regions of the brain's reward
system, including the NAc, VTA, PFC, AMG and hippocampus (Gray et al., 2006).
When opioids bind to MORs, the Ga subunit binds to GTP, causing the Gy subunit to
dissociate from Ga.. These subunits then interact with different effector molecules until
GTP associated with Ga is hydrolyzed. The Ga subunit inhibits adenylyl cyclase (AC)
activity, thereby reducing cAMP production. Concurrently, the GBy subunit activates G
protein-coupled inwardly rectifying potassium (GIRK) channels and inhibits voltage-
gated calcium channels, leading to neuronal hyperpolarization (Figure 1) (Al-Hasani &
Bruchas, 2011).

MORs undergo phosphorylation at serine and/or threonine residues on their C-
terminus by G protein-coupled receptor kinases when bound by opioid agonists,

resulting in receptor desensitization. This phosphorylation recruits beta-arrestins, which
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terminate G protein signaling and facilitate receptor internalization by mediating
interactions with clathrin-coated pits. After internalization, receptors may either rapidly
recycle back to the plasma membrane or be routed to endosomes for slower recycling
or degradation in lysosomes (Figure 1) (Bailey & Connor, 2004; Tanowitz & Von
Zastrow, 2003). Therefore, several approaches can be taken to investigate the changes
in MORs dynamics within the reward system, including examining their expression

levels, phosphorylation, and internalization.
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Figure 1. MORs signaling pathway. The figure is adapted from Al-Hasani & Bruchas
(2011)

Dysregulation of MORs in the brain's reward system is a critical component in
the neurobiology of opioid addiction (Koob, 2020). For example, the development of
tolerance to opioids has been linked to the desensitization, downregulation, and
uncoupling of MORs from their downstream signaling pathways and ion channels

(Adhikary & Williams, 2022; Adhikary et al., 2022).
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Furthermore, both clinical and animal studies on PTSD have shown changes in
the opioid system in the brain. Men with PTSD show fewer available MORs, as
indicated by reduced MOR BP2 in the ACC, compared to trauma-exposed non-PTSD
individuals and healthy controls (Liberzon et al., 2007). In rodent studies, rats exposed
to single restraint stress demonstrate higher MOR mRNA levels in the midbrain,
including the VTA, compared to control rats (Yamamoto et al., 2003). Additionally,
male and female rats exposed to predator scent stress (PSS) exhibit lower levels of
PMORs in the DH (Manjoch et al., 2016).

Thus, exposure to traumatic stress might affect the MORs of the reward system,
potentially increasing the risk of OUD. In this experiment, we examined the effect of
traumatic stress exposure (using the SPS model) on MOR expression, phosphorylation

and internalization within the brain's reward system in male and female rats.

3.2 Methods

3.2.1 Animals

Ninety-six male and thirty-six female Sprague-Dawley rats, weighing
approximately 150-250 g upon arrival, were purchased from Charles River Inc. The
male and female rats were housed separately in dedicated rooms. Upon arrival, the rats
were housed in pairs in a temperature-controlled room with a 12-hour light/dark cycle
and ad libitum access to food and water. A minimum acclimatization period of three

days was allowed before initiating any testing. All experimental procedures were
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reviewed and approved by the University of Delaware Institutional Animal Care and

Use Committee in compliance with NIH guidelines.

3.2.2 Single prolonged stress (SPS) procedure

All rats were randomly assigned to SPS or control stress (48 male/control, 48
male/SPS, 18 female/control and 18 female/SPS). SPS consisted of two hours of
restraint, 20 minutes of forced swimming, and then ether exposure until general
anesthesia was induced (Liberzon & Krstov et al. 1997; Knox & Perrine et al. 2010).
For the control stress condition, rats were relocated to a new room in their home cages
for the equivalent duration of the SPS procedure. After undergoing the SPS or control
protocol, rats were returned to their respective rooms and individually housed with free
access to food and water. Prior to experimental testing, a 7-10 day post-stress incubation
period was allowed to elapse, as this duration is necessary to observe the effects of SPS
(Liberzon et al., 1997, Liberzon et al., 1999, Knox et al., 2012a, Ferland-Beckham et

al., 2021).

3.2.3 Morphine preparation and administration

A 10 mg/ml morphine solution was prepared by mixing 5 ml of 0.9% sterile
autoclaved physiological saline with 50 mg of morphine sulfate obtained from Sigma-
Aldrich (Catalog No. M8777). Seven days after SPS or control stress, 48 male rats (24
control, 24 SPS) received a single subcutaneous (s.c.) injection of 1 ml/kg of either the

morphine solution or 0.9% physiological saline (12 control/saline, 12 control/morphine,
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12 SPS/saline, 12 SPS/morphine). The following day, all animals were euthanized, and
their brains were extracted and flash-frozen in isopentane chilled on dry ice. The frozen

brains were then stored in a -80°C freezer until they were ready to be processed.
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Figure 2. Experimental design illustrating the components of the SPS and control
conditions and the experiments timeline. The graphic was created using

BioRender.com.

36



3.2.4 \Western Blot

Total MOR expression was measured in the mPFC, AMG, DH and VH using
western blot. After the post-stress incubation period, the animals were anesthetized
using 5% isoflurane in Oz in an induction chamber until they no longer responded to
foot pinch. They were then quickly decapitated, and their brains were extracted, and
flash frozen in isopentane chilled on dry ice. The brains were then kept in an -80°C
freezer until they were ready to be processed. Brains were placed in a cryostat (Leica
CM1950) that was kept at -13°C and 300 pm coronal sections through the mPFC, AMG,
DH, and VH were taken, and these respective brain regions were dissected and placed
in 1.5 mL microtubes. The microtubes were kept in an -80°C freezer until they were
ready to be processed.

For the total cell preparation, brain regions were homogenized with a motor-
driven homogenizer in 250 pL of buffer containing 50 mM Tris buffer, 10% sucrose, 1
mM ethylenediaminetetraacetic acid, 0.5 mM dithiothreitol, 1 mM benzamidine and 0.3
mM phenylmethylsulfonyl fluoride. The resulting homogenates were centrifuged for 45
minutes at 14800x%g at 4°C, and the supernatants were saved as the total cellular extract
of brain tissue. The protein concentration of the samples was determined using the
Bradford assay, as directed by the manufacturer (Pierce BCA Protein Assay Kit). Each
sample of 15 pL protein was mixed with 0.5 pL Laemmli sample buffer. These samples
were kept in a -80°C freezer until the western blot.

For cytoplasmic and membrane protein extraction and separation, ProteoExtract

transmembrane protein extraction kit (EMD Millipore, 71772) was used as directed by
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the manufacturer. Briefly, homogenized tissue was permeabilized with extraction buffer
1, and the soluble (cytoplasmic) fraction was separated from the insoluble (membrane)
fraction by centrifugation. Using the novel extraction buffer 2A, membrane proteins
were extracted from the lipid bilayer. Following that, the protein concentration of the
samples was determined using the Bradford assay, as directed by the manufacturer
(Pierce BCA Protein Assay Kit). Each 15 pL protein sample was mixed with 0.5 pL
Laemmli sample buffer. These samples were kept in a -80°C freezer until the western
blot was performed.

For western blot, protein samples were first placed on a hot plate at 70°C for 7
minutes. Then, the protein samples were loaded into 10% Tris-HCI polyacrylamide gels
and separated by SDS polyacrylamide gel electrophoresis. Separated proteins were
transferred from gels to nitrocellulose membranes using electrophoresis. After that, the
membranes were placed in an oven for 1 hour at 37°C, followed by rehydration washes
in 0.5 M Tris-buffered saline (TBS).

The total protein of the samples was then stained using a Revert 700 total protein
stain kit (LI-COR biotechnology Inc., P/N 926-11010) per the manufacturer's
instructions. During this procedure, membranes were incubated in Revert 700 total
protein stain, then rinsed twice with Revert 700 wash solution. Nitrocellulose
membranes were then scanned in the LI-COR Odyssey Clx scanner with the following
parameters: resolution - 169 um; quality - lowest; and focus offset - 0.0 mm. After that,
stains were removed from the membrane with Revert destaining solution. Then, the

nitrocellulose membranes were blocked for 1 hour at room temperature in TBS
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containing 5% nonfat milk. Membranes were then probed for MOR by incubating
overnight at 4°C with a polyclonal rabbit MOR antibody (1:250, Sigma-Aldrich,
AB1580-1) in TBS.

After 18-20 hours, the membranes were washed several times in 0.5 M TBS
containing 0.1% Tween-20, followed by a 2-hour room temperature incubation with
polyclonal goat anti-rabbit (800CW, 1:1000, LI-COR biotechnology Inc.) secondary
antibody in 0.5 M TBS containing 0.1% Tween and 5% nonfat milk. Membranes were
then washed with TBS before being scanned in the LI-COR Odyssey ClIx scanner, as

previously described.
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Figure 3. Validation of cytosolic (cy) and membrane (me) protein separation using the
ProteoExtract kit (EMD Millipore). (A) R-tubulin bands, a protein
exclusively expressed in the cytoplasm, are only detected in the cytosolic
protein fraction. (B) Representative MOR bands observed in both cytosolic
and membrane protein fractions from an AMG homogenate.

3.2.5 Western Blot data analysis
The intensity of the MOR and total protein bands were scored using the

ImageStudio™ software. To minimize variability within the western blot data,
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representative samples from each independent group were consistently included in
every protein and western blot assay.

The intensity of the MOR band in each sample was calculated relative to the
total protein intensity of that specific sample to derive relative MOR levels. Data
outliers, defined as values deviating by more than 2 standard deviations from the group
mean, were excluded from the data analysis. In the total MOR Western blot dataset, this
resulted in the omission of one mMPFC, AMG, and DH data point from the male group,
and one VH data point from the female group. In the MOR internalization dataset, this
resulted in the omission of one mPFC, two AMG, two VH, and three DH data points
from the male group.

To investigate the impact of stress, sex, and stress x sex interactions on MOR
levels, the relative values underwent statistical analysis using a stress (SPS vs control)
x sex (male vs female) factor design. Given the multiple comparisons, the risk of
obtaining false positives was addressed by employing the Benjamini-Hochberg (B-H)
correction to control the false discovery rate (FDR)—the expected proportion of Type |
errors (false positives) among rejected hypotheses. This method helps balance the
reduction of false positives while preserving statistical power, thus minimizing the risk
of Type Il errors (failing to detect true effects) (Cramer et al., 2016; Lindquist & Mejia,
2015). We set FDR to 0.15, meaning that up to 15% of the significant results might be
false positives. We listed the p-values from the smallest to the largest and assigned each
a rank based on their position in this ordered list, from 1 to n (the total number of tests).

We then calculated the critical values (q) using the formula: (0.15 x rank)/number of
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tests. Finally, we compared the p-values to the corresponding q values with the largest
p-value being evaluated first. If the null hypothesis associated with this p-value was
rejected (i.e., p < @), then all testing ended, and all remaining tests were considered
significant as well. This approach ensured that FDR was controlled, allowing for a more

reliable identification of significant results among multiple comparisons.

3.2.6 Near-infrared Immunohistochemistry (IHC)

IHC was used to assess MOR and p-MOR expressions in coronal brain slices.
This allowed us to examine MOR and p-MOR expressions in brain regions that could
not be dissected and thus prepared for western blot (e.g., NAc and VTA). SPS and
control rats were euthanized 7-10 days after the stress or control condition. The animals
were rapidly decapitated, and their brains were extracted, and flash frozen in isopentane
chilled on dry ice. Brains were then placed in a cryostat (Leica CM1950) at —13 °C and
25-35 um coronal sections were taken through brain slices that contained the mPFC,
NAc, AMG, DH, VH and VTA. The brain sections were mounted onto
superfrost/colorfrost slides and the slides were stored in a —80 °C freezer.

For IHC assay, frozen sections were fixed in 4% paraformaldehyde in 0.1M
phosphate buffered saline (PBS). Sections were then incubated in Triton X-100, rinsed
in 1M tris buffered saline (TBS) and incubated in 3% goat serum. Sections were rinsed
again in TBS and incubated with either polyclonal rabbit MOR (1:250, Sigma-Aldrich,
AB1580-1) or polyclonal phospho-mu opioid receptor (Ser375) (1:250, Thermo Fisher

Scientific, BS-3724) primary antibodies in TBS at 4 °C for 17-24 hours. After that,
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sections were rinsed in TBS containing 0.01% Tween-20 (TBS-T). Then, sections were
incubated in the secondary antibody solution containing TBS, 1.5% goat serum, 0.1%
Triton X-100, and goat anti rabbit 800CW secondary antibody (1:2000, LI-COR
biotechnology Inc.) for two hours at room temperature. Sections were rinsed in TBS-T,
TBS, and then deionized water. Sections were then left to air dry overnight. After that,
the slides were scanned in the LI-COR Odyssey Clx scanner with the following

parameters: resolution- 21 um; quality- highest; and focus offset- 0.0 mm.
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Figure 4. Validation assays were conducted to verify the specificity of antibodies used
in IHC. Brain slices obtained from a single brain sample were subjected to
different treatments: a. primary and secondary antibodies, b. only
secondary antibody, or c. no antibody. (A) Validation assay of polyclonal
rabbit MOR (1:250, Sigma-Aldrich, AB1580-1). (B) Validation assay of
polyclonal pMOR (Ser375) (1:250, Thermo Fisher Scientific, BS-3724)
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3.2.7 IHC data analysis

Image Studio™ software was used to assess protein expression across various
brain regions. Signal intensities were calculated as the percentage change relative to
activity in the white matter and background, represented as relative signal intensities.
Data outliers, defined as values deviating by more than 2 standard deviations from the
group mean, were excluded from the data analysis. In the MOR dataset, this resulted in
the removal of one mPFC, AMG, DH, VH, and VTA data point from the male group,
and one mPFC, NAc, AMG, and VH data point from the female group. In the p-MOR
dataset, this resulted in the removal of one DH and one VH data point from the male
group, and one NAc data point from the female group. In the morphine MOR dataset,
this resulted in the removal of two NAc, two AMG, one DH, one VH, and two VTA
data points from the male group. In the morphine p-MOR dataset, this resulted in the
removal of one NAc and two VTA data points from the male group.

To evaluate the impact of stress, sex, and their interaction on MOR and p-MOR
levels, statistical analysis was conducted on the relative signal intensities of each brain
region using a stress (SPS vs control) x sex (male vs female) factor design. The
significance thresholds for multiple comparisons were adjusted using the B-H
correction with an FDR of 0.15.

In the morphine experiment, statistical analysis of the relative values for each
brain region was performed using a stress (SPS vs control) x drug (morphine vs saline)

factor design to assess the impact of stress, morphine, and their interaction on MOR and
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p-MOR levels. The significance thresholds for multiple comparisons were adjusted

using the B-H correction with an FDR of 0.15.

NAc

VH and VTA
DH and AMG

Figure 5. Representative MOR IHC images of brain regions alongside corresponding
images from the Paxinos and Watson Rat Brain Atlas. (A) mPFC, (B)
NAc, (C) DH and AMG, (D) VH and VTA. mPFC-medial prefrontal
cortex, ACC-anterior cingulate cortex, PL-prelimbic cortex, IL-
infralimbic cortex, NAc-nucleus accumbens, DH-dorsal hippocampus,
dDG-dorsal dentate gyrus, AMG-amygdala, BLA-basolateral amygdala,
CeA-central amygdala, VH-ventral hippocampus, vDG-ventral dentate
gyrus, VTA-ventral tegmental area.

44



3.3 Results

3.3.1 Male and female rats had different MOR levels within their AMG, VH,
ACC, PL, IL, dCA1, dCA2 and dCA3.

We observed that MOR levels remained unaffected by SPS exposure in the
whole mPFC, AMG, DH, VH as measured with WB, and in the subregions of the mPFC
(ACC, PL, IL), AMG (BLA, CeA), NAc (core, shell), DH (dCA1, dCA2, dCA3, dDG),
VH (vCAl, vCA2, vCA3, vDG), and VTA as measured with IHC in both male and
female rats (For statistical reports, see Tables 3 and 4 in the Chapter 3 supplementary
data). However, irrespective of stress condition, MOR levels were significantly lower
in female rats in the AMG, VH, ACC, PL, IL, dCA1, dCA2, and dCA3 (Figures 6 and
7).

Figures 6A and 6B show representative western blots for AMG homogenates in
male and female rats, respectively. SPS did not cause any changes in MOR levels within
the AMG in both male and female groups. However, female rats had significantly lower
relative MOR levels within their AMG in comparison to males regardless of the stress
condition, as indicated by a significant main effect of sex for relative MOR levels (F ¢,
a4y = 6.59, p = .015, np? = .16; Figure 6C).

Figures 6D and 6E show representative western blots for VH homogenates in
male and female rats, respectively. SPS did not cause any changes in MOR levels within
the VH in both male and female groups. However, female rats had significantly lower

relative MOR levels within their VH compared to male rats regardless of the stress
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condition, as indicated by a significant main effect of sex for relative MOR levels (F ¢,

37y = 11.55, p =.002, np* = .24; Figure 6F).
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Figure 6. Changes in the total MOR levels in the AMG and VH measured by WB. (A)
Representative WB of the AMG in male rats. (B) Representative AMG
WB in female rats. (C) SPS did not induce changes in the relative MOR
levels in either male or female rats. However, female rats exhibited lower
MOR expression in the AMG compared to males, irrespective of stress.
(D) Representative WB of the VH in male rats. (E) Representative VH WB
in female rats. (F) SPS did not alter the relative MOR levels in either male
or female rats, but female rats displayed significantly reduced MOR
expression in the VVH regardless of stress conditions. Con-Control, SPS-
single prolonged stress, MW-molecular weight, kDa- kilodalton. Error
bars represent £SEM. *p < .05, **p < .01, ***p <.001.
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Figure 7A displays representative MOR IHC for mPFC subregions (ACC, PL,
IL). SPS did not alter the MOR levels within the ACC, PL and IL in both male and
female rats. However, female rats exhibited lower levels of MORs within ACC, PL, and
IL compared to male rats. This was indicated by a significant main effect of sex for
relative MOR levels within ACC (F (1,32 = 8.45, p =.007, np* = .20; Figure 7B), PL (F
@ 32)=9.38, p =.004, np? = .22; Figure 7B) and IL (F (1,33)= 8.24, p = .007, np? = .24;
Figure 7B).

Figure 7C presents representative MOR IHC for DH subregions (dCA1, dCA2,
dCA3). SPS did not alter the MOR levels within dCA1, dCA2 and dCA3 in both male
and female rats. However, female rats showed lower levels of MORs within dCA1,
dCA2, and dCA3 compared to male rats. This was demonstrated by a significant main
effect of sex for relative MOR levels within dCAL (F (1,32 = 18.79, p <.001, np* = .37,
Figure 7D), dCA2 (F (1, 32) = 9.58, p = .004, np* = .23; Figure 7D) and dCA3 (F (1, 32) =

19.85, p <.001, np* = .38; Figure 7D).
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Figure 7. Changes in MOR levels within the mPFC and DH subregions measured by
IHC. (A) Representative MOR IHC image from the mPFC subregions
(ACC, PL, IL). (B) SPS did not induce changes in MOR levels in the
mPFC subregions in both male and female rats. However, females
exhibited significantly lower MOR levels in their mPFC subregions. (C)
Representative MOR IHC image from DH subregions (dCAl, dCAZ2,
dCA3). (D) SPS did not induce changes in MOR levels in the DH
subregions in both male and female groups. However, female rats
displayed significantly lower MOR levels in the dCA1, dCA2, and dCA3
subregions of DH. Error bars represent +£SEM. *p <.05, **p <.01, ***p <
.001.

3.3.2 p-MOR levels varied between male and female rats in the BLA, dCA1,
VCA1, and vCA3 subregions irrespective of stress condition. SPS affected
p-MOR levels of ACC and vCAZ2 differently in male and female rats.

We observed that p-MOR levels remained unaffected by SPS in the PL and IL

subregions of the mPFC, NAc (core, shell), AMG (BLA, CeA), DH (dCA1, dCA2,
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dCA3, dDG), vCA1, CA3, and vDG of VH as measured by IHC in both male and female
rats (For statistical reports, see Table 5 in the Chapter 3 supplementary data).
Additionally, female rats had significantly higher levels of p-MOR in their BLA, dCA2,
VCAL and vCA3 compared to males, irrespective of stress condition (Figures 8D, E, G,
). Furthermore, we observed sex-specific effects of SPS on p-MOR levels in the ACC
and vCAZ2 (Figures 8B and 8H).

Figure 8A shows representative p-MOR IHC of the ACC. SPS affected p-MOR
levels in the ACC differently in male and female rats, as demonstrated by a significant
stress x sex interaction for relative p-MOR levels within the ACC (F (1,30=4.93, p =
.034, np? = .14; Figure 8B). SPS decreased ACC p-MOR levels in male rats, while it
increased p-MOR levels of the ACC in female rats.

Figure 8C shows representative p-MOR IHC of the BLA and dCA2. SPS had no
significant effect on the relative p-MOR levels within the BLA and dCA2 in both male
and female rats. However, female rats had significantly higher levels of p-MOR in their
BLA and dCA2 compared to male rats, as demonstrated by a significant main effect of
sex for relative p-MOR levels within the BLA (F (1,27)=5.28, p = .030, np? = .16; Figure
8D) and dCA2 (F (1, 28y=5.40, p = .034, np? = .16; Figure 8E).

Figure 8F shows representative p-MOR IHC of the vCAL, vCA2 and vCA3. SPS
had no significant effect on the relative p-MOR levels of vCAl and vCA3. However,
female rats showed significantly higher p-MOR levels in their vCAl and vCA3
subregions compared to male rats, as indicated by a significant main effect of sex for

relative p-MOR levels within VCAL (F (1,32)=11.93, p =.002, np*=.27; Figure 8G) and
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VCA3 (F @, 33 = 4.18, p = .05, np? = .11; Figure 8I). In the vCA2, we observed a
significant main effect of stress (F (1, 2090 = 6.32, p = .018, np* = .18; Figure 8H),
significant main effect of sex (F (1, 209)= 11.17, p =.002, np? = .28; Figure 8H) and stress
x sex interaction (F (1, 2090 = 4.19, p = .049, np? = .13; Figure 8H). SPS increased vVCA2
p-MOR levels in female rats while it had no significant effect on the p-MOR levels of
the vCAZ2 in male rats. This was indicated by a significant difference between the vCA2
p-MOR levels of female/control vs. female/SPS (t (14)= 3.24, p = .006; Figure 8H) and
not between the vCA2 p-MOR levels of male/control vs. male/SPS (t (15y=0.33, p =.75;
Figure 8H) groups. The significant sex difference in p-MOR levels of the vCA2 stems

from this SPS-induced increase in p-MOR levels in female rats but not in male rats.
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Figure 8. Changes in p-MOR levels in ACC, dCA2, BLA, vCAL, vCA2 and vCA3. (A)
Representative p-MOR IHC of ACC. (B) SPS caused changes in p-MOR
levels that are significantly different between male and female rats. In male
rats, SPS decreased the relative p-MOR levels while in female rats it
increased the relative p-MOR levels of ACC. (C) Representative p-MOR
IHC of BLA and dCAZ2. (D) SPS did not cause any changes in BLA relative
p-MOR levels in both male and female rats. However, the BLA p-MOR
level was significantly higher in female rats than male rats regardless of
stress condition. (E) SPS did not affect the relative dCA2 p-MOR levels in
both male and females. However, p-MOR levels were significantly higher
in female rats in comparison to male rats regardless of stress condition. (F)
Representative p-MOR IHC of vCA1, vCA2 and vCAS3. (G) SPS did not
affect vCAL relative p-MOR levels in both male and female rats. However,
regardless of the stress condition, females had a higher amount of p-MOR
in their vCA1 subregion. (H) SPS significantly increased p-MOR levels of
VCA2 in female rats while it had no effect in male rats. vVCA2 p-MOR
levels were significantly higher in female rats, which stemmed from the
increase in p-MOR levels following SPS in females but not male rats. (1)
SPS did not affect vCAS3 relative p-MOR levels in both male and female
rats. However, regardless of the stress condition, females had a higher
amount of p-MOR in their vCA3 subregion. Error bars represent +SEM.
*p <.05, ¥*p <.01, ***p <.001.

3.3.3 SPSdid not change MOR internalization in the mPFC, AMG, DH, and VH
of male rats.

We observed that MOR levels in the cytoplasm and membrane of the mPFC,
AMG, DH, and VH remained unaffected by SPS exposure in male rats.

Figure 9A shows representative western blots for the cytoplasmic and membrane
protein fractions of the mPFC homogenates. Repeated measures ANOVAS were
conducted to examine the interaction between stress (control vs. SPS) and protein site
(cytoplasmic vs. membrane) on MOR levels for each brain region. SPS did not cause

any significant changes in cytoplasmic or membrane MOR levels within the mPFC (F
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@ 10 = .02, p =.884), AMG (F (1, 10) = .90, p = .365), DH (F (1, 13) = .74, p = .405) and

VH (F 1,9 = .01, p =.922) (Figure 9B).
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Figure 9. Changes in the cytoplasmic and membrane MOR levels in the mPFC, AMG,
DH, and VH of male rats measured by WB. (A) Representative MOR WB
of the mPFC cytoplasm and membrane. (B) SPS did not induce changes in
either the cytoplasmic or membrane MOR levels in the mPFC, AMG, DH,
or VH. cy-cytoplasm, mem-membrane, Con-Control, SPS-single
prolonged stress, MW-molecular weight, kDa- kilodalton. Error bars
represent £SEM. *p < .05, **p < .01, ***p <.001.

3.3.4 A single administration of morphine 7 days after SPS/control stress
increased MOR levels in the CeA regardless of the stress condition.
Nevertheless, it had no impact on p-MOR levels.

A single administration of morphine (1 ml/kg of 10 mg/ml) 7 days after
SPS/control stress increased MOR levels within the CeA but it did not affect MOR
levels in the mPFC (ACC, PL, IL), BLA, NAc (core, shell), DH (dCA1, dCA2, dCA3),
VH (vCAL, vCA2, vCA3), and VTA as measured by IHC. Additionally, p-MOR levels

in all brain regions within the reward circuit remained unchanged following a single

53



administration of morphine 7 days after SPS/control stress (For statistical reports, see
Tables 6 and 7 in the Chapter 3 supplementary data).

Figure 10A shows representative MOR IHC for the CeA subregion of AMG. A
single morphine administration 7 days after SPS/control stress caused a significant
increase in MOR levels within the CeA regardless of the stress condition, as indicated
by a significant main effect of the drug on MOR levels within the CeA (F (1, 41 = 8.57,

p =.006, np? = .17; Figure 10B).
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Figure 10. Changes in MOR levels in the CeA. (A) Representative MOR IHC of CeA.
(B) Following a s.c. injection of 1 ml/kg of 10 mg/ml morphine 7 days
after SPS or control stress, MOR levels increased in the CeA, irrespective
of the stress condition. Error bars represent £SEM. *p < .05, **p < .01,
***p <.001.
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3.4 Discussion

3.4.1 Summary of findings

This study used a rat model of PTSD (i.e. SPS) to investigate sex differences in
the effect of traumatic stress exposure on the expression and dynamics of MORs in the
brain's reward system. MORs expression was measured by WB in the whole brain
region homogenates and by IHC in brain subregions and smaller brain regions (e.g.
NAc, VTA). MOR phosphorylation and internalization were assessed as measures of
MOR dynamics. p-MOR levels were measured in brain subregions using IHC.
Additionally, MORs were measured in membrane and cytosolic homogenate of brain
samples after separating these proteins using a specific extraction method that isolates
plasma membrane proteins from those within the cytoplasm. We measured MOR
internalization in male rats. Successful separation of membrane proteins from the
cytoplasm requires at least 25-50 mg of tissue sample. This limitation prevents us from
accurately determining internalization within brain subregions such as the ACC and
VvCA2, where we observed main effects of stress or stress x sex interaction on p-MOR
levels. Consequently, we did not measure MOR internalization in female rats.

We also examined the effect of acute morphine administration in a subset of
male rats to determine how acute morphine impacts SPS-induced changes in MOR
expression and phosphorylation in the brain's reward system. We did not assess the
effects of morphine administration in female rats due to logistical challenges and

resource constraints. Therefore, to explore potential sex differences in the effects of
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morphine on SPS-induced alterations in MOR and p-MOR levels, this experiment
should be conducted with female subjects in future studies.

Traumatic stress did not affect MOR levels in the brain regions within the reward
system for both male and female rats. However, it did impact p-MOR levels within the
ACC and vCAZ2 subregions. SPS affected p-MOR levels in the ACC differently in males
and females, decreasing them in male rats and increasing them in female rats. We also
observed a sex specific effect of SPS on p-MOR levels within the vCA2. Specifically,
SPS increased p-MOR levels in female rats while having no significant effect on p-
MOR levels in the vCA2 of male rats.

We observed that MOR levels, regardless of any stress condition, differ between
male and female rats in several brain regions, including the AMG, VH, subregions of
the mPFC (ACC, PL, IL), and subregions of the DH (dCA1, dCA2, dCA3). Female rats
showed significantly lower levels of MORs in these brain regions compared to male
rats. Similarly, p-MOR levels were different in BLA, dCA2, vCAL and vCA3, where p-
MOR levels were significantly higher in female rats compared to male rats.

SPS did not cause any changes in MOR internalization within the mPFC, AMG,
DH, and VH of male rats, as there was no significant change in MOR levels in the
cytoplasm and membrane of these brain regions following stress exposure.

Acute morphine administration 7 days after SPS/control exposure increased
MOR levels within the CeA subregion of the AMG, regardless of whether the animals
were exposed to SPS or the control condition. However, it had no effect on p-MOR

levels in the reward system.
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3.4.2 Sex differences in the effect of SPS on MOR phosphorylation within the
reward system

Traumatic stress did not alter MOR expression in the mPFC, AMG, DH, and
VH in either male or female rats. Additionally, it had no impact on MOR internalization
in these brain regions in male rats. However, SPS increased p-MOR levels in the ACC
and vCA2 of female rats, while it decreased p-MOR levels in the ACC and had no
significant effect on p-MOR levels in the vCA2 of male rats.

Phosphorylation of the activated receptors by G-protein-coupled receptor
kinases (GRKSs), which is followed by arrestin binding is the widely accepted
mechanism for MOR desensitization and internalization (Bailey & Connor, 2004). In
rats, MORs are phosphorylated at the Ser375 residue in the carboxy terminus (EI
Kouhen et al., 1999; Schulz et al., 2004). At this state the MORSs are in a desensitized
state at the plasma membrane. Arrestin-bound receptors are then internalized through a
clathrin-dependent pathway and can be either recycled back to the cell surface or
directed towards downregulation (Connor et al., 2004: von Zastrow et al., 2003;
Tanowitz & Von Zastrow, 2003).

MORs are widely expressed throughout the brain (Le Merrer et al., 2009). In the
ACC, MORs play an important role in regulating mood and affective state, pain
perception, affective pain relief, decision-making, and cognitive control by amplifying
reward value and lessening aversive feelings (Zubieta et al., 2003; Wang et al., 2020;
Ma et al., 2022; van Steenbergen et al., 2019). MORs in the ventral hippocampus are

essential for responding to alcohol-predictive cues (LeCocq et al., 2023).
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Changes in ACC MORs have been previously reported by Liberzon et al. (2007)
in male PTSD patients. Individuals with PTSD showed reduced MOR BP2 (Binding
Potential 2, a measurement in PET studies that quantifies the available receptors in the
brain) in their ACC compared to combat-exposed non-PTSD individuals and a healthy
control group. MOR BP2 was higher in combat-exposed non-PTSD individuals
compared to both PTSD patients and healthy controls (Liberzon et al., 2007). In our
experiment, traumatic stress exposure did not cause any significant changes in the
MORs, but it decreased p-MOR levels in the ACC of male rats. A decrease in p-MOR
levels without changes in MOR levels suggests MOR downregulation within the ACC
of male rats. Once the receptor becomes phosphorylated, it undergoes a conformational
change and becomes inactivated, making it less likely to bind to radioligands and be
detected in a PET scan. Therefore, if a PET scan had been used in our experiment, it
might not have detected any significant changes in the availability of MORs in the ACC
in response to traumatic stress exposure. Hence, our experimental results are not
consistent with the Liberzon et al. (2007) clinical PTSD study.

Currently, there are no reports of changes in MORs within the ACC and ventral
hippocampus (specifically vCA2) in female PTSD patients or in response to traumatic
stress exposure in female animal models of PTSD. In our experiment, there was an
increase in p-MOR levels within the ACC and vCA2 in response to SPS in female rats,
while there were no changes in MOR levels in these brain regions. The increase in p-
MOR levels without a decrease in MOR levels might suggest increased expression and

subsequent phosphorylation of MORs in response to traumatic stress exposure within
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the ACC and vCAZ2 of female rats. It is possible that this increase in phosphorylation
within the ACC and vCA2 of female rats could result in downregulation of MORs at a
later time point (beyond 7-10 days) following SPS exposure, resembling the effect of
SPS in males 7-10 days after exposure. Further studies are needed to assess MOR
expression and phosphorylation at later time points in females (e.g., 14 days after SPS
exposure) to test this speculation.

Opioid receptors in the ACC and VH have been implicated in addictive
behaviors. Opioid receptor binding in the ACC is highly correlated with craving during
early abstinence in alcohol- (Williams et al., 2009) and cocaine- (Gorelick et al., 2005)
dependent individuals. Moreover, intra-ACC opioid receptor blockade disrupts the
expression of ethanol-induced conditioned place preference (Gremel et al., 2011).
Additionally, the blockade of MORs in the VH has been found to prevent the
reinstatement of responses to alcohol-predictive cues in both male and female rats
during a delayed reinstatement test (LeCocq et al., 2023). Therefore, we speculated that
the dysregulations observed in MORs due to traumatic stress exposure in the ACC and
vCA2 might have implications for the comorbidity of OUD with PTSD. This study
provided insights into how traumatic stress affects MORs within the reward system of
both male and female rats. To explore the involvement of the MORs of these brain
regions in PTSD-OUD comorbidity, further studies are needed to target MORs (i.e., by
silencing or activating them) and assess their impact on opioid addictive behaviors (e.g.,

opioid self-administration or place preference).
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3.4.3 Why do MORs and p-MOR levels vary between male and female rats in
several regions within the reward system?

Female rats, regardless of any stress condition, exhibited lower levels of MORs
in the total AMG and VH regions, as well as subregions of mPFC (ACC, IL, PL), and
DH (dCAl, dCA2, dCA3) when compared to male rats. Conversely, female rats
demonstrated higher p-MOR levels in BLA, dCA2, vCA1, and vCA3 compared to male
rats.

Fluctuations in ovarian hormones during the estrous/menstrual cycle have been
linked to changes in the opioid system (Ethridge & Smith, 2023). The proestrus phase,
characterized by a sudden increase in estradiol and progesterone in rats' estrous cycle,
is associated with elevated proopiomelanocortin (POMC; beta-endorphin precursor)
gene expression, resulting in higher beta-endorphin levels (Wise et al., 1990; Barden et
al., 1981). The increased beta-endorphin concentration triggers rapid activation and
internalization of MORs across brain regions, including the medial preoptic nucleus, the
principal part of the bed nucleus, and the posterodorsal medial amygdala (Hammer,
1990; Eckersell et al., 1998). Moreover, MOR expression in the periaqueductal gray
(PAG) has been observed to fluctuate during the female estrous cycle. Female rats in
the proestrus state exhibit significantly lower levels of MORs in the PAG compared to
male rats (Loyd et al., 2008). Additionally, female rats demonstrate significantly
reduced opioid-induced G-protein signaling and MOR-mediated cCAMP inhibition in the

PAG when compared to male rats (Fullerton et al., 2021; Fullerton et al., 2022).
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In our experiment, we did not track the estrous cycle for two main reasons. First,
frequent vaginal swabbing could potentially interfere with the effects of SPS (Biddle &
Knox, 2023; Keller et al., 2015). Second, the effects of SPS have been observed
independently of estrous cycle tracking. For example, previous studies have shown that
the stage of the estrous cycle does not interact with SPS effects on conditioned freezing,
glucocorticoid receptors and startle response (Keller et al., 2015; George et al., 2013;
Knox et al., 2021b).

For this reason, we do not know the stage of the estrous cycle our female rats
were in on the day their brains were extracted. However, the data distribution does not
suggest the presence of cyclic hormonal effects in female rats (i.e., the absence of large
variance measures in females relative to males). Additionally, the lower MOR levels
within the AMG, VH, mPFC subregions, and DH subregions, along with higher p-MOR
levels within the BLA, dCA2, vCAL, and vCA3, might suggest that most of the female
rats in our study were in the estrous phase of their cycle. This inference is based on
previous studies that showed a decrease in MOR levels and signaling, and an increase
in MOR internalization across several brain regions during the estrous cycle in rats
(Hammer, 1990; Eckersell et al., 1998; Loyd et al., 2008).

Further investigation is needed to determine the exact stage of the estrous cycle
at the time of brain extraction. This can be achieved by taking blood samples at the time
of brain extraction and correlating the findings with MOR expression and

phosphorylation in different brain regions within the reward system.
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3.4.4 Discrepancies in MOR expression results between WB and IHC: possible
explanations

In our experiment, we measured MOR levels using two techniques: WB to
measure total MOR expression in the mPFC, AMG, DH, and VH, and IHC to measure
MOR expression in brain subregions and smaller regions that we could not dissect, such
as the NAc and VTA.

While we observed a significant sex effect on MOR expression within the AMG
and VH using WB, we did not find any significant differences in MOR levels in the
subregions of the AMG (BLA and CeA) and the subregions of the VH (VCA1, vCA2,
VCAS3, and vDG) between male and female rats as measured by IHC. Additionally,
although the differences were not statistically significant, female rats had lower levels
of MORs within the mPFC and DH compared to males when measured by WB. This
aligns with the IHC results, which showed a significant sex effect on MOR expression
within the subregions of the mPFC (ACC, PL, IL) and DH (dCAL, dCA2, dCA3).

What could account for the difference between the WB and IHC results? A
possible explanation is that WB and IHC differ in sensitivity. WB is more sensitive in
detecting specific proteins within a sample and can quantify protein levels based on
band intensity. In contrast, IHC offers lower quantification capabilities and primarily
illustrates the distribution of protein expression within a tissue section (Dittadi et al.,
1993). Moreover, the same antibody may perform differently in WB and IHC due to
differences in epitope accessibility. For instance, an epitope might be concealed in the

tissue section used for IHC but accessible in the protein extract derived from the tissue
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sample used for WB (Faden et al., 2016; Orge et al., 2023). Additionally, WB provides
a total measure of protein levels across the entire sample, potentially masking regional
variations, whereas IHC offers localized information.

In our study, WB detected differences in MOR levels between males and
females within the AMG and VH that were not detected by IHC. This discrepancy may
be explained by the higher sensitivity of WB in detecting proteins. However, the fact
that IHC detected changes in the subregions of the mPFC and DH while WB did not
quite capture these changes may be attributed to the difference in measurement
techniques. WB measures MOR levels in the total sample homogenate, which
encompasses the entire brain region, while IHC measures small subregions (e.g., WB
measures total MORs of the DH, while IHC measures MORs within subregions such as
dCA1l, dCA2, dCA3, and dDG). This difference in scale may mask potential regional
variations that are evident with IHC, and not WB, in the subregions of the mPFC and

DH.

3.4.5 Limitations and future research

This study was the first to examine the effect of traumatic stress exposure on
reward system MOR expression and dynamics using the SPS paradigm in both male
and female rats.

Given our findings that SPS affects MOR phosphorylation within the ACC and
VCAZ2, it is now critical for future studies to investigate how SPS influences MOR

signaling in these brain regions. Activation of MORs inhibits the AC enzyme, resulting
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in a decrease in CAMP levels. MOR activation also leads to the inhibition of voltage-
gated Ca?* channels and the activation of GIRK channels, causing hyperpolarization of
the cell (Al-Hasani & Bruchas, 2011). Techniques such as cCAMP assays and calcium
imaging could help determine whether the observed changes in p-MOR levels translate
to alterations in MOR activity. For instance, we could confirm a decrease in MOR
signaling within the ACC and vCA2 of female rats if, in addition to increased MOR
phosphorylation, we observe an increase in cAMP and intracellular Ca?* levels within
these regions.

MORs in the ACC and vCA2 are known to play significant roles in addictive
behavior (Williams et al., 2009; Gorelick et al., 2005; Gremel et al., 2011). Given the
frequent comorbidity of addiction and PTSD (Brady et al., 2000), future studies should
aim to determine whether trauma-induced changes in MORs within the ACC and vCA2
influence reward- and drug-related behaviors, specifically opioid addictive behaviors,
in male and female rats. Understanding these mechanisms could provide insights into
how traumatic stress exposure contributes to the risk of OUD.

It is important to note that the MOR antibody used in both WB and IHC showed
some degree of non-specificity. This non-specificity may indicate that the observed
effects, particularly the sex differences in several brain regions—including the AMG,
VH, mPFC subregions, and DH subregions—might not solely reflect differences in
MOR expression between males and females. Given that lack of selectivity is a common
issue with many G-protein coupled receptor antibodies (Michel et al., 2009), these

results should be interpreted with caution. In future studies, testing multiple antibodies
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to select the one with the highest specificity for MORs would be important to confirm

whether the findings are consistent with those of this experiment.

3.4.6 Conclusions

Comorbidity between PTSD and OUD is prevalent, with about 25% of
individuals in heroin addiction treatment also having PTSD (Mills et al., 2007) and 9%
of combat veterans with PTSD having OUD (Tanielian et al., 2008). Women with PTSD
are at a higher risk of developing OUD compared to men (Smith et al., 2016). Despite
this, the mechanisms by which traumatic stress or PTSD increases OUD risk remain
unclear, and there has been insufficient research on sex differences in this context
(Enman et al., 2015; Ma et al., 2010). One factor potentially influenced by traumatic
stress exposure, which may increase the risk of OUD, is the MORs within the brain's
reward system.

In this study, we used the SPS paradigm to model traumatic stress exposure in
male and female rats and investigated its effect on the expression and dynamics of
MORs within the reward system. Our findings revealed a sex-specific effect of SPS on
MOR phosphorylation within the ACC and vCA2. Our study provided valuable insights
into how traumatic stress affects MORs in the reward system across sexes. Further
research is necessary to elucidate how trauma-induced changes in MOR function within
the ACC and vCA2 influence addictive behavior and the development of OUD in both

males and females.
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Chapter 4

THE EFFECT OF SPS ON VOLUME AND FUNCTIONAL CONNECTIVITY
WITHIN THE EMOTIONAL NETWORK IN MALE AND FEMALE RATS

4.1 Introduction

PTSD has been demonstrated to induce alterations in rs-fMRI patterns within
the brain's reward and emotional systems. Increased connectivity has been observed
among the AMG, hippocampus, thalamus, and putamen, alongside decreased
connectivity in cortical regions (Zhong et al., 2015). Additionally, stronger functional
connectivity has been observed between the BLA and prefrontal regions, along with
hyperconnectivity between the hippocampus, frontal, and temporal regions in PTSD
patients (Brown et al., 2014; Dunkley et al., 2014). Moreover, PTSD patients often
exhibit smaller volumes in the hippocampus, ACC, and AMG compared to non-PTSD
individuals (Woon et al., 2012; Bootsman et al., 2016; Corbo et al., 2005; Kasali et al.,
2008; Karl et al., 2006; Woon et al., 2008).

Similar to PTSD, OUD has been associated with structural and functional
alterations in brain regions related to reward and motivation. Increased functional
connectivity has been observed between the NAc and ACC, as well as between the
AMG and PFC, while decreased connectivity has been noted between the PFC, ACC,

and OFC, as well as between the anterior AMG, NAc, and insular cortex in individuals
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with OUD (Ma et al., 2010; Upadhyay et al., 2010). Additionally, a reduction in AMG
volume has been observed in individuals with OUD (Upadhyay et al., 2010).

Traumatic stress exposure could potentially affect the functional connectivity
and volume of the brain's reward and emotional systems, possibly heightening the risk
of OUD. Thus, in this study, we explored the impact of traumatic stress exposure (using
the SPS model) on the functional connectivity within the reward and emotional systems,
and the volume of associated brain regions in male and female rats.

Since the reward and emotional systems are interconnected and share many of
the same brain regions, we decided to expand our fMRI study to include additional brain
regions that are more clearly established for their role in emotional regulation. These
regions, considered part of the emotional network, were added to our analysis to allow

a more comprehensive exploration of both systems.

4.2 Methods

421 Animals

Thirty-one Sprague-Dawley rats (n = 15 male, n = 16 female; 150-250 g, 53 to
56 days old) were obtained from Charles River Inc. The rats were assigned to either
control (n = 15) or SPS (n = 16) groups: 7 male/control, 8 male/SPS, 8 female/control,
and 8 female/SPS. The male and female rats were housed separately in dedicated rooms.
Upon arrival, the rats were housed in same sex pairs in a temperature-controlled room
with a 12-hour light/dark cycle and ad libitum access to food and water. A minimum

acclimatization period of three days was allowed before initiating any testing. All
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experimental procedures were reviewed and approved by the University of Delaware

Institutional Animal Care and Use Committee in compliance with NIH guidelines.

4.2.2 MRI scanning and data acquisition

Three to five days after acclimatization, rats were brought to a 9.4 T Brucker
scanner in order to obtain anatomical and resting state functional magnetic images. Each
animal was put under general anesthesia using isoflurane (5% in O) in a standard
induction chamber. After 10 minutes, the rats were removed from the chamber and
given a subcutaneous injection of 0.1 ml Lidocaine (5 mg/ml) on the scalp. This was
done to alleviate any discomfort when positioning the rats within the quadra head coil
of the magnet. Following that, rats were positioned within the MRI cradle in the head
prone position and maintained under general anesthesia using 1-1.5% isoflurane in O
through a nose cone. This level of anesthesia coupled with respiration aid is associated
with comparable BOLD signals to awake animals that undergo in vivo fMRI (Liu et al.,
2013, Jonckers et al., 2015, Wu et al., 2016, van Alst, et al., 2019). Throughout the
procedure, respiration and body temperature were continually monitored and sustained
at 60-80 breaths per minute and 30-36°C, respectively.

At each session, resting state functional (rs-fMRI) scans with high spatial
resolution were acquired over a period of 12 min and 34 sec using a multi-slice Half
Fourier Acquisition Single Shot Turbo Spin Echo (HASTE) pulse sequence with the
following parameters: repetition time (TR)/echo time (TE) = 1256 ms/18 ms, field of

view (FOV) = 2.88 x 2.88 cm?, matrix size = 96x96 [0.3-mm in-plane resolution], slice
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thickness (TH) = 1.0 mm, 25 slices, and 200 time points. High resolution 3D T2-
weighted anatomical scans were acquired using the rapid acquisition with relaxation
enhancement (RARE) pulse sequence with the following parameters: TR/TE = 3500
ms/32 ms, FOV = 2.88 x 2.88 cm?, matrix size = 256x256, TH = 1.0 mm, flip angle =
30, slices were acquired at 1 scan/min. One to five days after the pre-scan, rats were
subjected to SPS or control conditions. The rats were then scanned again (post-scan) 7-
10 days after SPS or control stress. This post-stress period is needed in order to observe
SPS effects (Liberzon et al., 1997, Liberzon et al., 1999, Knox et al., 2012a, Ferland-
Beckham et al., 2021). The rats were euthanized after the post-scan.

Although there is evidence indicating the impact of natural fluctuations in
endogenous sex hormones during the menstrual cycle on functional connectivity in
women (Weis et al., 2011, Peper et al., 2011; Avila-Varela et al., 2024; Lisofsky et al.,
2015), we opted not to monitor the estrous cycle in the female rats. This decision was
influenced by findings demonstrating that the swabbing procedure used to track the
estrous cycle can interfere with the observed effects of SPS (Keller et al., 2015; Biddle
& Knox, 2023). Additionally, SPS effects can be observed in the absence of establishing
the estrous cycle (Keller et al., 2015; Knox et al., 2021b; Collins et al., 2023; Ortiz-

Nazario et al., 2023; Torres-Rodriguez et al., 2023).
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Figure 11. Experimental design. The graphic was created using BioRender.com.

4.2.3 Data and statistical analysis

4.2.3.1 Data processing

To analyze the rs-fMRI data, we first used ImageJ software to perform skull
stripping (i.e. extracting brain images and removing non-brain tissue from each
individual slice). A Bash shell script, integrating essential tools such as FSL, AFNI, and
ANTS, facilitated the preprocessing and analysis of our fMRI data. Image preprocessing
encompassed motion correction, despiking, slice-timing correction, and volume
registration. Subsequent alignment of scans to a volume-segmented rat atlas was
achieved using ANTs. Following this preprocessing phase, mean time series were
computed for regions of interest (ROIs encompassing 174 nodes), and Pearson
correlation (rs) were calculated between the time series data from different ROIs. The
r-values were then used within MATLAB to generate a 174x174 matrix, visually

illustrating the connectivity patterns among the 174 brain nodes in each rat.
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4.2.3.2 Analysis on default mode and salience networks

The default mode network (DMN) and salience network (SN) were defined
based on prior studies (Lu et al., 2012; Tsai et al., 2020). For each individual animal,
the components that defined the DMN (orbital cortex, prelimbic cortex, anterior
cingulate cortex, temporal cortex, parietal cortex, retro splenial cortex, dorsal
hippocampus, visual association cortex and auditory cortex) and SN (insular cortex,
anterior cingulate area, orbital cortex, prelimbic cortex) were arranged in a vector and
the length of the vector calculated for pre and post stress scans. The larger the vector,
the more connectivity within the DMN. Subsequently, we derived the difference vector
values (Av) by subtracting the post-scan vector values from the pre-scan ones. Av was
then subjected to a stress (SPS vs. control) x sex (male vs. female) factor design.

Main effects were determined using analysis of variance (ANOVA), and simple
comparisons were conducted using t-tests. The significance thresholds for multiple

comparisons were adjusted using the B-H correction with an FDR of 0.15.

4.2.3.3 DMN modularity analysis

The mean r-values were calculated for each pair of ROIs within the DMN across
pre-scan, post-control, and post-SPS datasets as previously described (Lu et al., 2012).
These values underwent a one-sample t-test against zero. A significance threshold,
adjusted using Bonferroni correction (p <.0005), was then applied to transform the
correlation matrix into a binarized matrix. In this binary representation, elements were

set to 1 if a significant correlation was present between two brain regions, and 0
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otherwise. The degrees of the ROIs were computed by summing the significant
connections within the matrix (sum of the 1s) and visualized using Cytoscape, with the

brain regions exhibiting the highest degrees identified as the network hubs.

4.2.3.4 Algorithmic analysis

In order to identify edges from networks that were significantly altered with SPS
from pre-scan to post-scan we used an algorithm (Figure 12). For each independent
group (i.e. SPS/male, SPS/female, control/male, control/female) we calculated changes
in edges from pre- to post-stress rs-fMRI scans (i.e. Ar) of emotional (e.g. BLA, CeA,
NAc) and sensory (e.g. geniculate and colliculi bodies) networks. A comprehensive list
of the substrates that comprised the sensory (6 x 6 matrix) and emotional (47 x 47
matrix) networks are listed in Table 1. Because animals are under general anesthesia
and prior studies have not observed changes in auditory and visual perception with
traumatic stress exposure (Lisieski et al., 2018), we used Ar within the sensory network
as a control for non-experimental fluctuation in connectivity within networks between
the pre- and post-scans. We applied varying high-pass thresholds (0.1, 0.15, 0.2, 0.25,
0.3, 0.35, 0.4, 0.45, 0.5) for absolute values of Ar. If Ar did not meet threshold, Ar was
assigned a value of zero. Once a threshold that yielded all Ar = 0 within sensory and
emotional networks were identified, the second largest (or penultimate) threshold for
emotional (pEthr) and sensory (pSthr) networks was compared. If pEthr > pSthr, then
all Ar > pEthr from emotional networks were subjected to a stress (SPS vs. control) x

sex (male vs. female) factor design. Main effects were analyzed using ANOVA, while
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simple comparisons were analyzed using t-tests. FDR was controlled using B-H

corrections where appropriate, with significance thresholds adjusted to an FDR of 0.15.

Emotional Network

anterior amygdaloid nucleus
basal amygdaloid nucleus
central amygdaloid nucleus
cortical amygdaloid nucleus
lateral amygdaloid nucleus
medial amygdaloid nucleus
intercalated amygdaloid nucleus
extended amygdala
nucleus accumbens core
nucleus accumbens shell
dorsal hippocampus CA1
hippocampus CA2
dorsal hippocampus CA3
ventral hippocampus CA1
ventral hippocampus CA3
anterior cingulate cortex
infralimbic cortex
prelimbic cortex
insular cortex
ectorhinal cortex
entorhinal cortex
retrosplenial caudal cortex
retrosplenial rostral cortex
central medial thalamic nucleus
medial dorsal thalamic nucleus

ventromedial thalamic nucleus
ventral posteriomedial thalamic nucleus
periaqueductal gray
paraventricular nucleus of thalamus
paraventricular nucleus of
hypothalamus
diagonal band of Broca
dorsal dentate gyrus
ventral dentate gyrus
dorsal raphe nucleus
median raphe nucleus
raphe linear
raphe magnus
raphe obscurus nucleus
reuniens nucleus
habenula nucleus
interpeduncular nucleus
locus ceruleus
medial septum
bed nucleus stria terminalis
ventral lateral striatum
ventral medial striatum
ventral tegmental area

Sensory Network

primary auditory cortex
primary visual cortex
inferior colliculus
superior colliculus
medial geniculate nucleus
lateral geniculate nucleus

Table 1. Brain regions within the emotional and sensory networks.
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Figure 12. Algorithm used to identify edges that are sensitive to experimental
treatments. Ar - functional connectivity change from pre-scan to post-scan;
thr - threshold; S - sensory network; E - emotional network; pEthr -
penultimate threshold for emotional network; pSthr - penultimate
threshold for sensory network.

4.2.3.5 Independent component analysis (ICA)

Independent component analysis (ICA) was conducted on all rs-fMRI
preprocessed data using the GIFT toolbox (http://www.nitrc.org/projects/gift/) (Liang
et al., 2011). This allowed us to extract connectivity patterns (or components) and
determine if edges we identified with our algorithm and general linear model (GLM)
analyses were part of the same network, different networks, or no network. Following

recommendations from Lu et al., 2012, we selected 20 independent components (ICs)
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for the analysis. The Infomax algorithm was chosen for ICA due to its capacity to
maximize the non-Gaussianity of components, rooted in the understanding that brain
activity signals often exhibit non-Gaussian characteristics, while noise follows a
Gaussian distribution (Chen & Li, 2012). This emphasis on non-Gaussianity aimed to
segregate meaningful brain activity patterns from noise and artifacts in the fMRI data.

To enhance the reliability of our ICA results and identify stable networks, we
utilized ICASSO. Following the recommendations in the GIFT toolbox manual, we set
ICASSO to run the ICA 10 times, each with different bootstrap samples. ICASSO
employs a clustering algorithm to group similar ICs that are consistently identified
across multiple ICA runs, and it generates a plot with these IC clusters.

For the display of ICs, spatial maps were converted to Z-scores with a threshold
value set at 4.3. We selected a threshold of 4.3 through incremental adjustment. Starting
with the default threshold (i.e., 1), we incrementally increased it while inspecting the
ICs. Our goal was to find a balance where key structures were visible, and noise was
minimized, resulting in I1Cs that are comparable to those reported in previous studies
(Lu et al., 2012; Liang et al., 2011). This process was applied consistently across our
different groups of data to ensure fair comparison. Setting this threshold helped
highlight the strongest connections within each IC while filtering out noise and low-
amplitude signals. Brain regions within each IC were identified using the Paxinos and
Watson rat brain atlas. DMN components were identified and compared across pre-scan,

post-control, and post-SPS groups. Additionally, the edges within the emotional
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network affected by SPS in previous analyses were identified in pre-scan images to

determine if they are part of the rats’ brain resting-state networks.

4.2.4 Anatomical MRI data analysis:

For anatomical scanning, 174 distinct ROIs were identified by overlaying T2-
weighted images onto a rat brain atlas (Ekam Solutions LLC, Boston, MA), and the
segmented boundaries were then extracted for each subject. This method assumes
normal brain shape among subjects. Each voxel was assigned to a specific brain region
based on alignment with the atlas, facilitated by Ekam’s graphical interface. Using the
Ekam Visualization and Analysis (EVA) tool, we optimized image alignment by
adjusting in real-time across axial, coronal, and sagittal views, making use of both
internal and surface anatomical landmarks. Each voxel was mapped to a defined region
in the atlas, with transformation matrices embedded within each atlas slice to ensure
accurate alignment. Voxels impacted by partial volume effects were assigned to the ROI
occupying the largest proportion of that voxel. For each ROI, total volume was
calculated by multiplying the unit voxel volume in mm3 by the voxel count. Finally, to
adjust for differences in brain size, ROI volumes were normalized by dividing each by
the total brain volume (Madularu et al., 2015).

Volumetric analyses were performed on the nodes (i.e. brain regions) that were
part of edges significantly impacted by SPS (see algorithmic analysis). Post-scan
volumes for each brain region were normalized relative to their pre-scan volumes by

converting them to z-scores. Z-scores were then subjected to a stress x sex factor design.
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Main effects were determined using ANOVA, and simple comparisons were conducted

using t-tests.

Sagittal e - Coronal

Figure 13. Representation of the rat brain atlas manually overlaid onto a rat’s brain MRI
from axial, sagittal, and coronal planes.

4.3 Results

4.3.1 SPS decreased overall DMN functional connectivity in both male and
female rats.

We observed that SPS decreased overall functional connectivity within the
DMN in both male and female rats (Figure 14A) while it had no effects on the functional
connectivity within the SN in either male or female rats (Figure 14B).

Figure 14C contains 3D representations of the rat DMN (top) and SN (bottom).
SPS caused a significant decrease in the overall functional connectivity within the DMN
in both male and female rats, indicated by the main effect of stress on DMN functional

connectivity (F (1, 27 = 5.65, p = .025, np? = .17, Figure 14A). On the other hand, SPS

77



did not affect SN overall functional connectivity in either male or female groups (F ¢,
27)=.03, p = .86, np*>=.001; Figure 14B).

Overall functional connectivity within the DMN and SN were calculated using
vector analysis as described in the methods section. Since there were no sex differences
in the effect of SPS on DMN functional connectivity (F (1, 27y=.001, p = .98, np>=.000),
we combined the data from male and female rats. We then performed independent t-
tests to compare changes in functional connectivity between DMN edges from pre- to
post-scan between SPS and control groups. The data showed a decrease in functional
connectivity between mOFC-cRSC (t 29y = 2.92, p = .007), PC-CA2 (t (290= 3.10, p =
.004), PC-dCA3 (t (20 = 2.54, p = .017), CA2-dCAL (t 29) = 2.44, p = .021), and CA2-
Al (t (29 = 2.40, p = .023) in response to SPS. However, after applying the B-H
correction to control for an FDR of less than 0.15 due to multiple comparisons, none of

these potential effects remained significant.
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Figure 14. Changes in the DMN and SN Functional Connectivity. (A) SPS decreased
overall DMN functional connectivity in both male and female rats. (B) SPS
did not have any significant effects on the overall SN functional
connectivity in either male or female groups. (C) 3D representation of rat
DMN (top) and SN (bottom). DMN-default mode network, SN-salience
network. Error bars represent +SEM. *p < .05, **p <.01, ***p <.001.

4.3.2 DMN functional structure was constructed using modularity analysis,
revealing changes in DMN organization in response to SPS.

We performed modularity analysis of the DMN as described by Lu et al. (2012)
to understand its network structure, identify central nodes (hubs), and detect changes in

network organization due to SPS.
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We combined all pre-scan data from male and female rats to construct the DMN
structure of the rat brain. For the modularity analysis of the pre-scan data, the mean r
values for the edges within the DMN underwent one-sample t-tests against zero (for
statistical reports, see Table 8 in the Chapter 4 supplementary data). A significance
threshold, adjusted using Bonferroni correction (p < .0005), was then applied to
transform the correlation matrix into a binarized matrix. Significant p-values were
assigned a value of 1, indicating the presence of a connection, while nonsignificant p-
values were assigned a value of 0, indicating an absence of connection. This allowed us
to determine the number of connections each node has with other nodes within the
DMN. The strength and the positivity or negativity of the connections were determined
by the mean r values of each pair of ROIs. Modularity analysis for the post-control and
post-SPS data was performed following the same process as described above to
investigate the specific effects of SPS on DMN network organization (for statistical
reports, see Tables 9 and 10 in the Chapter 4 supplementary data).

Figure 15 shows the number of connections, their strength, and the positivity or
negativity of these connections within the DMN in pre-scan, post-control and post-SPS.
In the pre-scan network, the ACC with 10 connections and the RSC (rostral + caudal)
with 13 connections were identified as the central nodes of the DMN (Figure 15).

Modularity analysis revealed a reduction in the number of negative connections
of the rRSC in the post-scan compared to the pre-scan. Specifically, in the post-control,
negative connections of the rRSC with PL, IOFC, and vOFC were eliminated. In

addition to these regions, in the post-SPS condition, the negative connection between
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rRSC and ACC was also removed. Furthermore, we observed a decrease in the number
of ACC negative connections from the pre-scan to post-control. In the post-control
condition, negative connections of ACC with Au, cRSC, dCA1, dCA2, and V2 were
removed. However, in the post-SPS condition, all negative connections of the ACC
were present, although the strength of the connection between ACC and dCA3
decreased. Moreover, the number of positive connections between OFC, PL, and ACC
changed from the pre-scan to post-scans. In the post-control condition, positive
connections between mOFC-PL, IOFC-mOFC, and IOFC-ACC were eliminated. In
contrast, in the post-SPS condition, an additional positive connection was added

between mOFC and ACC (Figure 15 and Table 2).
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Figure 15. DMN modularity analysis. Changes in the functional correlation strengths
between 14 brain regions within the DMN before SPS or control (Pre-
scan), after control condition (Post-control) and after SPS condition (Post-
SPS) were compared. The ACC with 10 connections and the RSC with 13
connections were identified as the central nodes of the DMN. The line
thickness represents the correlation strength, while the line color indicates
the positivity (pink) or negativity (purple) of the correlation. Au- auditory
cortex, ACC-anterior cingulate cortex, IOFC-lateral orbitofrontal cortex,
mOFC-medial orbitofrontal cortex, vOFC-ventral orbitofrontal cortex,
PL-prelimbic cortex, PC-parietal cortex, rRSC-rostral retrosplenial cortex,
cRSC-caudal retrosplenial cortex, Te-temporal cortex, V2-secondary
visual cortex.
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Pre-scan Post-control Post-SPS

positive negative positive negative positive negative
Au 7 1 7 0 7 1
dCAl 7 1 6 0 6
CA2 6 1 6 0 6 1
dCA3 7 2 5 1 6 1
ACC 3 7 1 2 4 7
lOFC 4 1 2 0 4 0
mOFC 3 0 1 0 4 0
PL 4 2 8 0 4 0
PC 6 0 6 0 6 0
cRSC 7 1 6 0 6 1
rRSC 1 4 1 1 1 0
Te 4 0 3 0 3 1
V2 7 1 6 0 7 1
VvOFC 4 1 3 0 4 0

Table 2. Number of DMN functional connections in pre-scan, post-control and post-
SPS.

4.3.3 The DMN functional structure was constructed using ICA, revealing
changes in the functional connectivity of different DMN components in
response to SPS.

ICA was used to construct DMN of the rat brain and to determine if the network's
functional structure changes following SPS exposure. Since we did not observe any sex-
specific effects of SPS on the overall functional connectivity of the DMN, we combined
the data from male and female rats.

To ensure that the identified components were stable and reliable, we used
ICASSO to run each ICA 10 times. Figure 20 shows the ICASSO plots for the three
groups of data: pre-scan, post-control, and post-SPS. These plots indicated that all 20
components identified by ICA in our three groups were stable and reliable, with no IC
needing removal from the analysis (Figure 16).

Figure 17 displays the DMN functional structure constructed from the pre-scan

data, with a z-score threshold set to 4.3. The identified ICs included the ACC, PL, OFC;
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RSC, PC, DH, Au; and RSC, V2, TC. Although previous literature has shown functional
connectivity between the RSC, ACC, and OFC, we did not observe this with the
threshold set to 4.3. This suggested the possibility of negative functional connectivity
between these regions. Therefore, we adjusted the z-score to -3 (through incremental
adjustment of the threshold as explained in the Methods section) and modified the image
value settings to display negative connectivity. This revealed an IC containing the RSC,
ACC, PL, OFC, and DH (Figure 17).

Figure 18 shows the DMN functional structure in the post-control and post-SPS
data. In the post-control DMN, the strength of the connectivity in the IC containing the
ACC, PL, and OFC was much lower than in the pre-scan DMN. Therefore, we needed
to adjust the threshold to 2.3 to visualize this IC. We did not observe any notable
difference in the strength of the connectivity in the IC containing the ACC, PL, and
OFC in the post-SPS data compared to the pre-scan data. Additionally, the ICs
containing RSC, PC, DH, Au and RSC, TC, V2 in the post-control and post-SPS DMN
were not different from those in the pre-scan DMN.

We also saw notable differences in the IC containing RSC, ACC, PL, OFC, and
DH between the pre-scan DMN and both the post-control and post-SPS DMN. In both
post-control and post-SPS DMN, the PL and OFC components were not present.
Additionally, in both post-control and post-SPS DMN, the strength of the negative
activity in this IC decreased notably in comparison to the pre-scan DMN, with post-SPS

having the weakest connectivity.

84



pre-scan
. all 5" below threshold: no lines shown
"Best Estimate” (centrotype)
20. | . . ill\ s‘l below threshold: no \.llfs shown
- 14
! 3 15
2 L
9.
11
16 13 8
6.

10

T

post-control

r . al sy below threshold: no lines shown

“"Best Estimate” (centrotype)
o ail's, below threshold: no lines shown

18+ 160 208
150 1
2 134
LT
1¢
176 11 4
190 8 18

178

16

post-SPS

as

10a

o alls, below threshold: no ines shown

“Best Estimate” (centrotype)

o alls, below threshoid: no lines shown

=

197

Convex hulls represent estimate-clusters.
Compact and isolated clusters suggest reliable estimates

Figure 16. ICASSO plots of the pre-scan, post-control and post-SPS showed the
stability of the 20 components identified with ICA across 10 runs. Note
that the pairwise similarity between estimates within clusters was omitted
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Figure 17. Rat DMN functional structure. The functional structure of the DMN was
constructed using ICA on pre-scan data from both male and female rats.
The identified clusters included Au (auditory cortex), ACC (anterior
cingulate cortex), OFC (orbitofrontal cortex), PL (prelimbic cortex), PC
(parietal cortex), RSC (retrosplenial cortex), TC (temporal cortex), and V2
(secondary visual cortex). The color bars represent the z-scores, indicating
the activity levels within each IC.

85




A) post-control

Figure 18. Changes in the DMN functional structure in the post-scan. (A) In the post-
control DMN, the IC that contained the OFC, PL, and ACC had less
activity compared to the pre-scan DMN. Additionally, the IC that showed
negative functional connectivity between the RSC, ACC, PL, OFC, and
DH in the pre-scan DMN no longer contained the PL and OFC in the post-
control DMN. (B) In the post-SPS DMN, the IC that previously showed
negative functional connectivity of the RSC, ACC, PL, OFC, and DH no
longer had the PL and OFC. Furthermore, the overall negative activity of
this IC was lower in comparison to this IC in the pre-scan DMN.

4.3.4 Edges within the emotional network that are sensitive to SPS were
identified using algorithmic analysis in male and female rats.

We performed an algorithmic analysis to identify the edges within the emotional
network that were particularly sensitive to our experimental condition. Figure 19
illustrates this analysis process for our four independent groups: male/control,
male/SPS, female/control, and female/SPS. The penultimate threshold of the emotional
network for the male/control group was 0.4, and the Ar of the NAc-PL, NAc-IL, and IC-
PL passed this threshold. For the male/SPS group, the penultimate threshold was 0.35,

with the Ar of the aAMG-Ent ctx, ACC-PL, and ACC-IL surpassing this threshold. In
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the female/control group, the penultimate threshold was 0.35, and only the Ar of the
VCAL1/thMD passed this threshold. For the female/SPS group, the penultimate threshold
was 0.25, and the Ar of the dCA1-vCA3, dCA1-CA2, dCA1-vCAl, vCAl-PV, vCAl-
CeA, CA2-PV, CA2-dDG, thCM-StriVM, thCM-dDG, dDG-thVM, dDG-RSctx, dDG-
thMD, and mMAMG-RM exceeded this threshold. The edges within the emotional
network that passed the algorithmic analysis also exceeded the penultimate threshold
for the sensory network, and thus were considered sensitive to our experimental
condition. We subjected the Ar of these edges to statistical analysis using a stress X Sex
factorial design to investigate the sex differences in the effect of SPS on the functional

connectivity of these edges.
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Figure 19. Algorithmic analysis was conducted for four independent groups
(male/control, male/SPS, female/control, and female/SPS). The
penultimate high-pass thresholds of the emotional network were
determined as follows: male/control: 0.4, male/SPS: 0.35, female/control:
0.35, and female/SPS: 0.25. The functional connections between the edges
within the emotional network that passed the penultimate threshold are
displayed in the rightmost column of each group [male/control: NAc-PL,
NAc-IL, IC-PL, male/SPS: aAMG-Ent ctx, ACC-PL, ACC-IL,
female/control: vCA1-thMD, female/SPS: dCA1l-vCA3, dCA1-CA2,
dCAl-vCA1l, vCAl-PV,VvCA1-CeA, CA2-PV, CA2-dDG, thCM-StrivVM,
thCM-dDG, dDG-thVM, dDG-RSctx, dDG-thMD, mMAMG-RM].

4.3.5 SPS altered functional connectivity between vCAl-thMD, vCAl1-PV, and
dDG-thMD differently in male and female rats.

We observed that SPS affects functional connectivity between vCA1-thMD,
VCAL-PV, and dDG-thMD differently in male and female rats (Figure 20).

Figure 20B shows the locations of vCA1 and thMD in relation to one another in
a schematic and a 3D rat brain model in an axial plane view. SPS affected functional
connectivity between vCA1-thMD differently in male and female rats, as indicated by
a significant stress x sex interaction for the Ar values of vCA1-thMD (F (1,27)=8.06, p
=.008, np* = .23; Figure 20A). Additionally, functional connectivity between vCA1-
thMD significantly increased from pre- to post-scan in the male/control group. This was
found by performing a one-sample t-test against zero for the average Ar value of vCA1-
thMD in the male/control group (t ¢ = 3.30 p = .016; Figure 20A). SPS inhibited the
increase in functional connectivity between vCA1-thMD in male rats but not in female

rats.
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Figure 20D shows the locations of vVCA1 and PV in a schematic and a 3D rat
brain model in an axial plane view. SPS effects on functional connectivity between
VCAL-PV differed between male and female groups, as indicated by a significant stress
X sex interaction for the Ar values of vVCA1-PV (F (1,27 = 10.42, p = .003, np? = .28;
Figure 20C). Additionally, functional connectivity between vCA1-PV increased from
pre- to post-scan in female/SPS rats. This was indicated by performing a one-sample t-
test against zero for the average Ar value of VCA1-PV in the female/SPS group (t (7
=3.69, p = .008; Figure 20C). Furthermore, SPS increased functional connectivity
between VCA1-PV in female rats while having no significant effect on functional
connectivity between VCAL-PV in male rats. This was determined by a significant
difference between the VCAL1-PV Ar values of female/control vs. female/SPS (F (1, 14)
=14.22, p =.002, np* = .50; Figure 20C) and not between Ar values of male/control vs.
male/SPS groups (F (1,13y=1.97, p = .18, np? = .13; Figure 20C).

Figure 20F shows the locations of dDG and thMD in a schematic and a 3D rat
brain model in axial and coronal planes. A significant sex difference was observed in
the effect of SPS on functional connectivity between dDG-thMD, as indicated by a
significant stress x sex interaction for the Ar values of dDG-thMD (F (1,27y=10.91, p =
003, np? = .29; Figure 20E). Furthermore, in the female/SPS group, there was a
significant change in functional connectivity between dDG-thMD from pre- to post-
scan as determined by performing a one-sample t-test against zero for the average Ar
value of dDG-thMD in the female/SPS group (t () = 6.39, p = .0004; Figure 20E). SPS

increased functional connectivity between dDG-thMD in female rats while causing no
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significant changes in functional connectivity between these regions in male rats (t )=

.003, p =.99; Figure 20E).
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Figure 20. The effect of SPS on functional connectivity between vCA1-thMD, vCA1l-
PV, and dDG-thMD varies between male and female rats. (A) Functional
connectivity significantly increased in the male/control group, while it
remained unchanged in the female/control group. SPS appears to have
prevented the increase in functional connectivity between vCA1-thMD in
male rats but not in female rats. (B) The locations of vCAL1 and thMD with
respect to each other are depicted in a rat brain schematic in the axial plane
and a 3D rat brain model. (C) SPS significantly increased functional
connectivity between vCA1-PV in female rats but not in male rats. (D) The
locations of VCAL and PV with respect to each other are shown in a rat
brain schematic in the axial plane and a 3D rat brain model. (E) SPS
significantly increased functional connectivity between dDG-thMD in
female rats but not in male rats. (F) The locations of dDG and thMD with
respect to each other are shown in a rat brain schematic in a coronal plane
and a 3D rat brain model. (G) Illustration of the impact of SPS on
functional connectivity in male versus female rats. thMD- mediodorsal
thalamic nucleus, PV-paraventricular nucleus of thalamus, dDG-dorsal
dentate gyrus. Error bars represent +£SEM. *p <.05, **p <.01, ***p <.001.

4.3.6 SPS altered functional connectivity between thCM-StrivVM, dCA1-vCAl
and CA2-dDG in both male and female rats.

We observed that SPS altered functional connectivity between thCM-StriVM,
dCA1-vCA1, and CA2-dDG in both male and female rats (Figure 21).

Figure 21B shows the location of thCM and StriVM in relation to one another
in a schematic and a 3D rat brain model in an axial plane view. SPS increased functional
connectivity between thCM-StriVM in both male and female rats. This was indicated
by a significant main effect of stress on the Ar values of thCM-StriVM (F (1, 27)= 13.62,
p =.0009, np? = .34; Figure 21A).

Figure 21D shows the location of dCAL and vCAL in a schematic and a 3D rat

brain model in a coronal plane view. SPS decreased the functional connectivity between
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dCA1-vCALl in both male and female groups, indicated by a significant main effect of
stress for the Ar values of dCA1-VvCAL (F 1, 27=7.38, p =.011, np? = .26; Figure 21C).

Figure 21F shows the CA2 and dDG locations in relation to each other in a
schematic and a 3D rat brain model in an axial plane view. SPS decreased the functional
connectivity between CA2-dDG in both male and female rats, as indicated by a
significant main effect of stress for the Ar values of CA2-dDG (F 1, 27y= 6.92, p = .014,

np? = .20; Figure 21E).
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Figure 21. The effect of SPS on functional connectivity between thCM-StriVM, dCA1-
VCA1 and CA2-dDG is similar in male and female rats. (A) SPS led to
increased functional connectivity between thCM-StriVM in both male and
female groups. (B) The locations of thCM and StriVM relative to each
other are depicted in a rat brain schematic in the axial plane and a 3D rat
brain model. (C) SPS reduced functional connectivity between dCA1-
VCAL in both male and female groups. (D) The locations of dCA1 and
VCAL relative to each other are depicted in a rat brain schematic in the
coronal plane and a 3D rat brain model. (E) SPS also reduced functional
connectivity between CA2-dDG in both male and female rats. (F) The
locations of CA2 and dDG relative to each other are depicted in a rat brain
schematic in the axial plane and a 3D rat brain model. thCM-centromedial
thalamic nucleus, StriVM-ventromedial striatum, dDG-dorsal dentate
gyrus. Error bars represent £SEM. *p < .05, **p < .01, ***p <.001.

4.3.7 Functional connectivity between ACC-PL, ACC-IL, and MeA-RMg
showed distinct changes in male and female rats regardless of the stress
condition.

We observed that functional connectivity changes from pre- to post-scan
between ACC-PL, ACC-IL, and MeA-RMg are significantly different in male and
female rats, regardless of the stress condition (Figure 22).

Figure 22B shows the locations of ACC and PL in a schematic and a 3D rat brain
model in a coronal plane view. Functional connectivity changes in male rats were
significantly larger than in female rats, indicated by a significant main effect of sex for
the Ar values of ACC-PL (F 1, 27 = 12.07, p = .002, np* = .31; Figure 22A).

Figure 22D shows the ACC and IL locations in relation to each other in a
schematic and a 3D rat brain model in a coronal plane view. Functional connectivity

changes in male rats were significantly larger compared to female rats, as indicated by
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a significant main effect of sex for the Ar values of ACC-IL (F (¢, 27y=7.76, p = .01, np?
=.22; Figure 22C).

Figure 22F shows the locations of MeA and RMg in relation to each other in a
schematic and a 3D rat brain model in an axial plane view. Functional connectivity
changes between MeA-RMg were significantly larger in female rats compared to male
rats, indicated by a significant main effect of sex for the Ar values of MeA-RMg (F ¢,

27)=7.65, p = .01, np? = .22; Figure 22E).
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Figure 22. Functional connectivity changes between ACC-PL, ACC-IL, and MeA-RMg
differ in male and female rats irrespective of stress conditions. (A) The
functional connectivity change between ACC-PL was significantly larger
in male rats compared to female rats. (B) The positions of ACC and PL
relative to each other are depicted in a rat brain schematic in the coronal
plane and a 3D rat brain model. (C) The functional connectivity change
between ACC-IL was significantly larger in male rats compared to female
rats. (D) The positions of ACC and IL relative to each other are depicted
in a rat brain schematic in the coronal plane and a 3D rat brain model. (E)
The functional connectivity changes between MeA-RMg were larger in
female rats compared to male rats. (F) The positions of MeA and RMg
relative to each other are depicted in a rat brain schematic in the axial plane
and a 3D rat brain model. ACC-anterior cingulate cortex, PL-prelimbic
cortex, IL-infralimbic cortex, MeA-medial amygdaloid nucleus, RMg-
raphe magnus. Error bars represent £+SEM. *p < .05, **p < .01, ***p <
.001.

4.3.8 Edges within the emotional network that are affected by SPS, including
VCA1-PV and dCA1-vCALl, are part of a resting-state network in both male
and female rats.

We used ICA to determine if the nodes of the emotional network affected by
SPS in our algorithmic analysis were part of resting-state networks. These networks
consist of brain regions that exhibit synchronized activity during rest (e.g. DMN). For
this purpose, we analyzed the pre-scan data of male and female rats separately. We set
the z-score threshold to 4.3 and examined ICs for the presence of edges previously
identified as affected by SP in our study, including vCAl-thMD, vCA1-PV, dDG-
thMD, thCM-StriVvM, dCA1-vCAl, and CA1-dDG in the male and female pre-scan

spatial maps.
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We previously demonstrated that the dorsal hippocampus subregions, including
dCA1, CA2, and dDG, are part of the DMN, a known resting-state network in the rat
brain (Figure 17).

Figure 23 shows the resting-state network, including two SPS-sensitive edges:
VCAL-PV and dCA1-vCAl, in the male and female pre-scan ICA spatial maps. These
edges form a resting-state network with other brain regions, including the RSC,
periaqueductal gray (PAG), vDG, PC, primary and secondary motor cortex (M1 and
M2), primary and secondary somatosensory cortex (S1 and S2), auditory cortex (Au),
dDG, dCAZ2, and dCA3, in both male and female rats (Figure 23).

We did not find resting-state networks that include the other SPS-sensitive
edges, such as VCAL1-thMD, dDG-thMD, and thCM-StriVM. This might suggest that

these edges are not part of a resting-state network of the rat brain.
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Figure 23. Resting-state network containing the SPS-sensitive edges of the emotional
network. A resting-state network was identified in both male and female
rats' brains that contains two SPS-sensitive edges: vVCA1-PV and dCA1-
vCALl.
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4.3.9 SPS affects the volume of the dDG in both male and female rats.

In addition to investigating the effect of SPS on the functional connectivity
between edges that passed the algorithmic analysis, we examined the impact of SPS on
the volume of each of these nodes in male and female rats. This analysis was specifically
conducted for nodes that were part of connectivity patterns sensitive to SPS or the
interaction of stress by sex. We observed that SPS inhibits the expansion of the dDG in
both male and female rats (Figure 24). SPS did not have any significant effects on the
volume of other SPS sensitive nodes, including vCA1, thMD, dCA1, CA2, PV, thCM,
StrivM.

Figure 24B shows the location of the dDG in a rat brain MRI in a coronal plane.
Changes in the volume of dDG were significantly larger in the control group compared
to the SPS group in both male and female rats. This was indicated by a main effect of
stress on the post-scan z-scores of dDG (F (1,27)= 5.33, p =.029, np* = .17, Figure 24A).
Additionally, the volume of dDG significantly increased in both male and female
control rats from pre- to post-scan as determined by performing a one-sample t-test
against zero for the average z-scores of dDG in the male/control and female/control
groups (male/control: t s = 3.94, p = .008; female/control: t 7y = 4.38, p = .003; Figure

24A).
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Figure 24. The effect of SPS on the volume of dDG is similar in male and female rats.
(A) SPS inhibited the expansion of dDG in both male and female rats. (B)
Representation of dDG in a coronal plane of the rat brain. dDG-dorsal
dentate gyrus. Error bars represent £SEM. *p <.05, **p <.01, ***p <.001.

4.4 Discussion

4.4.1 Summary of findings

In this study, we used a rat model of PTSD (i.e., SPS) combined with MRI
techniques to investigate the pure effects of traumatic stress on functional connectivity
within the emotional network and the volume of its nodes. Additionally, studies have
shown that psychiatric disorders can negatively impact the DMN and SN of the brain
(Akiki et al., 2018; Nicholson et al., 2020; Bao et al., 2021). Therefore, we also
examined the functional connectivity within the DMN and SN.

Clinical PTSD studies often struggle to distinguish between changes in brain
functional connectivity and volume resulting from traumatic stress exposure and

predispositions that increase susceptibility to PTSD (Aghajani et al., 2016; Brown et al.,
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2014; Dunkley et al., 2014; Woon et al., 2010; Bootsman et al., 2016; Corbo et al., 2005;
Kasai et al., 2008; Karl et al., 2006; Woon et al., 2008). Using an animal model of PTSD
in combination with MRI techniques enabled us to overcome this limitation and identify
the changes that occur purely as a result of traumatic stress exposure in male and female
rats.

We conducted measurements of rs-fMRI between edges within the DMN, SN
and emotional network, and also assessed the volume of SPS-sensitive nodes in both
male and female rats before and 7 to 10 days after SPS/control exposure.

We observed that overall functional connectivity within the DMN decreased in
response to SPS in both male and female rats. In contrast to the DMN, functional
connectivity within the SN remained unaffected by SPS.

Modularity analysis revealed the properties of the connections (e.g., number of
connections, strength of the connections, positivity or negativity of the connections) and
identified the central hubs within the DMN (ACC and RSC). Additionally, it appeared
that exposure to SPS altered the typical changes in the number of functional connections
between the DMN central nodes (ACC and RSC) and other DMN regions from pre- to
post-scan time points. Specifically, the post-control network showed fewer negative
connections involving the ACC compared to the pre-scan network, while the number of
negative connections involving the ACC remained unchanged in the post-SPS network.

We constructed a spatial map of DMN functional structure using ICA on the
pre-scan data from male and female rats. Comparing the spatial maps of the pre-scan

with post-control and post-SPS scans revealed changes in functional connectivity within
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the DMN nodes. Specifically, in the post-control scan, the strength of the positive
connection between the ACC, PL, and OFC decreased compared to the pre-scan, while
this connectivity's strength remained the same in the post-SPS scan. Additionally, the
number of negative connections between the RSC, ACC, PL, and OFC decreased in the
post-control scan compared to the pre-scan. In the post-SPS scan, both the number and
strength of the negative connections between the RSC, ACC, PL, and OFC decreased
compared to the pre-scan.

We applied an algorithmic approach to identify the edges within the emotional
network that were sensitive to our experimental condition. Functional connectivity
between these edges were further analyzed to determine how they are affected by SPS
in both males and females.

We found sex-specific effects of SPS on the rs-fMRI of vCA1-thMD, vCAl-
PV, and dDG-thMD. SPS inhibited the increase in functional connectivity between
vCAL1-thMD in male rats, while it had no effect on vCA1-thMD connectivity in female
rats. Additionally, SPS increased functional connectivity between vCA1-PV and dDG-
thMD in female rats, while it had no significant effect on the connectivity of these edges
in male rats.

We discovered that the effects of SPS on functional connectivity between certain
edges within the emotional system are similar in both male and female rats. Specifically,
SPS increased connectivity between thCM-StriVM while decreasing connectivity

between dCA1-vCA1l and CA2-dDG in both males and females.
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Additionally, we observed differences in resting-state functional connectivity
changes between the pre-scan and post-scan time points in male and female rats,
regardless of whether they were exposed to SPS or the control condition. Functional
connectivity changes between ACC-PL and ACC-IL were significantly larger in male
rats compared to female rats. Conversely, changes in the functional connectivity
between MeA-RMg were larger in female rats compared to male rats.

We used ICA to determine if the edges within the emotional network affected
by SPS are part of a resting-state network. We observed that among all the edges
influenced by SPS, vCA1-PV, dCA1-vCALl, and CA2-dDG are part of the resting-state
networks in both male and female rats, while vCA1-thMD, dDG-thMD, and thCM-
StriVM are not.

Alongside changes in resting-state functional connectivity within the emotional
network, SPS affected the volume of dDG. We observed an expansion in the volume of
dDG from the pre-scan to the post-scan time point (spanning 7 to 10 days). However,

SPS inhibited this natural expansion of the dDG volume in both male and female rats.

4.4.2 DMN functional connectivity and functional structure changes in response
to traumatic stress exposure.

SPS caused an overall decrease in the DMN functional connectivity in both male
and female rats. In order to see the changes in the functional connectivity between the
edges within the DMN, we performed modularity and independent component analysis

(ICA).
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These analyses showed changes in the number, strength and positivity and negativity of
the connections within DMN from pre-scan to post-control and post-SPS scans.
Modularity analysis revealed a reduction in the number of negative connections
of the rRSC in the post-scan compared to the pre-scan. Specifically, in the post-control,
negative connections of the rRSC with PL, IOFC, and vOFC were eliminated. In
addition to these regions, in the post-SPS condition, the negative connection between
rRSC and ACC was also removed. Furthermore, we observed a decrease in the number
of ACC negative connections from the pre-scan to post-control. In the post-control
condition, negative connections of ACC with Au, cRSC, dCA1, dCA2, and V2 were
removed. However, in the post-SPS condition, the number of ACC negative connections
remained unchanged, although the strength of the connection between ACC and dCA3
decreased. In the ICA spatial maps of post-control and post-SPS, we also noticed the
absence of the PL and OFC in the component containing RSC, PL, OFC, and DH
regions. Additionally, there was a notable decrease in the overall strength of negative
activity in this IC, specifically in the post-SPS map. Moreover, in the modularity
analysis the number of positive connections between OFC, PL, and ACC changed from
the pre-scan to post-scans. In the post-control condition, positive connections between
mOFC-PL, IOFC-mOFC, and IOFC-ACC were eliminated. In contrast, in the post-SPS
condition, an additional positive connection was added between mOFC and ACC. In
the ICA spatial map of post-control, the strength of positive connectivity in the IC
containing ACC, PL, and OFC was notably weaker but showed no substantial difference

in the post-SPS map.
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Our study is the first to investigate the effect of traumatic stress exposure on the
rat brain DMN. Supporting our findings, a meta-analysis of rs-fMRI data from PTSD
patients highlighted hypoconnectivity within the DMN (Bao et al., 2021). Moreover,
research has demonstrated that traumatic stress exposure, even in the absence of PTSD
development, leads to a decrease in DMN connectivity (DiGangi et al., 2016).

Extending beyond PTSD, individuals with SUDs exhibit changes in DMN
functional connectivity, which has been associated with craving behavior and relapse
(Li et al., 2016; Li et al., 2015). Notably, in SUDs, there are observed reductions in
functional connectivity of the anterior DMN, crucial for emotional and self-regulation,
alongside increases in functional connectivity of the posterior DMN, linked with
introspection (Zhang & Volkow, 2019).

This collective evidence underscores the importance of understanding DMN
functional connectivity as a significant factor in the interplay between PTSD and SUDs.
Further research into the DMN, its edges, and their involvement in different PTSD/SUD
symptoms can aid in developing targeted interventions for individuals struggling with

these intertwined disorders.

4.4.3 The effect of SPS on the functional connectivity within the emotional
network of the rat's brain

In our study, we observed the SPS effect predominantly on the intrahippocampal
functional connections and the functional connections between hippocampal subregions

and thalamic nuclei. The functional connections between the subregions of the
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hippocampus and thalamus (VCA1-thMD, vCA1-PV, dDG-thMD) were impacted by
SPS differently in male and female rats. Conversely, intrahippocampal functional
connectivity (dCA1-vCAl, CA2-dDG) showed similar effects in both male and female
rats. An additional connection that was affected in both sexes was the connection
between StriVM and thCM.

It is important to note that functional connectivity between brain regions does
not necessarily indicate direct anatomical connections. It only suggests temporal
synchrony or similarity in their activation during the period of image acquisition.

A study by Tao et al. (2021) demonstrated a direct connection between vCA1
and PV, with vCAL receiving inputs from PV (Tao et al., 2021). Additionally, CA2 and
dDG are anatomically connected (Dudek et al., 2016). Using ICA, we also showed that
VCAL-PV and CA2-dDG are part of a larger resting-state network in the rat's brain. This
network includes other brain regions such as RSC, PAG, PC, M1, M2, S1, S2, Au, vDG,
dCA1, and dCA3. Moreover, thCM, part of the intralaminar nuclei of the thalamus, has
extensive connections with various regions of the striatum, including StriVM (Berendse
& Groenewegen, 1990). In our study, StriVM only includes the ventromedial segment
of the caudate-putamen, while NAc core and shell, along with StriDL, were considered
separately. Currently, there are no documented reports of direct anatomical connections
between vCA1-thMD and dDG-thMD.

VCAI1-PV: The precise function of the vCA1-PV pathway is not known.
However, PV has been implicated in tasks such as cue-motivated behaviors, contextual

fear conditioning, fear learning and retrieval, and associative learning, all of which are
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known to be hippocampus dependent (Haight & Flagel, 2014; Dong et al., 2015; Choi
& McNally, 2017; zZhu et al., 2018). vCA1 has been demonstrated to be involved in
anxiety and emotional contextual memories (Moser & Moser, 1998; Bannerman et al.,
2003; Xu et al., 2016). PV comprises distinct cell populations that project to the mPFC,
VH, and those that innervate both regions (Viena et al., 2022). Our study suggests that
SPS specifically impacts the cell population of PV projecting to VH, but not those
projecting to the mPFC. Our study revealed that traumatic stress exposure affects the
VCAL-PV pathway in female rats but not in male rats. Further investigations are needed
to determine whether this pathway is affected in OUD and to elucidate its precise role
in fear and reward behavior specifically in female rats.

dDG-thMD, vCA1-thMD: The dDG has been demonstrated to be involved in

various functions, including pattern separation, emotional regulation, modulation of
stress responses, and the encoding and retrieval of contextual fear memories (Madar et
al., 2019; Sun et al., 2023; Bernier et al., 2017). While the thMD is not directly
connected to the hippocampus, diffusion-weighted imaging of human brains has
revealed indirect connections between thMD and the hippocampus (Grodd et al., 2020).
Moreover, thMD has been implicated in emotional regulation and cognitive flexibility
(Jinetal., 2021; Pergola et al., 2018). Our study revealed that traumatic stress exposure
disrupts the functional connectivity between dDG-thMD in female rats and vCA1-thMD
in male rats. Further research is needed to determine whether the functional connectivity
between these brain regions is affected in OUD and to assess potential differences

between male and female rats in this regard.
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dCA1-vCA1l, CA2-dDG: The role of hippocampal neural circuitry with brain
regions within the emotional network, such as AMG and PFC, has been extensively
studied. The correlation between dysregulation of the connectivity among these brain
regions and PTSD symptoms—particularly those related to impairments in fear
acquisition, retention, and expression—has been repeatedly demonstrated in both
clinical and animal studies (Bremner et al., 2000; Winter and Irle, 2004; Shvil et al.,
2014; Chaposhloo et al., 2023; Schoenfeld et al., 2019; Polak et al., 2012). However,
there is only limited information regarding the intrahippocampal connections in the
context of PTSD and traumatic stress exposure (Albrecht et al., 2021; Ardi et al., 2014).
Our study identified intrahippocampal connections, including vVCA1-dCA1 and dCA2-
dDG, as pathways/connectivities affected by traumatic stress exposure in both male and
female rats. The impact of these intrahippocampal functional connectivity changes,
which occur without any concurrent changes in the functional connectivity between the
hippocampus and emotional brain regions, on fear behavior remains unclear. Similarly,
although the role of the hippocampus has been established as a brain region that
contributes to SUDs (Lee et al., 2019), studies have yet to determine the specific role of
these intrahippocampal pathways in addictive behaviors.

StriVM-thCM: Clinical studies have demonstrated the impact of PTSD on the
caudate-putamen and thalamus activity. PTSD patients exhibit higher caudate-putamen
activity in response to an unconditioned stimulus compared to trauma-exposed non-
PTSD individuals in a partial-reinforcement classical conditioning (Linnman et al.,

2011). Additionally, individuals with more severe PTSD symptoms show increased
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brain activity in regions associated with stress-induced analgesia, including the caudate
and thalamus, after listening to a trauma script compared to trauma-exposed non-PTSD
individuals (Mickleborough et al., 2011). The caudate-putamen is part of the brain's
reward system that is important in reward processing, motivating behavior (Schultz,
2016), habit formation and development of addictive behaviors (Vandaele & Janak,
2018). The thCM acts as a relay station, transmitting sensory inputs to the StriVvM
(Vertes et al., 2012). Our study identified the StriVM-thCM connection as a functional
connectivity pattern affected by traumatic stress exposure in both male and female rats.
Further research is needed to elucidate the precise role of this pathway in fear and reward
behavior.

The edges affected by traumatic stress exposure in our study have not been
previously identified in either clinical or animal research. Our distinctive methodology,
which combined an animal model of PTSD (i.e., SPS) with rs-fMRI, allowed us to
isolate the pure stress effect and explore different novel circuits within the emotional

network that are affected by traumatic stress.

4.4.4 Changes in the functional connectivity from pre- to post-scan differs
between male and female rats.

In this study, we also found differences in functional connectivity between male
and female rats, irrespective of stress condition. Changes in functional connectivity

between the ACC-PL and ACC-IL from pre- to post-scan were significantly larger in

111



male rats than in female rats. Conversely, changes in functional connectivity between
the MeA-RMg were significantly larger in female rats compared to male rats.

Human fMRI studies demonstrated a correlation between changes in the brain
network dynamics and hormonal fluctuations across the menstrual cycle (Avila-Varela
et al., 2024; Lisofsky et al., 2015). The pre-ovulatory phase exhibits the highest
dynamical complexity, followed by the mid-luteal and early follicular phases (Avila-
Varela et al., 2024). During the ovulatory phase, when estradiol levels are high, brain
dynamics are more flexible among prefrontal, limbic, and subcortical nodes (Avila-
Varela et al., 2024). Additionally, during the late follicular phase, when progesterone
and estradiol levels start to decline, functional connectivity between the hippocampus
and superior parietal lobe is higher (Lisofsky et al., 2015).

Based on this, we would expect to see functional connectivity changes in more
edges from pre- to post-scan in female rats. However, our study only showed more
functional connectivity changes between the MeA-RMg in female rats compared to
male rats. Unexpectedly, we observed more changes in functional connectivity within
the mPFC in male rats compared to female rats.

A possible explanation is that the female rats were at the same cycle stage during
both pre- and post-scan. However, this seems unlikely given that each estrous cycle lasts
about four days, and the interval between the two scans was 8 to 13 days. This means
that only if the rats were scanned for the second time exactly on the 11th day would they

be in a similar stage as they were in the pre-scan.
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Another explanation for the significant pre- to post-scan intra-mPFC functional
connectivity changes in male rats could be the fluctuations in testosterone levels from
evening to morning. This is plausible because, in our study, imaging was conducted at
different times of the day. However, a study on 24 young adults, with more than half
being men, did not show any difference in functional connectivity between morning and
evening scans (Shannon et al., 2013).

Further studies are needed to investigate the effect of male and female gonadal

hormones on the functional connectivity between ACC-PL, ACC-IL, and MeA-RMg.

4.4.5 SPS inhibits the expansion of the dDG volume.

Previous clinical studies have reported a reduction in the volume of the dDG in
PTSD patients, with these changes being correlated with the severity of PTSD
symptoms (Hayes et al., 2017; Wang et al., 2010). Moreover, a longitudinal study
suggested that smaller DG volumes before trauma exposure might be a predisposing
vulnerability factor that increases the risk of developing PTSD after trauma exposure
(Koch et al., 2021). However, conflicting findings exist, as another study found no
differences in DG volumes in PTSD patients in comparison to healthy controls (Ahmed-
Leitao et al., 2019).

In our study, the dDG volume increased in both male and female rats from the
pre-scan to the post-control scan. However, SPS inhibited this expansion in the volume

of dDG.
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Adult neurogenesis occurs in the DG throughout life (Sun et al., 2023).
Neurogenesis in the DG plays an important role in learning, memory, and emotional
regulation (Ramirez-Rodriguez et al., 2018; Akers et al., 2018). Animal studies have
shown that chronic stress inhibits adult neurogenesis in the DG (Heine et al., 2004;
Schoenfeld et al., 2017), which may explain the inhibition of the natural increase in the
volume of the dDG by SPS observed in our study.

The dDG plays a critical role in pattern separation, so dysfunction in this area
may contribute to the overgeneralization of fear to non-traumatic cues, which is a key
aspect of PTSD symptoms (Liberzon and Abelson, 2016).

The DG has also been implicated in addiction. Impairment of DG adult
neurogenesis has been linked to increased drug taking, and cue/context-induced
reinstatement of drug seeking (Deroche-Gamonet et al., 2019; Noonan et al., 2010).
Chronic opioid and alcohol consumption in rats has been demonstrated to reduce
neurogenesis within the DG (Eisch et al., 2000; Bortolotto et al., 2017; Hansson et al.,
2010; Ame et al., 1988). However, some studies have shown no change or even an
increase in adult-generated DG cells with opioid self-administration (Zhang et al., 2019;
Bulin et al., 2020).

Our study further emphasized the dDG as a brain region that is significantly
affected by traumatic stress exposure. Specifically, it suggests that traumatic stress
inhibits the expansion of the dDG. This underscores the importance of investigating the
specific mechanisms through which traumatic stress impacts the dDG and its

implications for PTSD and OUD.
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4.4.6 Limitations and future research

This study was the first to examine the effect of traumatic stress exposure on the
functional connectivity of the emotional network, DMN, and the volume of emotional
brain regions using SPS in both male and female rats.

Given that we observed sex differences in changes in functional connectivity
from pre- to post-scans across several edges within the emotional network, it is now
critical to track the impact of hormonal fluctuations on changes in the resting state
functional connectivity. This is challenging, because frequent vaginal swabs that are
often used to track the estrous cycle may disrupt SPS effects (Biddle & Knox, 2023;
Keller et al., 2015). In future studies, researchers should consider including hormone
monitoring protocols alongside fMRI scans. This can be done by collecting blood
samples when the animals are anesthetized prior to entering the scanner, which helps
reduce distress in animals. This approach would provide a more comprehensive
understanding of how hormonal variations influence functional connectivity within the
emotional network of the brain.

In this study, we identified networks, pathways, and brain regions that are
affected by traumatic stress exposure in both male and female rats. However, it remains
unknown whether these observed effects are associated with meaningful behavioral
functions. Future studies are needed to correlate fMRI data with behavioral outcomes.
By employing pharmacological, optogenetic, and chemogenetic techniques, we can
manipulate or control the identified pathways or brain regions and observe the effects

on behavior, focusing specifically on fear and reward behaviors in this context.
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447 Conclusion

Comorbidity between PTSD and OUD is well-documented (Mills et al., 2007),
with women exhibiting a higher likelihood than men of developing SUDs, including
OUD, following traumatic stress exposure (Kachadourian et al., 2014; Helzer et al.,
1987; Smith et al., 2016). In this study, we utilized SPS to simulate traumatic stress
exposure in both male and female rats and investigated the impact on functional
connectivity within the emotional network, DMN, and the volume of stress-sensitive
brain regions. The primary aim was to identify components affected by traumatic stress
exposure in male and female rats.

Our findings revealed significant SPS effects on the overall DMN functional
connectivity, along with notable changes within the DMN functional structure from pre-
scan to post-control and post-SPS scans. Additionally, we observed sex-specific effects
of SPS on the functional connectivity between vCA1-thMD, vCAl1-PV, and dDG-
thMD. SPS inhibited the increase in functional connectivity between vCA1-thMD in
male rats, while it had no significant effects on the functional connectivity between
VCAL-thMD in female rats. Conversely, SPS increased the functional connectivity
between vCA1-PV and dDG-thMD in female rats, whereas it had no significant effect
on the functional connectivity between vCA1-PV and dDG-thMD in male rats.
Moreover, SPS impacted the functional connectivity between dCA1-vCA1l, CA2-dDG,
and StriVM-thCM similarly in both male and female rats. Sex differences in functional

connectivity changes from pre- to post-scans were noted in ACC-PL, ACC-IL, and
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MeA-RMg. Furthermore, we found that SPS inhibits the increase in the volume of dDG
in both male and female rats.

Further studies are necessary to elucidate the role of the identified network,
pathways, and brain regions in fear and addictive behaviors. This would provide
valuable insights into the underlying mechanisms of PTSD and SUDs (including OUD)
comorbidity, bringing us a step closer to developing targeted treatments for these

disorders.
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Chapter 5
CONCLUSIONS, IMPLICATIONS, AND FUTURE DIRECTIONS

Our study was designed to address two primary research questions: 1) How does
traumatic stress exposure affect the expression and dynamics of the MOR within the
brain's reward circuit in male and female rats? 2) What impact does traumatic stress
have on the volume and functional connectivity within the emotional system of the brain
in male and female rats? To answer these questions, we utilized the SPS model to
simulate traumatic stress exposure in both male and female rats. We investigated the
expression, phosphorylation, and internalization of MORs within the brain's reward
circuit in rats exposed to SPS or control stress. Additionally, we conducted
measurements of rs-fMRI to analyze connectivity patterns within the DMN and
emotional network and also assessed the volume of SPS-sensitive nodes in both male
and female rats before and 7 to 10 days after SPS/control exposure.

The results of the experiments in this dissertation revealed three brain regions
that are particularly affected by SPS in multiple ways. First, the vCA2 that appears to
be predominantly affected by SPS in female rats, as indicated by an increase in p-MOR
levels within this region, and a decrease in its functional connectivity with the dDG,
which was more pronounced in female rats following SPS exposure. The second region
is the ACC, which is affected by SPS in both male and female rats. Traumatic stress

exposure increased p-MOR levels in the ACC of female rats, while it decreased ACC
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p-MOR levels in male rats. Additionally, SPS altered the functional connectivity
between the ACC and several regions within the DMN. For instance, SPS caused the
loss of the ACC connection with the rRSC, decreased the strength of its connection with
the dCA3, and led to the formation of a new connection between the ACC and the
mOFC. Furthermore, SPS prevented the changes that occurred in ACC functional
connections within the DMN from pre- to post-scan time points including removal of
the functional connections between this brain region with Au, cRCS, dCA1, dCA2 and
V2 and the decrease in the strength of functional connection between ACC, OFC and
PL. The third region is the dDG, which is affected by SPS in both male and female rats,
though the effect differs and is more pronounced in certain aspects in females.
Traumatic stress exposure inhibited the increase in the volume of the dDG in both male
and female rats, with this inhibition being more pronounced in females. Additionally,
SPS specifically caused an increase in the dDG-thMD functional connection in female
rats, but not in males. Furthermore, SPS decreased the functional connection between
the dDG and the CA2 in both male and female rats, with this change being more
pronounced in females.

It is unclear whether the changes in MOR phosphorylation in the vCA2 and ACC
contribute to the observed changes in their functional connections. MORs are found in
various types of neurons, including excitatory glutamatergic neurons, inhibitory
GABAergic neurons, and interneurons, and the activity of these receptors modulates
neurotransmitter release (Gray et al., 2006; Reeves et al., 2021). The long-term changes

in MORs following SPS exposure in the vCA2 and ACC may induce lasting alterations
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in the synaptic transmission in the neurons on which they reside, potentially leading to
long-term changes in these brain regions’ connections.

The mechanism by which traumatic stress exposure inhibits the natural growth
of the dDG is not yet clear. We speculate that SPS inhibits neurogenesis within the dDG.
However, whether and how this change affects the functional connectivity of the dDG
remains unknown. It is also possible that changes in the dDG's functional connections
occur independently of changes in dDG volume, or even precede them.

Our research is significant because for the first time, it identified the vVCA2 as a
brain region primarily affected by traumatic stress exposure in females. Additionally, it
underscored the significance of the ACC and dDG in the context of PTSD studies and
identified ACC and dDG functional connections that are specifically impacted by
traumatic stress exposure in males and females. While these findings may not have
immediate clinical implications, this new knowledge can serve as a foundation for future
studies on PTSD and/or PTSD-OUD.

Future research should aim to determine the fear and addictive behavioral
correlates of changes in the MORs of the vCA2 and ACC. Additionally, it should
investigate the behavioral correlates of changes in the volume of the dDG and the
functional connections between CA2-dDG, between dDG-thMD and between the ACC
and brain regions within the DMN in both male and female rats. Exploring these areas
could provide valuable insights into the underlying mechanisms of PTSD and PTSD-

OUD comorbidity, bringing us a step closer to developing targeted treatments that
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consider sex-specific responses to traumatic stress, ultimately improving outcomes for

individuals with PTSD or PTSD-OUD.

121



REFERENCES

Adhikary, S., & Williams, J. T. (2022). Cellular tolerance induced by chronic
opioids in the central nervous system. Frontiers in Systems Neuroscience, 16, 937126.

Adhikary, S., Koita, O., Lebowitz, J. J., Birdsong, W. T., & Williams, J. T.
(2022). Agonist-Specific Regulation of G Protein—Coupled Receptors after Chronic
Opioid Treatment. Molecular pharmacology, 101(5), 300-308.

Aghajani, M., Veer, I. M., van Hoof, M. J., Rombouts, S. A., van der Wee, N.
J., & Vermeiren, R. R. (2016). Abnormal functional architecture of amygdala-centered
networks in adolescent posttraumatic stress disorder. Human Brain Mapping, 37(3),
1120-1135.

Ahmed-Leitao, F., Rosenstein, D., Marx, M., Young, S., Korte, K., & Seedat, S.
(2019). Posttraumatic stress disorder, social anxiety disorder and childhood trauma:
Differences in hippocampal subfield volume. Psychiatry Research:
Neuroimaging, 284, 45-52.

Akers, K. G., Chérasse, Y., Fujita, Y., Srinivasan, S., Sakurai, T., & Sakaguchi,
M. (2018). Concise review: regulatory influence of sleep and epigenetics on adult
hippocampal neurogenesis and cognitive and emotional function. Stem cells, 36(7),
969-976.

Akiki, T. J., Averill, C. L., Wrocklage, K. M., Scott, J. C., Averill, L. A.,
Schweinsburg, B., ... & Abdallah, C. G. (2018). Default mode network abnormalities in
posttraumatic ~ stress  disorder: A novel  network-restricted  topology
approach. Neuroimage, 176, 489-498.

Albrecht, A., Ben-Yishay, E., & Richter-Levin, G. (2021). Behavioral profiling
reveals an enhancement of dentate gyrus paired pulse inhibition in a rat model of
PTSD. Molecular and Cellular Neuroscience, 111, 103601.

Al-Hasani, R., & Bruchas, M. R. (2011). Molecular mechanisms of opioid
receptor-dependent signaling and behavior. The Journal of the American Society of
Anesthesiologists, 115(6), 1363-1381.

122



Ame, M., Uylings, H. B., & Paula-Barbosa, M. (1988). Granule cell loss and
dendritic regrowth in the hippocampal dentate gyrus of the rat after chronic alcohol
consumption. Brain research, 473(1), 1-14.

American Psychiatric Association. (2013). Diagnostic and statistical manual of
mental disorders (5th ed.). Arlington, VA: American Psychiatric Publishing.

Anselmi, L., Jaramillo, 1., Palacios, M., Huynh, J., & Sternini, C. (2013).
Ligand-induced p opioid receptor internalization in enteric neurons following chronic
treatment with the opiate fentanyl. Journal of neuroscience research, 91(6), 854-860.

Ardi, Z., Ritov, G., Lucas, M., & Richter-Levin, G. (2014). The effects of a
reminder of underwater trauma on behaviour and memory-related mechanisms in the
rat dentate gyrus. International Journal of Neuropsychopharmacology, 17(4), 571-580.

Avila-Varela, D. S., Hidalgo-Lopez, E., Dagnino, P. C., Acero-Pousa, I., del
Agua, E., Deco, G., ... & Escrichs, A. (2024). Whole-brain dynamics across the
menstrual cycle: the role of hormonal fluctuations and age in healthy women. npj
Women's Health, 2(1), 8.

Back, S. E., Lawson, K. M., Singleton, L. M., & Brady, K. T. (2011).
Characteristics and correlates of men and women with prescription opioid dependence.
Addictive behaviors, 36(8), 829-834.

Bailey, C. P., & Connor, M. (2005). Opioids: cellular mechanisms of tolerance
and physical dependence. Current opinion in pharmacology, 5(1), 60-68.

Balleine, B. W., & Killcross, S. (2006). Parallel incentive processing: an
integrated view of amygdala function. Trends in neurosciences, 29(5), 272-279.

Bannerman, D. M., Grubb, M., Deacon, R. M. J,, Yee, B. K., Feldon, J., &
Rawlins, J. N. P. (2003). Ventral hippocampal lesions affect anxiety but not spatial
learning. Behavioural brain research, 139(1-2), 197-213.

Bao, W., Gao, Y., Cao, L., Li, H., Liu, J., Liang, K., ... & Huang, X. (2021).
Alterations in large-scale functional networks in adult posttraumatic stress disorder: a
systematic review and meta-analysis of resting-state functional connectivity studies.

Barden, N., Mérand, Y., Rouleau, D., Garon, M., & Dupont, A. (1981). Changes
in the B-endorphin content of discrete hypothalamic nuclei during the estrous cycle of
the rat. Brain Research, 204(2), 441-445.

123



Berendse, H. W., & Groenewegen, H. J. (1990). Organization of the
thalamostriatal projections in the rat, with special emphasis on the ventral
striatum. Journal of comparative neurology, 299(2), 187-228.

Bernier, B. E., Lacagnina, A. F., Ayoub, A., Shue, F., Zemelman, B. V., Krasne,
F.B., & Drew, M. R. (2017). Dentate gyrus contributes to retrieval as well as encoding:
evidence from context fear conditioning, recall, and extinction. Journal of
Neuroscience, 37(26), 6359-6371.

Biddle, M., & Knox, D. (2023). The role of estrogen receptor manipulation
during traumatic stress on changes in emotional memory induced by traumatic
stress. Psychopharmacology, 240(5), 1049-1061.

Bodnar, R. J. (2016). Endogenous opiates and behavior: 2014. Peptides, 75, 18-
70.

Bohn, L. M., Gainetdinov, R. R., Lin, F. T., Lefkowitz, R. J., & Caron, M. G.
(2000). p-Opioid receptor desensitization by [-arrestin-2 determines morphine
tolerance but not dependence. Nature, 408(6813), 720-723.

Bootsman, F., Brouwer, R. M., Schnack, H. G., Kemner, S. M., Hillegers, M.
H., Sarkisyan, G., ... & van Haren, N. E. (2016). A study of genetic and environmental
contributions to structural brain changes over time in twins concordant and discordant
for bipolar disorder. Journal of psychiatric research, 79, 116-124.

Bortolotto, V., & Grilli, M. (2017). Opiate analgesics as negative modulators of
adult hippocampal neurogenesis: potential implications in clinical practice. Frontiers in
Pharmacology, 8, 266198.

Bowers, M. E., & Ressler, K. J. (2015). An overview of translationally informed
treatments for posttraumatic stress disorder: animal models of Pavlovian fear
conditioning to human clinical trials. Biological psychiatry, 78(5), E15-E27.

Brady, K. T., & Sinha, R. (2005). Co-occurring mental and substance use
disorders: the neurobiological effects of chronic stress. American Journal of Psychiatry,
162(8), 1483-1493.

Brady, K. T., Dansky, B. S., Sonne, S. C., & Saladin, M. E. (1998).
Posttraumatic stress disorder and cocaine dependence: Order of onset. American Journal
on Addictions, 7(2), 128-135.

Brady, K. T., Killeen, T. K., Brewerton, T., & Lucerini, S. (2000). Comorbidity

of psychiatric disorders and posttraumatic stress disorder. Journal of clinical psychiatry,
61, 22-32.

124



Bremner, J. D., Innis, R. B., Southwick, S. M., Staib, L., Zoghbi, S., & Charney,
D. S. (2000). Decreased benzodiazepine receptor binding in prefrontal cortex in combat-
related posttraumatic stress disorder. American Journal of Psychiatry, 157(7), 1120-
1126.

Bremner, J. D., Southwick, S. M., Darnell, A., & Charney, D. S. (1996). Chronic
PTSD in Vietnam combat veterans: course of illness and substance abuse. The
American Journal of Psychiatry.

Brewin, C. R. (2011). The nature and significance of memory disturbance in
posttraumatic stress disorder. Annual review of clinical psychology, 7, 203-227.

Bromis, K., Calem, M., Reinders, A. A., Williams, S. C., & Kempton, M. J.
(2018). Meta-analysis of 89 structural MRI studies in posttraumatic stress disorder and
comparison with major depressive disorder. American Journal of Psychiatry, 175(10),
989-998.

Brown, V. M., LaBar, K. S., Haswell, C. C., Gold, A. L., McCarthy, G., &
Morey, R. A. (2014). Altered resting-state functional connectivity of basolateral and
centromedial amygdala complexes in posttraumatic stress
disorder. Neuropsychopharmacology, 39(2), 351-359.

Buckner, R. L., Andrews-Hanna, J. R., & Schacter, D. L. (2008). The brain's
default network: anatomy, function, and relevance to disease. Annals of the new York
Academy of Sciences, 1124(1), 1-38.

Bulin, S. E., Simmons, S. J., Richardson, D. R., Latchney, S. E., Deutsch, H. M.,
Yun, S., & Eisch, A. J. (2020). Indices of dentate gyrus neurogenesis are unaffected
immediately after or following withdrawal from morphine self-administration
compared to saline self-administering control male rats. Behavioural brain
research, 381, 112448.

Cass, D. K., Thomases, D. R., Caballero, A., & Tseng, K. Y. (2013).
Developmental disruption of gamma-aminobutyric acid function in the medial
prefrontal cortex by noncontingent cocaine exposure during early adolescence.
Biological psychiatry, 74(7), 490-501.

Centers for Disease Control and Prevention (CDC). (2011). Vital signs:
overdoses of prescription opioid pain relievers---United States, 1999--2008. MMWR.
Morbidity and mortality weekly report, 60(43), 1487-1492.

Chambers, R. A., Taylor, J. R., & Potenza, M. N. (2003). Developmental
neurocircuitry of motivation in adolescence: a critical period of addiction vulnerability.
American journal of psychiatry, 160(6), 1041-1052.

125



Chaposhloo, M., Nicholson, A. A., Becker, S., McKinnon, M. C., Lanius, R.,
Shaw, S. B., & Alzheimer's Disease Neuroimaging Initiative. (2023). Altered Resting-
State functional connectivity in the anterior and posterior hippocampus in Post-
traumatic stress disorder: The central role of the anterior hippocampus. Neurolmage:
Clinical, 38, 103417.

Chen, S., & Li, X. (2012). Functional magnetic resonance imaging for imaging
neural activity in the human brain: the annual progress. Computational and
mathematical methods in medicine, 2012(1), 613465.

Choi, E. A., & McNally, G. P. (2017). Paraventricular thalamus balances danger
and reward. Journal of Neuroscience, 37(11), 3018-3029.

Collins, B., Biddle, M., Wood, D. R., Boyapati, S., Barth, M., Jeun, C., & Knox,
D. (2023). The role of avoidance in modulating single prolonged stress effects on
emotional memory in male and female rats. Behavioural Brain Research, 452, 114579.

Connor, M., Osborne, P. B., & Christie, M. J. (2004). p-Opioid receptor
desensitization: Is morphine different?. British journal of pharmacology, 143(6), 685-
696.

Cook, D. M., Kendall, J. W., Greer, M. A., & Kramer, R. M. (1973). The effect
of acute or chronic ether stress on plasma ACTH concentration in the rat.
Endocrinology, 93(5), 1019-1024.

Cooper, S., Robison, A. J., & Mazei-Robison, M. S. (2017). Reward circuitry in
addiction. Neurotherapeutics, 14, 687-697.

Corbo, V., Clément, M. H., Armony, J. L., Pruessner, J. C., & Brunet, A. (2005).
Size versus shape differences: contrasting voxel-based and volumetric analyses of the
anterior cingulate cortex in individuals with acute posttraumatic stress
disorder. Biological psychiatry, 58(2), 119-124.

Cottler, L. B., Compton, W. M., Mager, D., Spitznagel, E. L., and Janca, A.
(1992). Posttraumatic stress disorder among substance users from the general
population. American Journal of Psychiatry, 149,664-670.

Cramer, A. O., van Ravenzwaaij, D., Matzke, D., Steingroever, H., Wetzels, R.,
Grasman, R. P., ... & Wagenmakers, E. J. (2016). Hidden multiplicity in exploratory
multiwvay ANOVA: Prevalence and remedies. Psychonomic bulletin & review, 23, 640-
647.

126



Dalley, J. W., Fryer, T. D., Brichard, L., Robinson, E. S., Theobald, D. E., Laéne,
K., ... & Abakumova, I. (2007). Nucleus accumbens D2/3 receptors predict trait
impulsivity and cocaine reinforcement. science, 315(5816), 1267-1270.

Dang, V. C., & Christie, M. J. (2012). Mechanisms of rapid opioid receptor
desensitization, resensitization and tolerance in brain neurons. British journal of
pharmacology, 165(6), 1704-1716.

Danovitch, I. (2016). Post-traumatic stress disorder and opioid use disorder: A
narrative review of conceptual models. Journal of Addictive Disease, 35(3):169-179.

de Voogd, L. D., Kampen, R. A., Kaldewaij, R., Zhang, W., Hashemi, M. M.,
Koch, S. B., ... & Roelofs, K. (2022). Trauma-induced human glucocorticoid receptor
expression increases predict subsequent HPA-axis blunting in a prospective longitudinal
design. Psychoneuroendocrinology, 146, 105909.

Deroche-Gamonet, V., Revest, J. M., Fiancette, J. F., Balado, E., Koehl, M.,
Grosjean, N., ... & Piazza, P. V. (2019). Depleting adult dentate gyrus neurogenesis
increases cocaine-seeking behavior. Molecular psychiatry, 24(2), 312-320.

Deslauriers, J., Toth, M., Der-Avakian, A., & Risbrough, V. B. (2018). Current
status of animal models of posttraumatic stress disorder: behavioral and biological
phenotypes, and future challenges in improving translation. Biological
psychiatry, 83(10), 895-907.

Dick, D. M., Prescott, C., & McGue, M. (2009). The genetics of substance use
and substance use disorders. In Handbook of behavior genetics (pp. 433-453). Springer,
New York, NY.

DiGangi, J. A., Tadayyon, A., Fitzgerald, D. A., Rabinak, C. A., Kennedy, A.,
Klumpp, H., ... & Phan, K. L. (2016). Reduced default mode network connectivity
following combat trauma. Neuroscience letters, 615, 37-43.

Dittadi, R., Catozzi, L., Gion, M., Brazzale, A., Capitanio, G., Gelli, M. C, ...
& Piffanelli, A. (1993). Comparison between western blotting, immunohistochemical
and ELISA assay for p185neu quantitation in breast cancer specimens. Anticancer
research, 13(5C), 1821-1824.

Dong, X., Li, Y., & Kirouac, G. J. (2015). Blocking of orexin receptors in the
paraventricular nucleus of the thalamus has no effect on the expression of conditioned
fear in rats. Frontiers in behavioral neuroscience, 9, 161.

Dudek, S. M., Alexander, G. M., & Farris, S. (2016). Rediscovering area CA2:
unique properties and functions. Nature Reviews Neuroscience, 17(2), 89-102.

127



Dugré, J. R., Orban, P., & Potvin, S. (2023). Disrupted functional connectivity
of the brain reward system in substance use problems: A meta-analysis of functional
neuroimaging studies. Addiction Biology, 28(1), e13257.

Dunkley, B. T., Doesburg, S. M., Sedge, P. A., Grodecki, R. J., Shek, P. N.,
Pang, E. W., & Taylor, M. J. (2014). Resting-state hippocampal connectivity correlates
with symptom severity in post-traumatic stress disorder. Neurolmage: Clinical, 5, 377-
384.

Durston, S., Pol, H. E. H., Casey, B. J., Giedd, J. N., Buitelaar, J. K., & Van
Engeland, H. (2001). Anatomical MRI of the developing human brain: what have we
learned?. Journal of the American Academy of Child & Adolescent Psychiatry, 40(9),
1012-1020.

Eagle, A. L., & Perrine, S. A. (2013). Methamphetamine-induced behavioral
sensitization in a rodent model of posttraumatic stress disorder. Drug and alcohol
dependence, 131(1-2), 36-43.

Eagle, A. L., Fitzpatrick, C. J., & Perrine, S. A. (2013). Single prolonged stress
impairs social and object novelty recognition in rats. Behavioural brain research, 256,
591-597.

Eagle, A. L., Knox, D., Roberts, M. M., Mulo, K., Liberzon, I., Galloway, M.
P., & Perrine, S. A. (2013). Single prolonged stress enhances hippocampal
glucocorticoid receptor and phosphorylated protein kinase B levels. Neuroscience
research, 75(2), 130-137.

Eagle, A. L., Singh, R., Kohler, R. J., Friedman, A. L., Liebowitz, C. P.,
Galloway, M. P., ... & Perrine, S. A. (2015). Single prolonged stress effects on
sensitization to cocaine and cocaine self-administration in rats. Behavioural brain
research, 284, 218-224.

Eagle, A. L., Singh, R., Kohler, R. J., Friedman, A. L., Liebowitz, C. P.,
Galloway, M. P., ... & Perrine, S. A. (2015). Single prolonged stress effects on
sensitization to cocaine and cocaine self-administration in rats. Behavioural brain
research, 284, 218-224.

Eckersell, C. B., Popper, P., & Micevych, P. E. (1998). Estrogen-induced
alteration of p-opioid receptor immunoreactivity in the medial preoptic nucleus and
medial amygdala. Journal of Neuroscience, 18(10), 3967-3976.

Eisch, A. J., Barrot, M., Schad, C. A., Self, D. W., & Nestler, E. J. (2000).
Opiates inhibit neurogenesis in the adult rat hippocampus. Proceedings of the National
Academy of Sciences, 97(13), 7579-7584.

128



El Kouhen, R., Maestri-El Kouhen, O., Law, P. Y., & Loh, H. H. (1999). The
absence of a direct correlation between the loss of [D-Ala2, MePhe4, Gly5-ol]
Enkephalin inhibition of adenylyl cyclase activity and agonist-induced p-opioid
receptor phosphorylation. Journal of Biological Chemistry, 274(14), 9207-9215.

Elman, I., Lowen, S., Frederick, B. B., Chi, W., Becerra, L., & Pitman, R. K.
(2009). Functional neuroimaging of reward circuitry responsivity to monetary gains and
losses in posttraumatic stress disorder. Biological psychiatry, 66(12), 1083-1090.

Elman, 1., Upadhyay, J., Langleben, D. D., Albanese, M., Becerra, L., &
Borsook, D. (2018). Reward and aversion processing in patients with post-traumatic
stress disorder: functional neuroimaging with visual and thermal stimuli. Translational
psychiatry, 8(1), 240.

Enman, N. M., Arthur, K., Ward, S. J., Perrine, S. A., & Unterwald, E. M.
(2015). Anhedonia, reduced cocaine reward, and dopamine dysfunction in a rat model
of posttraumatic stress disorder. Biological psychiatry, 78(12), 871-879.

Ethridge, S. B., & Smith, M. A. (2023). Estradiol and Mu opioid-mediated
reward: The role of estrogen receptors in opioid use. Addiction neuroscience, 100139.

Etter, J. F., Hoda, J. C., Perroud, N., Munafo, M., Buresi, C., Duret, C., ... &
Bertrand, D. (2009). Association of genes coding for the a-4, a-5, f-2 and -3 subunits
of nicotinic receptors with cigarette smoking and nicotine dependence. Addictive
behaviors.

Faden, F., Eschen-Lippold, L., & Dissmeyer, N. (2016). Normalized
quantitative Western blotting based on standardized fluorescent labeling. Plant
Proteostasis: Methods and Protocols, 247-258.

Fan, X. L., Zhang, J. S., Zhang, X. Q., Yue, W., & Ma, L. (2003). Differential
regulation of B-arrestin 1 and B-arrestin 2 gene expression in rat brain by morphine.
Neuroscience, 117(2), 383-389.

Fareed, A., Eilender, P., Haber, M., Bremner, J., Whitfield, N., & Drexler, K.
(2013). Comorbid posttraumatic stress disorder and opiate addiction: a literature review.
Journal of addictive diseases, 32(2), 168-179.

Felmingham, K. L., Falconer, E. M., Williams, L., Kemp, A. H., Allen, A,
Peduto, A., & Bryant, R. A. (2014). Reduced amygdala and ventral striatal activity to
happy faces in PTSD is associated with emotional numbing. PLoS One, 9(9), e103653.

Ferland-Beckham, C., Chaby, L. E., Daskalakis, N. P., Knox, D., Liberzon, 1.,
Lim, M. M., ... & Haas, M. (2021). Systematic review and methodological

129



considerations for the use of single prolonged stress and fear extinction retention in
rodents. Frontiers in behavioral neuroscience, 15, 652636.

Fitzpatrick, C. J., Jagannathan, L., Lowenstein, E. D., Robinson, T. E., Becker,
J. B., & Morrow, J. D. (2019). Single prolonged stress decreases sign-tracking and cue-
induced reinstatement of cocaine-seeking. Behavioural brain research, 359, 799-806.

French, S. J., Hailstone, J. C., & Totterdell, S. (2003). Basolateral amygdala
efferents to the ventral subiculum preferentially innervate pyramidal cell dendritic
spines. Brain research, 981(1-2), 160-167.

Fullerton, E. F., Karom, M. C., & Murphy, A. Z. (2022). Age-induced changes
in Mu Opioid Receptor signaling in the midbrain Periaqueductal Gray of male and
female rats. bioRxiv.

Fullerton, E., Karom, M., Rubaharan, M., Streicher, J., & Murphy, A. (2021).
The impact of advanced age and sex on Mu Opioid Receptor signaling in the midbrain
periaqueductal gray: implications on analgesia. The Journal of Pain, 22(5), 591.

Gauthier, J. L., & Tank, D. W. (2018). A dedicated population for reward coding
in the hippocampus. Neuron, 99(1), 179-193.

George, S. A,, Stout, S. A., Tan, M., Knox, D., & Liberzon, I. (2013). Early
handling attenuates enhancement of glucocorticoid receptors in the prefrontal cortex in
an animal model of post-traumatic stress disorder. Biology of mood & anxiety
disorders, 3, 1-7.

Geuze, E., Van Berckel, B. N. M., Lammertsma, A. A., Boellaard, R., De Kloet,
C. S., Vermetten, E., & Westenberg, H. G. M. (2008). Reduced GABAA
benzodiazepine receptor binding in veterans with post-traumatic  stress
disorder. Molecular psychiatry, 13(1), 74-83.

Giedd, J. N., Blumenthal, J., Jeffries, N. O., Castellanos, F. X., Liu, H.,
Zijdenbos, A., ... & Rapoport, J. L. (1999). Brain development during childhood and
adolescence: a longitudinal MRI study. Nature neuroscience, 2(10), 861-863.

Gilbertson, M. W., Shenton, M. E., Ciszewski, A., Kasai, K., Lasko, N. B., Orr,
S. P., & Pitman, R. K. (2002). Smaller hippocampal volume predicts pathologic
vulnerability to psychological trauma. Nature neuroscience, 5(11), 1242-1247.

Gilbertson, M. W., Williston, S. K., Paulus, L. A., Lasko, N. B., Gurvits, T. V.,
Shenton, M. E., ... & Orr, S. P. (2007). Configural cue performance in identical twins
discordant for posttraumatic stress disorder: theoretical implications for the role of
hippocampal function. Biological psychiatry, 62(5), 513-520.

130



Gladden, R. M., Martinez, P., & Seth, P. (2016). Fentanyl law enforcement
submissions and increases in synthetic opioid—involved overdose deaths—27 states,
2013-2014. Morbidity and Mortality Weekly Report, 65(33), 837-843.

Glowa, J. R. (1993). Behavioral and neuroendocrine effects of diethyl ether
exposure in the mouse. Neurotoxicology and teratology, 15(4), 215-221.

Gordon, M. S., Russell, B. S., & Finan, L. J. (2020). The influence of parental
support and community belonging on socioeconomic status and adolescent substance
use over time. Substance use & misuse, 55(1), 23-36.

Gorelick, D. A., Kim, Y. K., Bencherif, B., Boyd, S. J., Nelson, R., Copersino,
M., ... & Frost, J. J. (2005). Imaging brain mu-opioid receptors in abstinent cocaine
users: time course and relation to cocaine craving. Biological psychiatry, 57(12), 1573-
1582.

Graf, E. N., Wheeler, R. A., Baker, D. A., Ebben, A. L., Hill, J. E., McReynolds,
J.R., ... & Gasser, P. J. (2013). Corticosterone acts in the nucleus accumbens to enhance
dopamine signaling and potentiate reinstatement of cocaine seeking. Journal of
Neuroscience, 33(29), 11800-11810.

Grant, B. F., & Dawson, D. A. (1998). Age of onset of drug use and its
association with DSM-1V drug abuse and dependence: results from the National
Longitudinal Alcohol Epidemiologic Survey. Journal of substance abuse, 10(2), 163-
173.

Grant, B. F., Dawson, D. A,, Stinson, F. S., Chou, S. P., Dufour, M. C., &
Pickering, R. P. (2004). The 12-month prevalence and trends in DSM-IV alcohol abuse
and dependence: United States, 1991-1992 and 2001-2002. Drug and alcohol
dependence, 74(3), 223-234.

Gray, A. C., Coupar, I. M., & White, P. J. (2006). Comparison of opioid receptor
distributions in the rat central nervous system. Life sciences, 79(7), 674-685.

Gremel, C. M., Young, E. A., & Cunningham, C. L. (2011). Blockade of opioid
receptors in anterior cingulate cortex disrupts ethanol-seeking behavior in
mice. Behavioural brain research, 219(2), 358-362.

Grodd, W., Kumar, V. J., Schiz, A., Lindig, T., & Scheffler, K. (2020). The
anterior and medial thalamic nuclei and the human limbic system: tracing the structural
connectivity using diffusion-weighted imaging. Scientific reports, 10(1), 10957.

Guirado, R., Perez-Rando, M., Ferragud, A., Gutierrez-Castellanos, N.,
Umemori, J., Carceller, H., ... & Castillo-Gémez, E. (2020). A critical period for

131



prefrontal network configurations underlying psychiatric disorders and addiction.
Frontiers in Behavioral Neuroscience, 14, 51.

Gulley, J. M., & Juraska, J. M. (2013). The effects of abused drugs on adolescent
development of corticolimbic circuitry and behavior. Neuroscience, 249, 3-20.

Haight, J. L., & Flagel, S. B. (2014). A potential role for the paraventricular
nucleus of the thalamus in mediating individual variation in Pavlovian conditioned
responses. Frontiers in behavioral neuroscience, 8, 79.

Hammer Jr, R. P. (1990). u-Opiate receptor binding in the medial preoptic area
is cyclical and sexually dimorphic. Brain research, 515(1-2), 187-192.

Hansson, A. C., Nixon, K., Rimondini, R., Damadzic, R., Sommer, W. H.,
Eskay, R., ... & Heilig, M. (2010). Long-term suppression of forebrain neurogenesis and
loss of neuronal progenitor cells following prolonged alcohol dependence in
rats. International Journal of Neuropsychopharmacology, 13(5), 583-593.

Hayes, J. P., Hayes, S., Miller, D. R., Lafleche, G., Logue, M. W., & Verfaellie,
M. (2017). Automated measurement of hippocampal subfields in PTSD: Evidence for
smaller dentate gyrus volume. Journal of psychiatric research, 95, 247-252.

Heine, V. M., Maslam, S., Zareno, J., Joéls, M., & Lucassen, P. J. (2004).
Suppressed proliferation and apoptotic changes in the rat dentate gyrus after acute and
chronic stress are reversible. European Journal of Neuroscience, 19(1), 131-144.

Helzer, J. E., Robins, L. N., & McEvoy, L. (1987). Post-traumatic stress disorder
in the general population. New England Journal of Medicine, 317(26), 1630-1634.

Herman, T., Cascella, M., & Muzio, M. R. (2023). Mu Receptors. StatPearls.

Hoexter, M. Q., Fadel, G., Felicio, A. C., Calzavara, M. B., Batista, I. R., Reis,
M. A., ... & Bressan, R. A. (2012). Higher striatal dopamine transporter density in
PTSD: an in vivo SPECT study with [99m Tc] TRODAT-1. Psychopharmacology, 224,
337-345.

Holbrook, T. L., Galarneau, M. R., Dye, J. L., Quinn, K., & Dougherty, A. L.
(2010). Morphine use after combat injury in Irag and post-traumatic stress disorder.
New England Journal of Medicine, 362(2), 110-117.

Holland, P. C., & Gallagher, M. (2004). Amygdala—frontal interactions and
reward expectancy. Current opinion in neurobiology, 14(2), 148-155.

132



Horovitz, S. G., Braun, A. R., Carr, W. S., Picchioni, D., Balkin, T. J., Fukunaga,
M., & Duyn, J. H. (2009). Decoupling of the brain's default mode network during deep
sleep. Proceedings of the National Academy of Sciences, 106(27), 11376-11381.

Iribarren, J., Prolo, P., Neagos, N., & Chiappelli, F. (2005). Post-traumatic stress
disorder: evidence-based research for the third millennium. Evidence-Based
Complementary and Alternative Medicine, 2(4), 503-512.

Jin, Y., Yang, H., Zhang, F., Wang, J., Liu, H., Yang, X., ... & Lai, W. (2021).
The medial thalamus plays an important role in the cognitive and emotional modulation
of orofacial pain: a functional magnetic resonance imaging-based study. Frontiers in
Neurology, 11, 589125.

Johnson, S. W., & North, R. A. (1992). Opioids excite dopamine neurons by
hyperpolarization of local interneurons. Journal of neuroscience, 12(2), 483-488.

Jonckers, E., Shah, D., Hamaide, J., Verhoye, M., & Van der Linden, A. (2015).
The power of using functional fMRI on small rodents to study brain pharmacology and
disease. Frontiers in pharmacology, 6, 231.

Jordan, C. J., & Andersen, S. L. (2017). Sensitive periods of substance abuse:
Early risk for the transition to dependence. Developmental cognitive neuroscience, 25,
29-44.

Kachadourian, L. K., Pilver, C. E., & Potenza, M. N. (2014). Trauma, PTSD,
and binge and hazardous drinking among women and men: Findings from a national
study. Journal of Psychiatric Research, 55, 35-43.

Karl, A., Schaefer, M., Malta, L. S., Dorfel, D., Rohleder, N., & Werner, A.
(2006). A meta-analysis of structural brain abnormalities in PTSD. Neuroscience &
biobehavioral reviews, 30(7), 1004-1031.

Kasai, K., Yamasue, H., Gilbertson, M. W., Shenton, M. E., Rauch, S. L., &
Pitman, R. K. (2008). Evidence for acquired pregenual anterior cingulate gray matter
loss from a twin study of combat-related posttraumatic stress disorder. Biological
psychiatry, 63(6), 550-556.

Kaufman, J., Yang, B. Z., Douglas-Palumberi, H., Crouse-Artus, M., Lipschitz,
D., Krystal, J. H., & Gelernter, J. (2007). Genetic and environmental predictors of early
alcohol use. Biological psychiatry, 61(11), 1228-1234.

Keller, S. M., Schreiber, W. B., Staib, J. M., & Knox, D. (2015). Sex differences
in the single prolonged stress model. Behavioural brain research, 286, 29-32.

133



Kessler, R. C., Sonnega, A., Bromet, E., Hughes, M., & Nelson, C. B. (1995).
Posttraumatic stress disorder in the National Comorbidity Survey. Archives of general
psychiatry, 52(12), 1048-1060.

Khoury, L., Tang, Y. L., Bradley, B., Cubells, J. F., & Ressler, K. J. (2010).
Substance use, childhood traumatic experience, and posttraumatic stress disorder in an
urban civilian population. Depression and anxiety, 27(12), 1077-1086.

Knox, D., George, S. A., Fitzpatrick, C. J., Rabinak, C. A., Maren, S., &
Liberzon, 1. (2012). Single prolonged stress disrupts retention of extinguished fear in
rats. Learning & memory, 19(2), 43-49.

Knox, D., Nault, T., Henderson, C., & Liberzon, I. (2012). Glucocorticoid
receptors and extinction retention deficits in the single prolonged stress model.
Neuroscience, 223, 163-173.

Knox, D., Perrine, S. A., George, S. A., Galloway, M. P., & Liberzon, 1. (2010).
Single prolonged stress decreases glutamate, glutamine, and creatine concentrations in
the rat medial prefrontal cortex. Neuroscience letters, 480(1), 16-20.

Koch, S. B., van Ast, V. A., Kaldewaij, R., Hashemi, M. M., Zhang, W.,
Klumpers, F., & Roelofs, K. (2021). Larger dentate gyrus volume as predisposing
resilience  factor for the development of trauma-related symptoms.
Neuropsychopharmacology, 46(7), 1283-1292.

Koch, T., & Hollt, V. (2008). Role of receptor internalization in opioid tolerance
and dependence. Pharmacology & therapeutics, 117(2), 199-206.

Koob, G. F. (2020). Neurobiology of opioid addiction: opponent process,
hyperkatifeia, and negative reinforcement. Biological psychiatry, 87(1), 44-53.

Krystal, J. H., & Neumeister, A. (2009). Noradrenergic and serotonergic
mechanisms in the neurobiology of posttraumatic stress disorder and resilience. Brain
research, 1293, 13-23.

Le Merrer, J., Becker, J. A., Befort, K., & Kieffer, B. L. (2009). Reward
processing by the opioid system in the brain. Physiological reviews.

LeCocq, M. R., Chander, P., & Chaudhri, N. (2023). Blocking p-opioid
receptors attenuates reinstatement of responding to an alcohol-predictive conditioned
stimulus through actions in the ventral
hippocampus. Neuropsychopharmacology, 48(10), 1484-1491.

134



Lee, B., Sur, B., Yeom, M., Shim, 1., Lee, H., & Hahm, D. H. (2016). Effects of
systemic administration of ibuprofen on stress response in a rat model of post-traumatic
stress disorder. The Korean journal of physiology & pharmacology: official journal of
the Korean Physiological Society and the Korean Society of Pharmacology, 20(4), 357.

Lee, R. S., Hoppenbrouwers, S., & Franken, I. (2019). A systematic meta-review
of impulsivity and compulsivity in addictive behaviors. Neuropsychology review, 29,
14-26

Li, Q., Li, Z,, Li, W., Zhang, Y., Wang, Y., Zhu, J., ... & Liu, Y. (2016).
Disrupted default mode network and basal craving in male heroin-dependent
individuals: a resting-state fMRI study. The Journal of clinical psychiatry, 77(10),
4560.

Li, W., Li, Q., Wang, D., Xiao, W., Liu, K., Shi, L., ... & Wang, W. (2015).
Dysfunctional default mode network in methadone treated patients who have a higher
heroin relapse risk. Scientific reports, 5(1), 15181.

Liang, Z., King, J., & Zhang, N. (2011). Uncovering intrinsic connectional
architecture of functional networks in awake rat brain. Journal of Neuroscience, 31(10),
3776-3783.

Liberzon, I., & Abelson, J. L. (2016). Context processing and the neurobiology
of post-traumatic stress disorder. Neuron, 92(1), 14-30.

Liberzon, I., Krstov, M., & Young, E. A. (1997). Stress-restress: effects on
ACTH and fast feedback. Psychoneuroendocrinology, 22(6), 443-453.

Liberzon, 1., Lopez, J. F., Flagel, S. B., Vazquez, D. M., & Young, E. A. (1999).
Differential regulation of hippocampal glucocorticoid receptors mRNA and fast
feedback: relevance to post-traumatic stress disorder. Journal of neuroendocrinology.

Liberzon, I., Taylor, S. F., Phan, K. L., Britton, J. C., Fig, L. M., Bueller, J. A,,
... & Zubieta, J. K. (2007). Altered central p-opioid receptor binding after psychological
trauma. Biological psychiatry, 61(9), 1030-1038.

Liberzon, Lopez, Flagel, & Véazquez. (1999). Differential regulation of
hippocampal glucocorticoid receptors mRNA and fast feedback: relevance to post-
traumatic stress disorder. Journal of neuroendocrinology, 11(1), 11-17.

Lin, C. C.,, Chang, H. A,, Tai, Y. M., Chen, T. Y., Wan, F. J.,, Chang, C. C,, ...
& Liu, Y. P. (2019). Subchronic administration of aripiprazole improves fear extinction
retrieval of Pavlovian conditioning paradigm in rats experiencing psychological trauma.
Behavioural brain research, 362, 181-187.

135



Lin,C.C., Tung, C. S., & Liu, Y. P. (2016). Escitalopram reversed the traumatic
stress-induced depressed and anxiety-like symptoms but not the deficits of fear
memory. Psychopharmacology, 233, 1135-1146.

Lisieski, M. J., Eagle, A. L., Conti, A. C., Liberzon, I., & Perrine, S. A. (2018).
Single-prolonged stress: a review of two decades of progress in a rodent model of post-
traumatic stress disorder. Frontiers in psychiatry, 9, 196.

Lisofsky, N., Martensson, J., Eckert, A., Lindenberger, U., Gallinat, J., & Kiihn,
S. (2015). Hippocampal volume and functional connectivity changes during the female
menstrual cycle. Neuroimage, 118, 154-162.

Listos, J., Lupina, M., Talarek, S., Mazur, A., Orzelska-Goérka, J., & Kotlinska,
J. (2019). The mechanisms involved in morphine addiction: an overview. International
journal of molecular sciences, 20(17), 4302.

Liu, X., Zhu, X. H., Zhang, Y., & Chen, W. (2013). The change of functional
connectivity specificity in rats under various anesthesia levels and its neural
origin. Brain topography, 26, 363-377.

Logue, M. W, van Rooij, S. J., Dennis, E. L., Davis, S. L., Hayes, J. P., Stevens,
J. S., ... & Morey, R. A. (2018). Smaller hippocampal volume in posttraumatic stress
disorder: a multisite ENIGMA-PGC study: subcortical volumetry results from
posttraumatic stress disorder consortia. Biological psychiatry, 83(3), 244-253.

Loyd, D. R., Wang, X., & Murphy, A. Z. (2008). Sex differences in p-opioid
receptor expression in the rat midbrain periaqueductal gray are essential for eliciting sex
differences in morphine analgesia. Journal of Neuroscience, 28(52), 14007-14017.

Lu, H., Zou, Q., Gu, H., Raichle, M. E., Stein, E. A., & Yang, Y. (2012). Rat
brains also have a default mode network. Proceedings of the National Academy of
Sciences, 109(10), 3979-3984.

Ma, N., Liu, Y., Li, N., Wang, C. X., Zhang, H., Jiang, X. F., ... & Zhang, D. R.
(2010). Addiction related alteration in resting-state brain connectivity. Neuroimage,
49(1), 738-744.

Ma, X., Qiu, Y., Tian, J.,, Wang, J., Li, S., Zhan, W., ... & Xu, Y. (2015).
Aberrant default-mode functional and structural connectivity in heroin-dependent
individuals. PLoS One, 10(4), e0120861.

Ma, Y., Qin, G. H., Guo, X., Hao, N., Shi, Y., Li, H. F., ... & Zhang, Y. (2022).

Activation of 3-opioid receptors in anterior cingulate cortex alleviates affective pain in
rats. Neuroscience, 494, 152-166.

136



Madar, A. D., Ewell, L. A., & Jones, M. V. (2019). Pattern separation of
spiketrains in hippocampal neurons. Scientific Reports, 9(1), 5282.

Madularu, D., Kulkarni, P., Ferris, C. F., & Brake, W. G. (2015). Changes in
brain volume in response to estradiol levels, amphetamine sensitization and haloperidol
treatment in awake female rats. Brain research, 1618, 100-110.

Mahoney, C. T., Cole, H. E., Gilbar, O., & Taft, C. T. (2020). The role of
impulsivity in the association between posttraumatic stress disorder symptom severity
and substance use in male military veterans. Journal of traumatic stress, 33(3), 296-
306.

Malikowska-Racia, N., Satat, K., Nowaczyk, A., Fijatkowski, L., & Popik, P.
(2019). Dopamine D2/D3 receptor agonists attenuate PTSD-like symptoms in mice
exposed to single prolonged stress. Neuropharmacology, 155, 1-9.

Manjoch, H., Vainer, E., Matar, M., Ifergane, G., Zohar, J., Kaplan, Z., & Cohen,
H. (2016). Predator-scent stress, ethanol consumption and the opioid system in an
animal model of PTSD. Behavioural brain research, 306, 91-105.

Maria-Rios, C. E., & Morrow, J. D. (2020). Mechanisms of Shared Vulnerability
to Post-traumatic Stress Disorder and Substance Use Disorders. Frontiers in Behavioral
Neuroscience, 14, 6.

Matchynski-Franks, J. J., Susick, L. L., Schneider, B. L., Perringe, S. A., & Conti,
A. C. (2016). Impaired ethanol-induced sensitization and decreased cannabinoid
receptor-1 in a model of posttraumatic stress disorder. PLoS One, 11(5), e0155759.

Michel, M. C., Wieland, T., & Tsujimoto, G. (2009). How reliable are G-protein-
coupled receptor antibodies?. Naunyn-Schmiedeberg's archives of pharmacology, 379,
385-388.

Mickleborough, M. J., Daniels, J. K., Coupland, N. J., Kao, R., Williamson, P.
C., Lanius, U. F., ... & Lanius, R. A. (2011). Effects of trauma-related cues on pain
processing in posttraumatic stress disorder: an fMRI investigation. Journal of Psychiatry
and Neuroscience, 36(1), 6-14.

Milad, M. R., & Quirk, G. J. (2012). Fear extinction as a model for translational
neuroscience: ten years of progress. Annual review of psychology, 63, 129-151.

Mills KL., Teesson M, Ross J, Peters L. (2006). Trauma, PTSD, and substance
use disorders: findings from the Australian National Survey of Mental Health and Well-
Being. Am J Psychiatry,163:652-8.

137



Mills, K. L., Teesson, M., Ross, J., & Darke, S. (2007). The impact of post-
traumatic stress disorder on treatment outcomes for heroin dependence. Addiction,
102(3), 447-454.

Morey, R. A., Gold, A. L., LaBar, K. S., Beall, S. K., Brown, V. M., Haswell,
C. C., ... & McCarthy, G. (2012). Amygdala volume changes in posttraumatic stress
disorder in a large case-controlled veterans group. Archives of general
psychiatry, 69(11), 1169-1178.

Moriam, S., & Sobhani, M. E. (2013). Epigenetic effect of chronic stress on
dopamine signaling and depression. Genetics & epigenetics, 5, GEG-S11016.

Moser, M. B., & Moser, E. I. (1998). Functional differentiation in the
hippocampus. Hippocampus, 8(6), 608-6109.

Murray, E. A. (2007). The amygdala, reward and emotion. Trends in cognitive
sciences, 11(11), 489-497.

National Institute of Mental Health. (2023). Research Domain Criteria (RDoC).
Retrieved from NIMH website.

Nelson, M. D., & Tumpap, A. M. (2017). Posttraumatic stress disorder symptom
severity is associated with left hippocampal volume reduction: a meta-analytic
study. CNS spectrums, 22(4), 363-372.

Nestler, E. J. (2014). Epigenetic mechanisms of drug addiction.
Neuropharmacology, 76, 259-268.

Nestler, E. J., & Malenka, R. C. (2004). The addicted brain. Scientific American,
290(3), 78-85.

Nicholson, A. A., Harricharan, S., Densmore, M., Neufeld, R. W., Ros, T.,
McKinnon, M. C.,, ... & Lanius, R. A. (2020). Classifying heterogeneous presentations
of PTSD via the default mode, central executive, and salience networks with machine
learning. Neurolmage: Clinical, 27, 102262.

Noonan, M. A., Bulin, S. E., Fuller, D. C., & Eisch, A. J. (2010). Reduction of
adult hippocampal neurogenesis confers vulnerability in an animal model of cocaine
addiction. Journal of Neuroscience, 30(1), 304-315.

Oleskevich, S., Descarries, L., & Lacaille, J. C. (1989). Quantified distribution

of the noradrenaline innervation in the hippocampus of adult rat. Journal of
Neuroscience, 9(11), 3803-3815.

138



Orge, L., de Lurdes Pinto, M., Cristovéo, P., Mendonga, P., Carvalho, P., Lima,
C., ... & dos Anjos Pires, M. (2023). Detection of Abnormal Prion Protein by
Immunohistochemistry. JOVE (Journal of Visualized Experiments), (195), e64560.

Pascoli, V., Terrier, J., Espallergues, J., Valjent, E., O’Connor, E. C., & Liischer,
C. (2014). Contrasting forms of cocaine-evoked plasticity control components of
relapse. Nature, 509(7501), 459-464.

Pathan, H., & Williams, J. (2012). Basic opioid pharmacology: an update.
British journal of pain, 6(1), 11-16.

Patki, G., Li, L., Allam, F., Solanki, N., Dao, A. T., Alkadhi, K., & Salim, S.
(2014). Moderate treadmill exercise rescues anxiety and depression-like behavior as
well as memory impairment in a rat model of posttraumatic stress disorder. Physiology
& behavior, 130, 47-53.

Pergola, G., Danet, L., Pitel, A. L., Carlesimo, G. A., Segobin, S., Pariente, J.,
... & Barbeau, E. J. (2018). The regulatory role of the human mediodorsal thalamus.
Trends in cognitive sciences, 22(11), 1011-1025.

Peters, J., Kalivas, P. W., & Quirk, G. J. (2009). Extinction circuits for fear and
addiction overlap in prefrontal cortex. Learning & memory, 16(5), 279-288.

Raichle, M. E., MacLeod, A. M., Snyder, A. Z., Powers, W. J., Gusnard, D. A.,
& Shulman, G. L. (2001). A default mode of brain function. Proceedings of the national
academy of sciences, 98(2), 676-682.

Ramirez-Rodriguez, G. B., Ocafia-Fernandez, M. D. A., & Ortiz-L6pez, L.
(2018). Newly generated cells in the dentate gyrus differentially respond to brief spatial
exploration and forced swim in adult female Balb/C mice. Neural Plasticity, 2018(1),
4960869.

Reed, B., Butelman, E. R., & Kreek, M. J. (2017). Endogenous opioid system in
addiction and addiction-related behaviors. Current opinion in behavioral sciences, 13,
196-202.

Reeves, K. C., Kube, M. J.,, Grecco, G. G., Fritz, B. M., Mufioz, B., Yin, F., ...
& Atwood, B. K. (2021). Mu opioid receptors on vGluT2-expressing glutamatergic
neurons modulate opioid reward. Addiction biology, 26(3), €12942.

Rudd, R. A., Paulozzi, L. J., Bauer, M. J., Burleson, R. W., Carlson, R. E., Dao,
D., ... & Zehner, A. M. (2014). Increases in heroin overdose deaths—28 states, 2010 to
2012. MMWR. Morbidity and mortality weekly report, 63(39), 849.

139



Sailer, U., Robinson, S., Fischmeister, F. P. S., Konig, D., Oppenauer, C.,
Lueger-Schuster, B., ... & Bauer, H. (2008). Altered reward processing in the nucleus
accumbens and mesial prefrontal cortex of patients with posttraumatic stress disorder.
Neuropsychologia, 46(11), 2836-2844.

Salgado, S., & Kaplitt, M. G. (2015). The nucleus accumbens: a comprehensive
review. Stereotactic and functional neurosurgery, 93(2), 75-93.

Schoenfeld, T. J., McCausland, H. C., Morris, H. D., Padmanaban, V., &
Cameron, H. A. (2017). Stress and loss of adult neurogenesis differentially reduce
hippocampal volume. Biological psychiatry, 82(12), 914-923.

Schultz, W. (2016). Reward functions of the basal ganglia. Journal of neural
transmission, 123, 679-693.

Schulz, S., Mayer, D., Pfeiffer, M., Stumm, R., Koch, T., & Hollt, V. (2004).
Morphine induces terminal p-opioid receptor desensitization by sustained
phosphorylation of serine-375. The EMBO journal, 23(16), 3282-3289.

Seidemann, R., Duek, O., Jia, R., Levy, I., & Harpaz-Rotem, I. (2021). The
reward system and post-traumatic stress disorder: does trauma affect the way we interact
with positive stimuli?. Chronic Stress, 5, 2470547021996006.

Shannon, B. J., Dosenbach, R. A., Su, Y., Vlassenko, A. G., Larson-Prior, L. J.,
Nolan, T. S., ... & Raichle, M. E. (2013). Morning-evening variation in human brain
metabolism and memory circuits. Journal of neurophysiology.

Shipherd, J. C., Stafford, J., & Tanner, L. R. (2005). Predicting alcohol and drug
abuse in Persian Gulf War veterans: What role do PTSD symptoms play?. Addictive
behaviors, 30(3), 595-599.

Smith, K. Z., Smith, P. H., Cercone, S. A., McKeg, S. A., & Homish, G. G.
(2016). Past year non-medical opioid use and abuse and PTSD diagnosis: Interactions
with sex and associations with symptom clusters. Addictive behaviors, 58, 167-174.

Stafford, K., Gomes, A. B., Shen, J., & Yoburn, B. C. (2001). u-Opioid receptor
downregulation contributes to opioid tolerance in vivo. Pharmacology Biochemistry
and Behavior, 69(1-2), 233-237.

Steinberg, L. (2017). A social neuroscience perspective on adolescent risk-
taking. In Biosocial theories of crime (pp. 435-463). Routledge.

Stuber, G. D., Sparta, D. R., Stamatakis, A. M., van Leeuwen, W. A,
Hardjoprajitno, J. E., Cho, S., ... & Bonci, A. (2011). Excitatory transmission from the

140



amygdala to nucleus accumbens facilitates reward seeking. nature, 475(7356), 377-
380.

Sun, D., Mei, L., & Xiong, W. C. (2023). Dorsal Dentate Gyrus, a key regulator
for mood and psychiatric disorders. Biological Psychiatry, 93(12), 1071-1080.

Takahashi, T., Morinobu, S., Iwamoto, Y., & Yamawaki, S. (2006). Effect of
paroxetine on enhanced contextual fear induced by single prolonged stress in
rats. Psychopharmacology, 189, 165-173.

Tanielian, T., Haycox, L. H., Schell, T. L., Marshall, G. N., Burnam, M. A.,
Eibner, C., ... & Vaiana, M. E. (2008). Invisible wounds of war. Summary and
recommendations for addressing psychological and cognitive injuries. Rand Corp Santa
Monica CA.

Tanowitz, M., & Von Zastrow, M. (2003). A novel endocytic recycling signal
that distinguishes the membrane trafficking of naturally occurring opioid
receptors. Journal of Biological Chemistry, 278(46), 45978-45986.

Tao, S., Wang, Y., Peng, J., Zhao, Y., He, X., Yu, X,, ... & Xu, F. (2021). Whole-
brain mapping the direct inputs of dorsal and ventral CA1 projection neurons. Frontiers
in neural circuits, 15, 643230.

Terwilliger, R. Z., Beitner-Johnson, D., Sevarino, K. A., Crain, S. M., & Nestler,
E. J. (1991). A general role for adaptations in G-proteins and the cyclic AMP system in
mediating the chronic actions of morphine and cocaine on neuronal function. Brain
research, 548(1-2), 100-110.

Thase, M. E., Entsuah, A. R., & Rudolph, R. L. (2001). Remission rates during
treatment with venlafaxine or selective serotonin reuptake inhibitors. The British
journal of psychiatry, 178(3), 234-241.

Tolin, D. F., & Foa, E. B. (2008). Sex differences in trauma and posttraumatic
stress disorder: a quantitative review of 25 years of research.

Trigo, J. M., Martin-Garcia, E., Berrendero, F., Robledo, P., & Maldonado, R.
(2010). The endogenous opioid system: a common substrate in drug addiction. Drug
and alcohol dependence, 108(3), 183-194.

Upadhyay, J., Maleki, N., Potter, J., Elman, I., Rudrauf, D., Knudsen, J., ... &
Borsook, D. (2010). Alterations in brain structure and functional connectivity in
prescription opioid-dependent patients. Brain, 133(7), 2098-2114.

141



Upadhyay, J., Verrico, C. D., Cay, M., Kodele, S., Yammine, L., Koob, G. F.,
& Schreiber, R. (2022). Neurocircuitry basis of the opioid use disorder—post-traumatic
stress disorder comorbid state: conceptual analyses using a dimensional framework. The
Lancet Psychiatry, 9(1), 84-96.

van Steenbergen, H., Eikemo, M., & Leknes, S. (2019). The role of the opioid
system in decision making and cognitive control: A review. Cognitive, Affective, &
Behavioral Neuroscience, 19, 435-458.

Vandaele, Y., & Janak, P. H. (2018). Defining the place of habit in substance
use disorders. Progress in Neuro-Psychopharmacology and Biological Psychiatry, 87,
22-32.

VanElzakker, M. B., Dahlgren, M. K., Davis, F. C., Dubois, S., & Shin, L. M.
(2014). From Pavlov to PTSD: the extinction of conditioned fear in rodents, humans,
and anxiety disorders. Neurobiology of learning and memory, 113, 3-18.

Vertes, R. P., Hoover, W. B., & Rodriguez, J. J. (2012). Projections of the central
medial nucleus of the thalamus in the rat; node in cortical, striatal and limbic forebrain
circuitry. Neuroscience, 219, 120-136.

Vezina, P., Giovino, A. A., Wise, R. A., & Stewart, J. (1989). Environment-
specific cross-sensitization between the locomotor activating effects of morphine and
amphetamine. Pharmacology Biochemistry and Behavior, 32(2), 581-584.

Viena, T. D., Rasch, G. E., & Allen, T. A. (2022). Dual medial prefrontal cortex
and hippocampus projecting neurons in the paraventricular nucleus of the
thalamus. Brain Structure and Function, 227(5), 1857-1869.

Vinograd, M., Stout, D. M., & Risbrough, V. B. (2021). Anhedonia in
posttraumatic stress disorder: Prevalence, phenotypes, and neural circuitry. Anhedonia:
Preclinical, translational, and clinical integration, 185-199.

Volkow, N., & Li, T. K. (2005). The neuroscience of addiction. Nature
neuroscience, 8(11), 1429-1430.

von Zastrow, M., Svingos, A., Haberstock-Debic, H., & Evans, C. (2003).
Regulated endocytosis of opioid receptors: cellular mechanisms and proposed roles in
physiological adaptation to opiate drugs. Current opinion in neurobiology, 13(3), 348-
353.

Waldhoer, M., Bartlett, S. E., & Whistler, J. L. (2004). Opioid receptors. Annual
review of biochemistry, 73(1), 953-990.

142



Wang, B., Luo, F., Zhang, W. T., & Han, J. S. (2000). Stress or drug priming
induces reinstatement of extinguished conditioned place preference. Neuroreport,
11(12), 2781-2784.

Wang, H., Zuo, D., He, B., Qiao, F., Zhao, M., & Wu, Y. (2012). Conditioned
fear stress combined with single-prolonged stress: a new PTSD mouse
model. Neuroscience research, 73(2), 142-152.

Wang, L., Hou, K., Wang, H., Fu, F., & Yu, L. (2020). Role of mu-opioid
receptor in nociceptive modulation in anterior cingulate cortex of rats. Molecular
pain, 16, 1744806920966144.

Wang, Z., Neylan, T. C., Mueller, S. G., Lenoci, M., Truran, D., Marmar, C. R.,
... & Schuff, N. (2010). Magnetic resonance imaging of hippocampal subfields in
posttraumatic stress disorder. Archives of general psychiatry, 67(3), 296-303.

Williams, T. M., Davies, S. J., Taylor, L. G., Daglish, M. R., Hammers, A.,
Brooks, D. J., ... & Lingford-Hughes, A. (2009). Brain opioid receptor binding in early
abstinence from alcohol dependence and relationship to craving: an [11C]
diprenorphine PET study. European Neuropsychopharmacology, 19(10), 740-748.

Wise, P. M., Scarbrough, K., Weiland, N. G., & Larson, G. H. (1990). Diurnal
pattern of proopiomelanocortin gene expression in the arcuate nucleus of proestrous,
ovariectomized, and steroid-treated rats: a possible role in cyclic luteinizing hormone
secretion. Molecular Endocrinology, 4(6), 886-892.

Woon, F. L., & Hedges, D. W. (2008). Hippocampal and amygdala volumes in
children and adults with childhood maltreatment-related posttraumatic stress disorder:
A meta-analysis. Hippocampus, 18(8), 729-736.

Woon, F. L., Sood, S., & Hedges, D. W. (2010). Hippocampal volume deficits
associated with exposure to psychological trauma and posttraumatic stress disorder in
adults: a meta-analysis. Progress in Neuro-Psychopharmacology and Biological
Psychiatry, 34(7), 1181-1188.

Wu, T. L., Mishra, A., Wang, F., Yang, P. F., Gore, J. C., & Chen, L. M. (2016).
Effects of isoflurane anesthesia on resting-state fMRI signals and functional
connectivity within primary somatosensory cortex of monkeys. Brain and behavior,
6(12), e00591.

Xu, C., Krabbe, S., Griindemann, J., Botta, P., Fadok, J. P., Osakada, F., ... &
Lathi, A. (2016). Distinct hippocampal pathways mediate dissociable roles of context
in memory retrieval. Cell, 167(4), 961-972.

143



Yamamoto, M., Komori, T., Matsumoto, T., Zhang, K., Miyahara, S., Shizuya,
K., & Okazaki, Y. (2003). Effects of single and repeated prolonged stress on mu-opioid
receptor mMRNA expression in rat gross hypothalamic and midbrain homogenates. Brain
research, 980(2), 191-196.

Yamamoto, S., Morinobu, S., Fuchikami, M., Kurata, A., Kozuru, T., &
Yamawaki, S. (2008). Effects of single prolonged stress and D-cycloserine on
contextual fear extinction and hippocampal NMDA receptor expression in a rat model
of PTSD. Neuropsychopharmacology, 33(9), 2108-2116.

Young, D. A., Neylan, T. C., Zhang, H., O'Donovan, A., & Inslicht, S. S. (2020).
Impulsivity as a multifactorial construct and its relationship to PTSD severity and threat
sensitivity. Psychiatry research, 293, 113468.

Yu, L., Wang, L., Zhao, X., Song, M., & Wang, X. (2016). Role of single
prolonged stress in acquisition of alcohol conditioned place preference in rats. Life
sciences, 151, 259-263.

Zhang, H., Jia, M., Wang, X. W, Ye, C., Li, Y., Wang, N., ... & Cui, C. (2019).
Dentate gyrus p-opioid receptor-mediated neurogenic processes are associated with
alterations in morphine self-administration. Sci Rep 9: 1471.

Zhang, R., & Volkow, N. D. (2019). Brain default-mode network dysfunction in
addiction. Neuroimage, 200, 313-331.

Zhong, Y., Zhang, R, Li, K., Qi, R., Zhang, Z., Huang, Q., & Lu, G. (2015).
Altered cortical and subcortical local coherence in PTSD: evidence from resting-state
fMRI. Acta Radiologica, 56(6), 746-753.

Zhu, X., Peng, S., Zhang, S., & Zhang, X. (2011). Stress-induced depressive
behaviors are correlated with Par-4 and DRD2 expression in rat striatum. Behavioural
brain research, 223(2), 329-335.

Zhu, Y., Nachtrab, G., Keyes, P. C., Allen, W. E., Luo, L., & Chen, X. (2018).
Dynamic salience processing in paraventricular thalamus gates associative learning.
Science, 362(6413), 423-429.

Zubieta, J. K., Ketter, T. A., Bueller, J. A., Xu, Y., Kilbourn, M. R., Young, E.
A., & Koeppe, R. A. (2003). Regulation of human affective responses by anterior
cingulate and limbic p-opioid  neurotransmission. Archives of  general
psychiatry, 60(11), 1145-1153.

Zuo, Z. (2005). The role of opioid receptor internalization and -arrestins in the
development of opioid tolerance. Anesthesia & Analgesia, 101(3), 728-734.

144



Appendix A
SUPPLEMENTARY DATA

A.1 Chapter 3 Supplementary Data

Brain region stress x sex stress sex
mPFC F (1,33 = .65, p=.43 Fas=172,p=.29  F(,33=4.05p=.052
AMG Faa9=2.44,p=.13 F,84=243,p=.13 | F4,34=6.59,p=.015
DH F (1,35 =.19, p=.67 F (1,35 = .20, p = .89 F 1,35 = 3.85, p =.058
VH F (1,37 =.30,p=.59 Fas9=.27,p=.61 |Fu,3)=11.54,p=.002

Table 3. Statistical report of two-way ANOVA for MOR WB analysis.
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Brain region

stress x sex

stress

sex

ACC F,3=1.45p=.24 F 1,32=.92,p=.35 F 1,32=8.45, p =.007
PL F,32=1.32,p=.26 F (1,32=.80,p=.38 F 1,32=9.38, p=.004
IL F,33=.62,p=.44 F(1,33=.52,p=.48 F 1,33=8.24, p=.007
NAc (core) F@,300=1.12,p=.30 F (1,30 =.63,p=.44 (1,30 = 3.66, p =.065
NAc (shell) F (1,29)=1.06, p = .31 F (1,299 =.30, p=.59 F1,29=1.28,p=.27
BLA F@,27=.34,p=.57 F@,27=.54,p=.47 F@,27=1.93,p=.18
CeA F (1,27=.03, p=.86 F ¢1,27=3.78, p=.06 F,27=.09,p=.77
dCA1 F1,32=.49, p=.49 F,32=.08,p=.79 | F(,32=18.79, p<.001
dCA2 F (1,32=.51,p=.48 F,32=.15,p=.71 F 1,32=9.58, p =.004
dCA3 F1,32=.38,p=.54 F,32=.02,p=.90 | F@,32=19.85,p<.001
dDG F 1,35 =.28, p = .60 F(1,35=2.03,p=.16 F,35=1.38,p=.25
vCA1 F (1,32 =.02,p=.88 F(1,32=3.37,p=.08 F32=226,p=.14
vCA2 F@,32=.10,p=.76 F,32=1.70,p=.20 F 1,32 =.30, p=.59
vCA3 F (1,31y=.002, p=.97 Fu,31=1.36,p=.25 Fu,3y=.10,p=.75
vDG F (1,32 =.29, p = .60 F (1,32=.23,p=.63 F (1,32 =.47, p=.50
VTA F (1,32 =.20, p = .66 F,3=249,p=.12 F(1,32=.25,p=.62

Table 4. Statistical report of two-way ANOVA for MOR IHC analysis.

Brain region stress x sex stress sex
ACC Foay=4.93,p=.034 F,30=.002,p=.97 F (1,30 = .20, p = .65
PL Fa,39=.11,p=.74 F@,32=.31,p=.58 F1,30=.19, p = .67
IL F 1,s1=.49,p = .49 F 1,an=.07, p=.80 F.an=.22,p=.65
NAc (core) F,30=.14,p=.72 F (1,30=1.30,p=.26 F (1,30=.09,p=.76
NAc (shell) F (1,30=.000, p = .99 Fuap=1.41,p=.24 F 1,30=.30, p =.59
BLA F 1,27=.002, p = .97 Fu.27=.20,p=.66 | F(.2,=5.28,p=.030
CeA Fu27=192,p=.18 F4.27=.003,p=.96 | F(2,=3.89,p=.06
dCA1 F@,27=1.10,p=.30 F (1,27=.000, p = .99 F,27=.97,p=.33
dCA2 F (1,26=.03,p=.86 Fo9=2.41,p=.13 | F,2=5.40, p=.034
dCA3 F 1,30= .65, p = .43 F1,30=.22,p=.64 F (1,30=23.15,p =.09
dDG F (1,32= .35, p = .56 F (1,32=.01,p=.91 F (1,32=.06, p = .81
VvCA1 Fuan=2.44,p=.13 | Fpa=1.51,p=.23 | Fuay=11.93,p=.002
VvCA2 F20=4.19,p=.049 F429=6.32,p=.02 | F,29=11.17, p=.002
VvCA3 F (1,59=.25,p = .62 Fusy=1.17,p=.68 | F(.39=4.18,p=.05
vDG F 1,52= .50, p = .48 F,52=1.10,p=.30 F 1,52= .57, p = .46
VTA Fu24=3.11,p=.10 F1.24=.52, p=.48 F (1.24=.02, p=.88

Table 5. Statistical report of two-way ANOVA for p-MOR IHC analysis.
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Brain region

stress x drug

stress

drug

ACC
PL

F1,49=.17,p= .68
F (1,43=.02,p=.96

F1,43=.02,p=.88
F (1,43 =.03,p=.86

F 1,43=.06, p=.81
F (1,43 =.03,p=.86

IL

F (1,43=.004, p = .95

F 1,43=.33,p=.57

F1,43=.02,p=.88

NAc (core)

F(1,41)= 196,p= A7

F@a=.12,p=.73

F141 214[3—15

NAc (shell)

F4,41y=.08,p=.78

F a,41=.03,p=.86

= a,41=.23,p=.88

BLA
CeA

F@,4=.49,p=.49
F@,41=.02,p=.88

F (1,41)= .03, p= .86
F(,41=.48,p = .49

F@,49=2.53,p=.12
F (1,41=8.57, p =.006

dCA1

F(1,41)= 87, p= .36

F (1,41)= .49, pP= .49

F 1,41)= 144, p= .24

dCA2

F (1,400 = .29, p= .60

F (1,400 = .07,p =.80

F (1,400 = 5.07, p= .03

dCA3

F141 .29,p=.59

F (1,41=3.05,p=.09

F141 =3.67,p=.06

vCA1
vCA2

F (1,42=.001, p=.99
F (1,43=.32,p=.58

F(1,49=.15,p=.70
F (1,43) = 01 p= .93

F(1,42=1.86,p=.18
F (1,43=2.36,p=.13

vCA3
VTA

Table 6. Statistical report of two-way ANOVA for MOR IHC analysis in morphine

experiment.

Brain region

F(1,43)= .11,p= .75
F,409= .18, p=.67

stress x drug

F (1,43 = .24, p= .63
F (1,40)= 3.49, p= .07

stress

F1,43=2.61,p=.11
F(1,40)=1.39,p=.25

drug

ACC
PL

F (1,41y=.04,p=.85
F (1,41y= .06, p=.80

F@,49=.15p=.70
F@,41=.05,p=.83

F @a,4n1=.01,p=.91
F(,41=.34,p=.56

IL
NAc (core)

F 1,41)= .08, p= .78
F,40=.26,p=.61

F (1,41y=.05,p=.83
F (1,44=.36,p=.55

F (1,41y=.88,p=.35
F¢1,49=1.70,p=.20

NAc (shell)
BLA

F (1,43=.31,p=.58
F,42=.02,p=.88

F (1,49=.09, p= .77
F (1,42= .35, p=.56

F (1,43=.95,p=.34
F,42=.01,p=.92

CeA

F (1,41=.30, p =.59

F@,a9=.01,p=.91

F@,49=.31,p=.58

dCA1

F (1,49=.03,p=.87

F (1,42=.01,p=.94

F 1,42=.02,p=.90

dCA2

F(1,429=.23,p= .64

F(1,429=.15,p=.70

F(1,429=.01,p=.94

dCA3

F(1,42)= .30,p=.59

F (1,42=.001, p=.98

F (1,42=.004, p=.95

VvCA1

F (1,44)= 002, p= .96

F (1,44)= .35, p= .56

F (1,44)= 176,p =.19

vCA2
VvCA3

F(1 w=.02,p=.89
F (1,49= .57, p = .46

F (1,44)= .56, p=.46
F (1,44= .06, p = .81

F(1 a9 = 221 p=. 14
F (1,44=3.78, p = .06

VTA

Table 7. Statistical report of two-way ANOVA for p-MOR IHC analysis in morphine

experiment.

F(1,3e)= .03,p=.85

F(1 36) = =1.18, p= .28
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F (1,36) = 2.20, p= .15




A.2 Chapter 4 Supplementary Data

DMN edge onesamplet- | DMN edge onesamplet- | DMN edge onesamplet- | DMN edge onesamplet- | DMN edge onesamplet- | DMN edge onesamplet- | DMN edge one sample t-
test test test test test test test
Au-dCA1 t)=2928, | dCA1-CA2 Tsy=27.98, CA2-ACC dCA3-PL tay=-4.75, AcC-TC mMOFC-GRSC | t(s=2.36, PC-TC tan=2.78,
p=3.03x10" p=47x10% p=4.7x10° p=.24 p=.009
Au-CA2 tiy=20.58, dCA1-dCA3 | tw=17.27, CA2-10FC dCA3-PC toy=8.84, ACC-V2 mOFC- rRSC PC-V2 ten=5.31,
p=3.03x 10" p=3.9x10" p=7.3x10" p=9.4x10°
Au-dCA3 tey=1181, | dCA1-ACC CA2-mOFC | t(5=0.99, dCA3-CRSC | t(=4.32, ACC-vOFC i mOFC-TC tn=3.82, PC-vOFC tan=-017,
p=8.3x10" ! 32 p=.0001 1.2x107 p=.0006 = .85
Au-ACC tiay=-7.61, dCA1-lOFC ten=-0.15, CA2-PL dCA3-rRSC ta)=8.64, LOFC- mOFC tien=15.83, mOFC-V2 tan=2.94, cRSC-rRSC T
p=1.7x10° p=.88 p=1.2x10° p=4.1x10" p=.006 p=
Au-10FC tan=-081, dCA1-mOFC | t(=1.99, Ch2-PC 9.40, dCA3-TC tay=-0.83, LOFC-PL tay=18.01, MOFC-VOFC | t(sy=12.99, cRSC-TC tn=1822,
p=.42 p=1.9x10" p=.40 p=1.2x10" p=7.4x10" p=8.9x10"
Au—mOFC tay=173, dCA1-PL CA2-cRSC dCA3-V2 ty=4.50, LOFC-PC PL-PC CcRSC-V2 t)=55.18,
p=.09 p=9.3x10° p=1%10"
Au-PL to=-2.73, dCA1-PC CA2-rRSC dCA3-VOFC | ty=-2.23, LOFC- cRSC PL-cRSC CRSC-VOFC | t=-0.26,
p=.01 p=.03 p=.79
Au-PC t =892, dCA1-cRSC t=18.38, CA2-TC ACC-lOFC tany=7.05, lOFC-rRSC PL-rRSC rRSC-TC ty=-2.28,
p=6.1x10"" p=7x10" p=7.6x10° p=.03
Au-cRSC tan=2174, dCA1-TRSC Ch2-V2 ACC-mOFC | t(=1.02, loFC-TC PL-TC RSC-V2 ta=-37,
p=6.4x10% p=.31 p=.0008
Au-rRSC tay=-278, dCA1-TC te=5.07, CA2-vOFC ACC-PL tey=16.94, LOFC-v2 PL-V2 tay=-2.04, RSC-VOFC
p=.009 p=1.9x10* p=6.6x10" p=.05
Au-TC tay=9.64, dCA1-v2 X dCA3-ACC ACC-PC tan=-3.37, LOFC-vOFC PL-VOFC tey=1981,  TC-V2 tn=25.33,
p=1.1x10" p=12x10" p=.002 7x10" p=8.2x10%
Au-Vv2 ta=22.78, dCA1-vOFC T dCA3-10FC ACC-cRSC tay=-5.19, mOFC-PL PC-cRSC t=5.78, TC-vOFC t=0.73,
p=1.7x10% p=1.3x10° p=25x10° p=.46
Au-vOFC tan=-0.55, CA2-dCA3 dCA3-mOFC ACC-rRSC tay=-6.78, mOFC-PC PC-rRSC tan=3.79, V2-vOFC tan=-0.09,
p=.59 p=8.9x10" p=1.6x107 p=.0006 p=.92

Table 8. Statistical

report of one-sample t-tests for DMN edges in the pre-scan data

DMN edge one samplet- | DMN edge onesamplet- | DMN edge onesamplet- | DMN edge onesamplet- | DMN edge onesamplet- | DMN edge onesamplet- | DMN edge one sample t-
test test test test test test test
Au-dCA1 tus =15, dCA1-CA2 5= 20.30, CA2-ACC dCA3-PL tus=-0.74, ACC-TC tug=1.82, mMOFC-cRSC | t;9=1.02, PC-TC tog=1.21,
p=5.1x10" p=87x10" p=.46 p=.08 32 p=.24
Au-CA2 tug=13.04, dCA1-dCA3 | t(5=10.04, CA2-10FC dCA3-PC tus=6.91, ACC-V2 mOFC- rRSC PC-V2
p=3.2x10° p=8.8x10° p=7.1x10°
Au-dCA3 t19=8.73, dCA1-ACC CA2-mOFC dCA3-cRSC | t(5=4.42, ACC-vOFC mOFC-TC tue=127, PC-VOFC
p=4.8x107 p=.0005 p=.22
Au-ACC tug=-2.93, dCA1-l0FC CA2-PL dCA3-rRSC | t(5=9, OFC-mOFC mOFC-V2 toe=0.48, GRSC-rRSC
p=.01 p=3.4x107 p=.63
Au-1OFC 15 =093, dCA1-mOFC CA2-PC tos=9, dcA3-TC too=0.44, OFC-PL tog=15.74, MOFC-VOFC | t5=10.47, GRSC-TC toe=11.38,
p=.36 .4x107 p=.66 =2.7x10" p=5.2x10* p=1.8x10*
Au—mOFC tug=0.74, dCA1-PL CA2-cRSC tu5=8.53, dCA3-v2 tus=2.82, LOFC-PC PL-PC tus=1.58, cRSC-V2 tu5=30.03,
= .46 p=6.4x107 p=.01 =13 p=41x10"
Au-PL t19=0.92, dCA1-PC =972, CA2-rRSC tus=0.14, dCA3-VOFC | 1(15=0.35, LOFC-cRSC PL-GRSC tug=1.26, GRSC-VOFC | t15=1.58,
p=.37 =1.3x107 = .88 p=.72 =22 p=.13
Au-PC tu9=10.99, dCAT-cRSC | t(5=12, CcA2-TC t9=2.10, ACC-l0FC t9=2.30, LOFC-rRSC PL-RSC fRSC-TC tug=-0.57,
p=2.8x10° p=9.3x10° p=.05 = .03 p=.57
Au-cRSC tn9=15.02, dCA1-1RSC  t(=-0.07, CA2-V2 t09=5.94, ACC-mOFC | t;5=0.51, 1oFC-TC PL-TC t09=0.76, RSC-V2 too=-2.18,
p=5x10" = p=36x10° p=.61 p=.45 p=.04
Au-rRSC tig=-0.83, dCA1-TC CA2-vOFC ACC-PL t15=5.50, LOFC-V2 PL-V2 t09=0.70, TRSC-VOFC | t15=-0.70,
p=.41 = p=7.7x10° p=.48 = .49
Au-TC t19=5.29, dcAt-v2 t05=8.95, dcA3-ACC Acc-PC tog=-252, OFC-vOFC | t(5=44.87, PL-VOFC t9=18.09, TC-V2 ts=18.58,
p=.0001 p=3.6x107 = .02 p=1.6x10" p=4.2x10" p=2.9x10"
Au-V2 tug=11.28, dCA1-vOFC dCA3-10FC ACC-cRSC t9=-2.37, mOFC-PL .17, PC-cRSC tus=6.49, TC-vOFC
p=2x10° p=.03 .0009 p=1.4x10°
Au-vOFC t09=0.99, CA2-dCA3 ty=14.97, dCA3-mOFC | t;5=-0.15, ACC-rRSC to9=-5.62, mOFC-PC tog=1.14, PC-rRSC tog=1.41, V2-vOFC to9=0.82,
p=.33 p=5.2x10" p=.87 p=6.3x10° p=2 =18 p=.42

Table 9. Statistical report of one-sample t-tests for DMN edges in the post-control

data.
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DMN edge onesamplet- | DMN edge one samplet- | DMN edge one samplet- | DMN edge one samplet- | DMN edge onesamplet- | DMN edge onesamplet- | DMN edge one sample t-
test test test test test test test
Au-dCA1 s =10.92, dCA1-CA2 t15=8.85, CA2-ACC dCA3-PL g =-1.82, Acc-TC mOFC- cRSC PC-TC 5= 0.66,
p=1.54x10° p=2.41x107 p=.08 p=.51
Au-CA2 s =15.10, dCA1-dCA3 | t5=9.12, CA2-lOFC dCA3-PC ti5=5.10, ACC-V2 mOFC-rRSC PC-V2 ts=7.30,
p=1.7x10" p=1.64x107 p=.0001 p=2.5%10°
Au-dCA3 tag=11.45, dcat-Acc t09=-5.89, CA2-mOFC dCA3-cRSC | t1=3.89, ACC-vOFC t9=6.06, mOFC-TC PC-vOFC tos=-0.67,
p=8.19x10° p=2.9%10° p=.001 p=2.1x10° = .50
Au-ACC tus=-5, dCA1-lOFC CA2-PL dCA3-rRSC | t15=7.36, LOFC-mOFC mOFC-V2 GRSC-TRSC | t5=-1.65,
p=.0001 p=2.3x10° =11
Au-lOFC tug=-145, dCA1-mOFC CA2-PC dCA3-TC T15=0.96, LOFC-PL mOFC-VOFC oRSC-TC tas=13,
p=.16 p=.35 p=1.4x10°
Au—mOFC tug=-1.02, dCA1-PL CA2-cRSC dCA3-V2 tis=4.94, LOFC-PC PL-PC CRSC-V2 to9=36,
p=.32 p=.0001 p=5.5%10"
Au-PL s =-1.69, dCA1-PC t5=9.57, CA2-rRSC dCA3-VOFC | t5=-0.93, LOFC- cRSC PL-CcRSC GRSC-VOFC | ty=-1.75,
p=.11 p=8.8x10° p=.36 =.10
Au-PC g =12.26, dCA1-cRSC CA2-TC ACC-lOFC tig=5.91, LOFC- rRSC PL-rRSC RSC-TC
p=3.2x10° p=2.8x10°
Au- cRSC tos=13.37, dCA1-rRSC CA2-v2 t09=6.16, ACC-mOFC | t5=5.63, LOFC-TC PL-TC RSC-V2 tas=-1.35,
p=9.6x10" p=1.8x10° p=4.7x10°
Au-rRSC tug=-087, dCA1-TC CA2-vOFC ACC-PL tis=6.74, LOFC-V2 PL-V2 fRSC-VOFC | t5=-176,
p=.39 p=6.5x10° p=.09
Au-TC tus =549, dCA1-V2 dCA3-ACC Acc-PC tis=-2.56, LOFC-vOFC PL-VvOFC s =25.98, TC-V2 tas=11.38,
p=6.12x10° p=.02 .9 10 p=8.8x10°
Au-v2 tig=15.39, dCA1-vOFC dCA3- lOFC ACC-cRSC tig=-7.94, mOFC-PL PC-cRSC 5 =9.09, TC-vOFC tis=-1.65,
p=1.34x10" p=9.4x107 p=1.7x107 =11
Au-vOFC tog=-1.34, CA2-dCA3 dCA3-mOFC ACC-rRSC tu9=-3.50, mOFC-PC PC-rRSC tas=3.15, V2-vOFC tos=-1.54,
p=.19 p=.003 p=.006 p=.14

Table 10. Statistical report of one-sample t-tests for DMN edges in the post-SPS data
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Appendix B
INSTITUTIONAL ANIMAL CARE AND USE COMMITTEE (IACUC)

APPROVAL
University of Delaware RECEIVED
Institutional Animal Care and Use Committee UN 28 208
Application to Use Animals in Research g
ok IACUC

(New and 3-Yr submission)

Title of Protocol: The effect of traumatic stress on opioid systems and reward circuit
function in an animal model of post-traumatic stress disorder.

AUP Number: 1353-2019-0 € (4 digits only — if new, leave blank)

Principal Investigator: Dayan Knox

Common Name (Strain/Breed if Appropriate): Rattus Norvegicus

Genus Species: Spraguc Dawley

Date of Submission: 6/25/19

Official Use Only

(Q)R Q/&_ Vi
IACUC Approval Signature: ‘V / ¢ b

Date of Approval: ?/1)]//9
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University of Delaware

Institutional Animal Care and Use Committee

Annual Review

addiction.

Title of Protocol: The effect of traumalic stress exposure on the rewarding effects of
opioids and the effect of opicids on the neural substrates involved in stress and

AUP Number: 1375-2023-2 € (4 digits only)

Principal Investigator: Dayan Knox

Common Name: Rattus Norvegicus

Genus Species: Sprague Dawley

Pain Category: (please mark one)

Date of Approval: g .'{-I {5{' 3

_Uﬂﬁ. PAIN CATEGORY: (Nore change of categories from previous form) i
Category N Description -
OB Breeding or holding where NO rescarch is conducted
oc Procedure involving momentary or no pain or disiress i
Op Procedure where pain or distress 1s allevialed by appropriaie means (analgesics
tranquilizers, euthanasia ete.)
BEE Procedure where pain or distress cannot be alleviated, as this would adversely
affect the procedures, results or interpretation
J
Official Use Only

/ "
i/

) s J r— s}
N -~ v
IACUC Approval Signature: " — [ & .«‘C"(‘"_“' ’ b\f:"“‘
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