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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 

vCA2, 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. 

ABSTRACT 
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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-

vCA1 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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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 (Iribarren 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, 

Chapter 1 
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(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 Iraq 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 
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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 

et al., 2011).  

These findings underscore the complex interplay between traumatic stress, PTSD, 

and SUDs, emphasizing the importance of investigating sex differences in these 

disorders. 
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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; Vezina et 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 
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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; Ma et 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- μ, δ and κ- 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 
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nuclei (Gray et al., 2006). The rewarding effect of opioids is largely caused by the 

activation of the μ-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 

et al., 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 
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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 ß-arrestin (Koch & Höllt, 

2008). Consequently, the interaction between the MOR and ß-arrestin leads to the 

uncoupling of G-protein signaling (Koch & Höllt, 2008). The desensitization of MORs 

could arise from G-protein uncoupling and/or deregulation of ß-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 (Ma et 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). 
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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 
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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 
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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-III 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 (María-Ríos & 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 

et al., 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 (María-Ríos & 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) 

(María-Ríos & 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 Voogd 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 in rats (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-NAc (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; Elman 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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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 

Chapter 2 
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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 

across 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 vCA2 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 (dCA1, dCA2, dCA3), but higher levels of p-MOR in 

their BLA, dCA2, vCA1 and vCA3 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 vCA1-thMD, vCA1-PV, and dDG-thMD. SPS also similarly 

affected the functional connectivity between thCM-StiVM, dCA1-vCA1, 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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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 Gα subunit binds to GTP, causing the Gßγ subunit to 

dissociate from Gα. These subunits then interact with different effector molecules until 

GTP associated with Gα is hydrolyzed. The Gα subunit inhibits adenylyl cyclase (AC) 

activity, thereby reducing cAMP production. Concurrently, the Gßγ 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 

Chapter 3 
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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. 

 

 

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. 

 

Figure 2. Experimental design illustrating the components of the SPS and control 

conditions and the experiments timeline. The graphic was created using 

BioRender.com.  
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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 O2 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 µm 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 µL 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 14800×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 µL protein was mixed with 0.5 µL 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 µL protein sample was mixed with 0.5 µL 

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-HCl 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 µm; 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-I) 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 Clx scanner, as 

previously described. 

 

Figure 3. Validation of cytosolic (cy) and membrane (me) protein separation using the 

ProteoExtract kit (EMD Millipore). (A) ß-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 mPFC, 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 × sex interactions on MOR 

levels, the relative values underwent statistical analysis using a stress (SPS vs control) 

× 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 I 

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 II 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 × 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 < q), 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 μm 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-I) 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 µm; quality- highest; and focus offset- 0.0 mm.  

 

 

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-I). (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) × 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) × 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.  

 

 

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. 
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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 (vCA1, 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 (1, 

34) = 6.59, p = .015, ηp² = .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 (1, 

37) = 11.55, p = .002, ηp² = .24; Figure 6F). 

 

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 VH 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, ηp² = .20; Figure 7B), PL (F 

(1, 32) = 9.38, p = .004, ηp² = .22; Figure 7B) and IL (F (1, 33) = 8.24, p = .007, ηp² = .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 dCA1 (F (1, 32) = 18.79, p < .001, ηp² = .37; 

Figure 7D), dCA2 (F (1, 32) = 9.58, p = .004, ηp² = .23; Figure 7D) and dCA3 (F (1, 32) = 

19.85, p < .001, ηp² = .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 (dCA1, dCA2, 

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 vCA2 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, 

vCA1 and vCA3 compared to males, irrespective of stress condition (Figures 8D, E, G, 

I). Furthermore, we observed sex-specific effects of SPS on p-MOR levels in the ACC 

and vCA2 (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 × sex interaction for relative p-MOR levels within the ACC (F (1, 30) = 4.93, p = 

.034, ηp² = .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, ηp² = .16; Figure 

8D)  and dCA2 (F (1, 28) = 5.40, p = .034, ηp² = .16; Figure 8E). 

Figure 8F shows representative p-MOR IHC of the vCA1, vCA2 and vCA3. SPS 

had no significant effect on the relative p-MOR levels of vCA1 and vCA3. However, 

female rats showed significantly higher p-MOR levels in their vCA1 and vCA3 

subregions compared to male rats, as indicated by a significant main effect of sex for 

relative p-MOR levels within vCA1 (F (1, 32) = 11.93, p = .002, ηp² = .27; Figure 8G) and 
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vCA3 (F (1, 33) = 4.18, p = .05, ηp² = .11; Figure 8I). In the vCA2, we observed a 

significant main effect of stress (F (1, 29) = 6.32, p = .018, ηp² = .18; Figure 8H), 

significant main effect of sex (F (1, 29) = 11.17, p = .002, ηp² = .28; Figure 8H) and stress 

× sex interaction (F (1, 29) = 4.19, p = .049, ηp² = .13; Figure 8H). SPS increased vCA2 

p-MOR levels in female rats while it had no significant effect on the p-MOR levels of 

the vCA2 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 (15) = 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, vCA1, 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 dCA2. (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 vCA3. (G) SPS did not 

affect vCA1 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. vCA2 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. (I) 

SPS did not affect vCA3 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 SPS did 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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(1, 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).  

 

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 (vCA1, 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 
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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, ηp² = .17; Figure 10B).  

 

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 

vCA2, where we observed main effects of stress or stress × 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 vCA2 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, vCA1 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 (GRKs), 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 (El 

Kouhen et al., 1999; Schulz et al., 2004). At this state the MORs 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 vCA2 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 (dCA1, 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 cAMP 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, vCA1, 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, 

vCA3, 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 (dCA1, 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 

dCA1, 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 

vCA2, 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 Ca2+ channels and the activation of GIRK channels, causing hyperpolarization of 

the cell (Al-Hasani & Bruchas, 2011). Techniques such as cAMP 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 Ca²⁺ 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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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; Kasai 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 

Chapter 4 
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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  

4.2.1 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 O2) 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 O2 

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 × 2.88 cm2, matrix size = 96×96 [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 × 2.88 cm2, matrix size = 256×256, 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 174×174 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 (∆v) by subtracting the post-scan vector values from the pre-scan ones. ∆v was 

then subjected to a stress (SPS vs. control) × 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 



 72 

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. ∆r) 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 × 6 matrix) and emotional (47 × 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 ∆r 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 ∆r. If ∆r did not meet threshold, ∆r was 

assigned a value of zero. Once a threshold that yielded all ∆r = 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 ∆r > pEthr from emotional networks were subjected to a stress (SPS vs. control) × 

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. 

 

 
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. ∆r - 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 ICs 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 × sex factor design. 
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Main effects were determined using ANOVA, and simple comparisons were conducted 

using t-tests. 

 

 

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, ηp² = .17; Figure 14A). On the other hand, SPS 
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did not affect SN overall functional connectivity in either male or female groups (F (1, 

27) = .03, p = .86, ηp² = .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, 27) = .001, p = .98, ηp² = .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 (29) = 2.92, p = .007), PC-CA2 (t (29) = 3.10, p = 

.004), PC-dCA3 (t (29) = 2.54, p = .017), CA2-dCA1 (t (29) = 2.44, p = .021), and CA2-

A1 (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, lOFC, 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, lOFC-mOFC, and lOFC-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, lOFC-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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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; 

 

Nodes Pre-scan Post-control Post-SPS 
 positive          negative positive          negative positive          negative 

Au 7                         1    7                         0 7                         1 
dCA1 7                         1    6                         0 6                         1 
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    3                         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 

vOFC 4                        1 3                         0 4                         0 
 

Total number of connections 
 

 
70                        22 

 
56                        4 

 
 68                       14  
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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.  
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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 

if the average intra-cluster similarity was above 0.90. 

 

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. 
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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 ∆r 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 ∆r 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 ∆r of the 

vCA1/thMD passed this threshold. For the female/SPS group, the penultimate threshold 

was 0.25, and the ∆r of the dCA1-vCA3, dCA1-CA2, dCA1-vCA1, vCA1-PV, vCA1-

CeA, CA2-PV, CA2-dDG, thCM-StriVM, thCM-dDG, dDG-thVM, dDG-RSctx, dDG-

thMD, and mAMG-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 ∆r of these edges to statistical analysis using a stress × 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: dCA1-vCA3, dCA1-CA2, 

dCA1-vCA1, vCA1-PV, vCA1-CeA, CA2-PV, CA2-dDG, thCM-StriVM, 

thCM-dDG, dDG-thVM, dDG-RSctx, dDG-thMD, mAMG-RM].  

4.3.5 SPS altered functional connectivity between vCA1-thMD, vCA1-PV, and 

dDG-thMD differently in male and female rats. 

We observed that SPS affects functional connectivity between vCA1-thMD, 

vCA1-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 × sex interaction for the ∆r values of vCA1-thMD (F (1, 27) = 8.06, p 

= .008, ηp² = .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 ∆r value of vCA1-

thMD in the male/control group (t (6) = 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 vCA1 and PV in a schematic and a 3D rat 

brain model in an axial plane view. SPS effects on functional connectivity between 

vCA1-PV differed between male and female groups, as indicated by a significant stress 

× sex interaction for the ∆r values of vCA1-PV (F (1, 27) = 10.42, p = .003, ηp² = .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 ∆r 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 vCA1-PV in male rats. This was determined by a significant 

difference between the vCA1-PV ∆r values of female/control vs. female/SPS (F (1, 14) 

=14.22, p = .002, ηp² = .50; Figure 20C) and not between ∆r values of male/control vs. 

male/SPS groups (F (1, 13) =1.97, p = .18, ηp² = .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 × sex interaction for the ∆r values of dDG-thMD (F (1, 27) = 10.91, p = 

.003, ηp² = .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 ∆r 

value of dDG-thMD in the female/SPS group (t (7) = 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 (7) = 

.003, p = .99; Figure 20E).  
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Figure 20. The effect of SPS on functional connectivity between vCA1-thMD, vCA1-

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 vCA1 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 vCA1 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-StriVM, dCA1-vCA1 

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 ∆r values of thCM-StriVM (F (1, 27) = 13.62, 

p = .0009, ηp² = .34; Figure 21A).  

Figure 21D shows the location of dCA1 and vCA1 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-vCA1 in both male and female groups, indicated by a significant main effect of 

stress for the ∆r values of dCA1-vCA1 (F (1, 27) = 7.38, p = .011, ηp² = .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 ∆r values of CA2-dDG (F (1, 27) = 6.92, p = .014, 

ηp² = .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-

vCA1 in both male and female groups. (D) The locations of dCA1 and 

vCA1 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 ∆r values of ACC-PL (F (1, 27) = 12.07, p = .002, ηp² = .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 ∆r values of ACC-IL (F (1, 27) = 7.76, p = .01, ηp² 

= .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 ∆r values of MeA-RMg (F (1, 

27) = 7.65, p = .01, ηp² = .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-vCA1, 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 vCA1-thMD, vCA1-PV, dDG-

thMD, thCM-StriVM, dCA1-vCA1, 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: 

vCA1-PV and dCA1-vCA1, 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, dCA2, 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 vCA1-thMD, dDG-thMD, and thCM-StriVM. This might suggest that 

these edges are not part of a resting-state network of the rat brain. 

 

 

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: vCA1-PV and dCA1-

vCA1. 
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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, ηp² = .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 (6) = 3.94, p = .008; female/control: t (7) = 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, vCA1-

PV, and dDG-thMD. SPS inhibited the increase in functional connectivity between 

vCA1-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-vCA1 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-vCA1, 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, lOFC, 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, lOFC-mOFC, and lOFC-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-vCA1, 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 vCA1 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 

vCA1-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. 

vCA1-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; Zhu 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 

vCA1-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 

(Jin et al., 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-vCA1, 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 vCA1-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 StriVM 

(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 



 112 

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 (Ramírez-Rodríguez 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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4.4.7 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, vCA1-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 

vCA1-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-vCA1, 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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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 

Chapter 5 
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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 vCA2 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. 
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SUPPLEMENTARY DATA 

 

 

 

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

 

 Brain region stress × sex stress sex 

mPFC F (1, 33) = .65, p = .43 F (1, 33) = 1.72, p = .29 F (1, 33) = 4.05, p = .052 

AMG F (1, 34) = 2.44, p = .13 F (1, 34) = 2.43, p = .13 F (1, 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 F (1, 37) = .27, p = .61 F (1, 37) = 11.54, p = .002 

Appendix A 

A.1 Chapter 3 Supplementary Data 



 146 

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

 

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

 
Brain region stress × sex stress sex 

ACC F (1, 32) = 1.45, p = .24 F (1, 32) = .92, p = .35 F (1, 32) = 8.45, p = .007 

PL F (1, 32) = 1.32, p = .26 F (1, 32) = .80, p = .38 F (1, 32) = 9.38, p = .004 

IL F (1, 33) = .62, p = .44 F (1, 33) = .52, p = .48 F (1, 33) = 8.24, p = .007 

NAc (core) F (1, 30) = 1.12, p = .30 F (1, 30) = .63, p = .44 F (1, 30) = 3.66, p = .065 

NAc (shell) F (1, 29) = 1.06, p = .31 F (1, 29) = .30, p = .59 F (1, 29) = 1.28, p = .27 

BLA F (1, 27) = .34, p = .57 F (1, 27) = .54, p = .47 F (1, 27) = 1.93, p = .18 

CeA F (1, 27) = .03, p = .86 F (1, 27) = 3.78, p = .06 F (1, 27) = .09, p = .77 

dCA1 F (1, 32) = .49, p = .49 F (1, 32) = .08, p = .79 F (1, 32) = 18.79, p < .001 

dCA2 F (1, 32) = .51, p = .48 F (1, 32) = .15, p = .71 F (1, 32) = 9.58, p = .004 

dCA3 F (1, 32) = .38, p = .54 F (1, 32) = .02, p = .90 F (1, 32) = 19.85, p < .001 

dDG F (1, 35) = .28, p = .60 F (1, 35) = 2.03, p = .16 F (1, 35) = 1.38, p = .25 

vCA1 F (1, 32) = .02, p = .88 F (1, 32) = 3.37, p = .08 F (1, 32) = 2.26, p = .14 

vCA2 F (1, 32) = .10, p = .76 F (1, 32) = 1.70, p = .20 F (1, 32) = .30, p = .59 

vCA3 F (1, 31) = .002, p = .97 F (1, 31) = 1.36, p = .25 F (1, 31) = .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 (1, 32) = 2.49, p = .12 F (1, 32) = .25, p = .62 

 

Brain region stress × sex stress sex 

ACC F (1, 30) = 4.93, p = .034 F (1, 30) = .002, p = .97 F (1, 30) = .20, p = .65 

PL F (1, 32) = .11, p = .74 F (1, 32) = .31, p = .58 F (1, 30) = .19, p = .67 

IL F (1, 31) = .49, p = .49 F (1, 31) = .07, p = .80 F (1, 31) = .22, p = .65 

NAc (core) F (1, 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 F (1, 30) = 1.41, p = .24 F (1, 30) = .30, p = .59 

BLA F (1, 27) = .002, p = .97 F (1, 27) = .20, p = .66 F (1, 27) = 5.28, p = .030 

CeA F (1, 27) = 1.92, p = .18 F (1, 27) = .003, p = .96 F (1, 27) = 3.89, p = .06 

dCA1 F (1, 27) = 1.10, p = .30 F (1, 27) = .000, p = .99 F (1, 27) = .97, p = .33 

dCA2 F (1, 28) = .03, p = .86 F (1, 28) = 2.41, p = .13 F (1, 28) = 5.40, p = .034 

dCA3 F (1, 30) = .65, p = .43 F (1, 30) = .22, p = .64 F (1, 30) = 3.15, p = .09 

dDG F (1, 32) = .35, p = .56 F (1, 32) = .01, p = .91 F (1, 32) = .06, p = .81 

vCA1 F (1, 32) = 2.44, p = .13 F (1, 32) = 1.51, p = .23 F (1, 32) = 11.93, p = .002 

vCA2 F (1, 29) = 4.19, p = .049 F (1, 29) = 6.32, p = .02 F (1, 29) = 11.17, p = .002 

vCA3 F (1, 33) = .25, p = .62 F (1, 33) = 1.17, p = .68 F (1, 33) = 4.18, p = .05 

vDG F (1, 32) = .50, p = .48 F (1, 32) = 1.10, p = .30 F (1, 32) = .57, p = .46 

VTA F (1, 24) = 3.11, p = .10 F (1, 24) = .52, p = .48 F (1, 24) = .02, p = .88 
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Table 6. Statistical report of two-way ANOVA for MOR IHC analysis in morphine 

experiment.  

 

 

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

experiment. 

 

 
Brain region stress × drug stress drug 

ACC F (1, 43) = .17, p = .68 F (1, 43) = .02, p = .88 F (1, 43) = .06, p = .81 

PL F (1, 43) = .02, p = .96 F (1, 43) = .03, p = .86 F (1, 43) = .03, p = .86 

IL F (1, 43) = .004, p = .95 F (1, 43) = .33, p = .57 F (1, 43) = .02, p = .88 

NAc (core) F (1, 41) = 1.96, p = .17 F (1, 41) = .12, p = .73 F (1, 41) = 2.14, p = .15 

NAc (shell) F (1, 41) = .08, p = .78 F (1, 41) = .03, p = .86 F (1, 41) = .23, p = .88 

BLA F (1, 41) = .49, p = .49 F (1, 41) = .03, p = .86 F (1, 41) = 2.53, p = .12 

CeA F (1, 41) = .02, p = .88 F (1, 41) = .48, p = .49 F (1, 41) = 8.57, p = .006 

dCA1 F (1, 41) = .87, p = .36 F (1, 41) = .49, p = .49 F (1, 41) = 1.44, p = .24 

dCA2 F (1, 40) = .29, p = .60 F (1, 40) = .07, p = .80 F (1, 40) = 5.07, p = .03 

dCA3 F (1, 41) = .29, p = .59 F (1, 41) = 3.05, p = .09 F (1, 41) = 3.67, p = .06 

vCA1 F (1, 42) = .001, p = .99 F (1, 42) = .15, p = .70 F (1, 42) = 1.86, p = .18 

vCA2 F (1, 43) = .32, p = .58 F (1, 43) = .01, p = .93 F (1, 43) = 2.36, p = .13 

vCA3 F (1, 43) = .11, p = .75 F (1, 43) = .24, p = .63 F (1, 43) = 2.61, p = .11 

VTA F (1, 40) =  .18, p = .67 F (1, 40) = 3.49, p = .07 F (1, 40) = 1.39, p = .25 

 

Brain region stress × drug stress drug 

ACC F (1, 41) = .04, p = .85 F (1, 41) = .15, p = .70 F (1, 41) = .01, p = .91 

PL F (1, 41) = .06, p = .80 F (1, 41) = .05, p = .83 F (1, 41) = .34, p = .56 

IL F (1, 41) = .08, p = .78 F (1, 41) = .05, p = .83 F (1, 41) = .88, p = .35 

NAc (core) F (1, 44) = .26, p = .61 F (1, 44) = .36, p = .55 F (1, 44) = 1.70, p = .20 

NAc (shell) F (1, 43) = .31, p = .58 F (1, 43) = .09, p = .77 F (1, 43) = .95, p = .34 

BLA F (1, 42) = .02, p = .88 F (1, 42) = .35, p = .56 F (1, 42) = .01, p = .92 

CeA F (1, 41) = .30, p = .59 F (1, 41) = .01, p = .91 F (1, 41) = .31, p = .58 

dCA1 F (1, 42) = .03, p = .87 F (1, 42) = .01, p = .94 F (1, 42) = .02, p = .90 

dCA2 F (1, 42) = .23, p = .64 F (1, 42) = .15, p = .70 F (1, 42) = .01, p = .94 

dCA3 F (1, 42) = .30, p = .59 F (1, 42) = .001, p = .98 F (1, 42) = .004, p = .95 

vCA1 F (1, 44) = .002, p = .96 F (1, 44) = .35, p = .56 F (1, 44) = 1.76, p = .19 

vCA2 F (1, 44) = .02, p = .89 F (1, 44) = .56, p = .46 F (1, 44) = 2.21, p = .14 

vCA3 F (1, 44) = .57, p = .46 F (1, 44) = .06, p = .81 F (1, 44) = 3.78, p = .06 

VTA F (1, 36) = .03, p = .85 F (1, 36) = 1.18, p = .28 F (1, 36) = 2.20, p = .15 



 148 

 

 

 

 

 

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

data.   

 

 

 

DMN edge one sample t-
test 

DMN edge one sample t-
test 

DMN edge one sample t-
test 

DMN edge one sample t-
test 

DMN edge one sample t-
test 

DMN edge one sample t-
test 

DMN edge one sample t-
test 

Au-dCA1 
 

t (15) = 15,  
p= 5.1 × 10-10 

dCA1-CA2 t (15) = 20.30,  
p= 8.7 × 10-12 

CA2-ACC t (15) = -4.28,  
p= .0007 

dCA3- PL t (15) = -0.74,  
p= .46 

ACC- TC t (15) = -1.82,  
p= .08 

mOFC- cRSC t (15) = 1.02,  
p= .32 

PC- TC t (15) = 1.21,  
p= .24 

Au-CA2 
 

t (15) = 13.04,  
p= 3.2× 10-9 

dCA1-dCA3 t (15) = 10.04,  
p= 8.8 × 10-8 

CA2- lOFC t (15) = 0.18,  
p= .85 

dCA3- PC t (15) = 6.91,  
p= 7.1 × 10-6 

ACC- V2 t (15) = -2.46,  
p= .02 

mOFC- rRSC t (15) = -2.21,  
p= .04 

PC- V2 t (15) = 5.43,  
p= 8.9 × 10-5 

Au-dCA3 t (15) = 8.73,  
p= 4.8× 10-7 

dCA1- ACC t (15) = -3.31,  
p= .005 

CA2- mOFC t (15) = 0.09,  
p= .92 

dCA3- cRSC t (15) = 4.42,  
p= .0005 

ACC- vOFC t (15) = 2.20,  
p= .04 

mOFC- TC t (15) = 1.27,  
p= .22 

PC-vOFC t (15) = 1.06,  
p= .30 

Au-ACC t (15) = -2.93,  
p= .01 

dCA1-lOFC t (15) = 0.78,  
p= .44 

CA2- PL t (15) = 0.56,  
p= .57 

dCA3- rRSC t (15) = 9,  
p= 3.4 × 10-7 

lOFC- mOFC t (15) = 13.94,  
p= 1.3 × 10-9 

mOFC- V2 t (15) = 0.48,  
p= .63 

cRSC- rRSC t (15) = -1.43,  
p= .17 

Au- lOFC t (15) = 0.93,  
p= .36 

dCA1- mOFC t (15) = 0.54,  
p= .59 

CA2- PC t (15) = 9,  
p= 3.4 × 10-7 

dCA3- TC t (15) = 0.44,  
p= .66 

lOFC- PL t (15) = 15.74,  
p= 2.7 × 10-10 

mOFC- vOFC t (15) = 10.47,  
p= 5.2 × 10-8 

cRSC- TC t (15) = 11.38,  
p= 1.8 × 10-8 

Au—mOFC t (15) = 0.74,  
p= .46 

dCA1- PL t (15) = 0.69,  
p= .49 

CA2- cRSC t (15) = 8.53,  
p= 6.4 × 10-7 

dCA3- V2 t (15) = 2.82,  
p= .01 

lOFC- PC t (15) = 1.22,  
p= .23 

PL- PC t (15) = 1.58,  
p= .13 

cRSC- V2 t (15) = 30.03,  
p= 4.1 × 10-14 

Au- PL t (15) = 0.92,  
p= .37 

dCA1- PC t (15) = 9.72,  
p= 1.3 × 10-7 

CA2- rRSC t (15) = 0.14,  
p= .88 

dCA3- vOFC t (15) = 0.35,  
p= .72 

lOFC- cRSC t (15) = 1.41,  
p= .17 

PL- cRSC t (15) = 1.26,  
p= .22 

cRSC- vOFC t (15) = 1.58,  
p= .13 

Au-PC t (15) = 10.99,  
p= 2.8 × 10-8 

dCA1- cRSC t (15) = 12,  
p= 9.3 × 10-9 

CA2- TC t (15) = 2.10,  
p= .05 

ACC-lOFC t (15) = 2.30,  
p= .03 

lOFC- rRSC t (15) = -1.17,  
p= .25 

PL- rRSC t (15) = -2.03,  
p= .06 

rRSC- TC t (15) = -0.57,  
p= .57 

Au- cRSC t (15) = 15.02,  
p= 5 × 10-10 

dCA1- rRSC t (15) = -0.07,  
p= .93 

CA2- V2 t (15) = 5.94,  
p= 3.6 × 10-5 

ACC-mOFC t (15) = 0.51,  
p= .61 

lOFC- TC t (15) = 1.75,  
p= .10 

PL- TC t (15) = 0.76,  
p= .45 

rRSC- V2 t (15) = -2.18,  
p= .04 

Au- rRSC t (15) = -0.83,  
p= .41 

dCA1- TC t (15) = 2.38,  
p= .03 

CA2- vOFC t (15) = -0.66,  
p= .51 

ACC-PL t (15) = 5.50,  
p= 7.7 × 10-5 

lOFC- V2 t (15) = 1.01,  
p= .32 

PL- V2 t (15) = 0.70,  
p= .48 

rRSC- vOFC t (15) = -0.70,  
p= .49 

Au- TC t (15) = 5.29,  
p= .0001 

dCA1- V2 t (15) = 8.95,  
p= 3.6 × 10-7 

dCA3-ACC t (15) = -8.91,  
p= 3.81 × 10-7 

ACC-PC t (15) = -2.52,  
p= .02 

lOFC- vOFC t (15) = 44.87,  
p= 1.6 × 10-16 

PL- vOFC t (15) = 18.09,  
p= 4.2 × 10-11 

TC- V2 t (15) = 18.58,  
p= 2.9 × 10-11 

Au- V2 t (15) = 11.28,  
p= 2 × 10-8 

dCA1- vOFC t (15) = 0.81,  
p= .42 

dCA3- lOFC t (15) = -0.15,  
p= .88 

ACC- cRSC t (15) = -2.37,  
p= .03 

mOFC- PL t (15) = 4.17,  
p= .0009 

PC- cRSC t (15) = 6.49,  
p= 1.4 × 10-5 

TC- vOFC t (15) = 1.45,  
p= .16 

Au- vOFC t (15) = 0.99,  
p= .33 

CA2-dCA3 t (15) = 14.97,  
p= 5.2 × 10-10 

dCA3- mOFC t (15) = -0.15,  
p= .87 

ACC-rRSC t (15) = -5.62,  
p= 6.3 × 10-5 

mOFC- PC t (15) = 1.14,  
p= .26 

PC- rRSC t (15) = 1.41,  
p= .18 

V2-vOFC t (15) = 0.82,  
p= .42 

A.2 Chapter 4 Supplementary Data 

 

DMN edge one sample t-
test 

DMN edge one sample t-
test 

DMN edge one sample t-
test 

DMN edge one sample t-
test 

DMN edge one sample t-
test 

DMN edge one sample t-
test 

DMN edge one sample t-
test 

Au-dCA1 
 

t (31) = 29.28,  
p= 3.03 × 10-19 

dCA1-CA2 t (31) = 27.98,  
p= 4.7 × 10-23 

CA2-ACC t (31) = -7.25,  
p= 4.5 × 10-8 

dCA3- PL t (31) = -4.75,  
p= 4.7 × 10-5 

ACC- TC t (31) = -3.42,  
p= .001 

mOFC- cRSC t (31) = 2.36,  
p= .24 

PC- TC t (31) = 2.78,  
p= .009 

Au-CA2 
 

t (31) = 20.58,  
p= 3.03× 10-19 

dCA1-dCA3 t (31) = 17.27,  
p= 3.9 × 10-17 

CA2- lOFC t (31) = -0.81,  
p= .42 

dCA3- PC t (31) = 8.84,  
p= 7.3 × 10-10 

ACC- V2 t (31) = -5.57,  
p= 4.6 × 10-6 

mOFC- rRSC t (31) = -0.58,  
p= .57 

PC- V2 t (31) = 5.31,  
p= 9.4 × 10-6 

Au-dCA3 t (31) = 11.81,  
p= 8.3× 10-13 

dCA1- ACC t (31) = -7.27,  
p= 4.3 × 10-8 

CA2- mOFC t (31) = 0.99,  
p= .32 

dCA3- cRSC t (31) = 4.32,  
p= .0001 

ACC- vOFC t (31) = 6.87,  
p= 1.2 × 10-7 

mOFC- TC t (31) = 3.82,  
p= .0006 

PC-vOFC t (31) = -0.17,  
p= .85 

Au-ACC t (31) = -7.61,  
p= 1.7 × 10-8 

dCA1-lOFC t (31) = -0.15,  
p= .88 

CA2- PL t (31) = -2.25,  
p= .03 

dCA3- rRSC t (31) = 8.64,  
p= 1.2 × 10-9 

lOFC- mOFC t (31) = 15.83,  
p= 4.1 × 10-16 

mOFC- V2 t (31) = 2.94,  
p= .006 

cRSC- rRSC t (31) = -2.38,  
p= .023 

Au- lOFC t (31) = -0.81,  
p= .42 

dCA1- mOFC t (31) = 1.99,  
p= .06 

CA2- PC t (31) = 9.40,  
p= 1.9 × 10-10 

dCA3- TC t (31) = -0.83,  
p= .40 

lOFC- PL t (31) = 18.01,  
p= 1.2 × 10-17 

mOFC- vOFC t (31) = 12.99,  
p= 7.4 × 10-14 

cRSC- TC t (31) = 18.22,  
p= 8.9 × 10-18 

Au—mOFC t (31) = 1.73,  
p= .09 

dCA1- PL t (31) = -1.74,  
p= .09 

CA2- cRSC t (31) = 10.99,  
p= 4.8 × 10-12 

dCA3- V2 t (31) = 4.50,  
p= 9.3 × 10-6 

lOFC- PC t (31) = 0.05,  
p= .95 

PL- PC t (31) = -1.34,  
p= .18 

cRSC- V2 t (31) = 55.18,  
p= 1 × 10-32 

Au- PL t (31) = -2.73,  
p= .01 

dCA1- PC t (31) = 9.76,  
p= 8 × 10-11 

CA2- rRSC t (31) = -1.24,  
p= .22 

dCA3- vOFC t (31) = -2.23,  
p= .03 

lOFC- cRSC t (31) = 0.11,  
p= .90 

PL- cRSC t (31) = -2.04,  
p= .05 

cRSC- vOFC t (31) = -0.26,  
p= .79 

Au-PC t (31) = 8.92,  
p= 6.1 × 10-10 

dCA1- cRSC t (31) = 18.38,  
p= 7 × 10-18 

CA2- TC t (31) = 3.19,  
p= .003 

ACC-lOFC t (31) = 7.05,  
p= 7.6 × 10-8 

lOFC- rRSC t (31) = -4.64,  
p= 6.3 × 10-5 

PL- rRSC t (31) = -5.08,  
p= 1.9 × 10-5 

rRSC- TC t (31) = -2.28,  
p= .03 

Au- cRSC t (31) = 21.74,  
p= 6.4 × 10-20 

dCA1- rRSC t (31) = -1.24,  
p= .22 

CA2- V2 t (31) = 10.43,  
p= 1.7 × 10-11 

ACC-mOFC t (31) = 1.02,  
p= .31 

lOFC- TC t (31) = 0.95,  
p= .34 

PL- TC t (31) = -1.03,  
p= .31 

rRSC- V2 t (31) = -3.7,  
p= .0008 

Au- rRSC t (31) = -2.78,  
p= .009 

dCA1- TC t (31) = 5.07,  
p= 1.9 × 10-5 

CA2- vOFC t (31) = -0.47,  
p= .63 

ACC-PL t (31) = 16.94,  
p= 6.6 × 10-17 

lOFC- V2 t (31) = 0.22,  
p= .82 

PL- V2 t (31) = -2.04,  
p= .05 

rRSC- vOFC t (31) = -4.88,  
p= 3.2 × 10-5 

Au- TC t (31) = 9.64,  
p= 1.1 × 10-10 

dCA1- V2 t (31) = 16.57,  
p= 1.2 × 10-16 

dCA3-ACC t (31) = -10.38,  
p= 1.9 × 10-11 

ACC-PC t (31) = -3.37,  
p= .002 

lOFC- vOFC t (31) = 65.72,  
p= 5.5 × 10-34 

PL- vOFC t (31) = 19.81,  
p= 8.7 × 10-19 

TC- V2 t (31) = 25.33,  
p= 8.2 × 10-22 

Au- V2 t (31) = 22.78,  
p= 1.7 × 10-20 

dCA1- vOFC t (31) = 0.16,  
p= .87 

dCA3- lOFC t (31) = -2.81,  
p= .009 

ACC- cRSC t (31) = -5.19,  
p= 1.3 × 10-5 

mOFC- PL t (31) = 4.03,  
p= .0003 

PC- cRSC t (31) = 5.78,  
p= 2.5 × 10-6 

TC- vOFC t (31) = 0.73,  
p= .46 

Au- vOFC t (31) = -0.55,  
p= .59 

CA2-dCA3 t (31) = 18.22,  
p= 8.9 × 10-18 

dCA3- mOFC t (31) = 0.488,  
p= .62 

ACC-rRSC t (31) = -6.78,  
p= 1.6 × 10-7 

mOFC- PC t (31) = 1.56,  
p= .12 

PC- rRSC t (31) = 3.79,  
p= .0006 

V2-vOFC t (31) = -0.09,  
p= .92 

Table 8. Statistical report of one-sample t-tests for DMN edges in the pre-scan data 
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Table 10. Statistical report of one-sample t-tests for DMN edges in the post-SPS data 

 

 

 

 

DMN edge one sample t-
test 

DMN edge one sample t-
test 

DMN edge one sample t-
test 

DMN edge one sample t-
test 

DMN edge one sample t-
test 

DMN edge one sample t-
test 

DMN edge one sample t-
test 

Au-dCA1 
 

t (15) = 10.92,  
p= 1.54 × 10-8 

dCA1-CA2 t (15) = 8.85,  
p= 2.41× 10-7 

CA2-ACC t (15) = -6.55,  
p= 9.09 × 10-6 

dCA3- PL t (15) = -1.82,  
p= .08 

ACC- TC t (15) = -4.50,  
p= .0004 

mOFC- cRSC t (15) = -1.48,  
p= .15 

PC- TC t (15) = 0.66,  
p= .51 

Au-CA2 
 

t (15) = 15.10,  
p= 1.7× 10-10 

dCA1-dCA3 t (15) = 9.12,  
p= 1.64 × 10-7 

CA2- lOFC t (15) = -1.09,  
p= .28 

dCA3- PC t (15) = 5.10,  
p= .0001 

ACC- V2 t (15) = -7.68,  
p= 1.4 × 10-6 

mOFC- rRSC t (15) = -1.64,  
p= .12 

PC- V2 t (15) = 7.30,  
p= 2.5 × 10-6 

Au-dCA3 t (15) = 11.45,  
p= 8.19× 10-9 

dCA1- ACC t (15) = -5.89,  
p= 2.9 × 10-5 

CA2- mOFC t (15) = -0.99,  
p= .33 

dCA3- cRSC t (15) = 3.89,  
p= .001 

ACC- vOFC t (15) = 6.06,  
p= 2.1 × 10-5 

mOFC- TC t (15) = -2.29,  
p= .03 

PC-vOFC t (15) = -0.67,  
p= .50 

Au-ACC t (15) = -5,  
p= .0001 

dCA1-lOFC t (15) = -1.72,  
p= .10 

CA2- PL t (15) = -1.30,  
p= .21 

dCA3- rRSC t (15) = 7.36,  
p= 2.3 × 10-6 

lOFC- mOFC t (15) = 30.81,  
p= 6.5 × 10-15 

mOFC- V2 t (15) = -1.39,  
p= .18 

cRSC- rRSC t (15) = -1.65,  
p= .11 

Au- lOFC t (15) = -1.45,  
p= .16 

dCA1- mOFC t (15) = -0.78,  
p= .44 

CA2- PC t (15) = 10.95,  
p= 1.4 × 10-8 

dCA3- TC t (15) = 0.96,  
p= .35 

lOFC- PL t (15) = 34.65,  
p= 9.8 × 10-16 

mOFC- vOFC t (15) = 16.20,  
p= 6.4 × 10-11 

cRSC- TC t (15) = 13,  
p= 1.4 × 10-9 

Au—mOFC t (15) = -1.02,  
p= .32 

dCA1- PL t (15) = -2.44,  
p= .02 

CA2- cRSC t (15) = 7.46,  
p= 2 × 10-6 

dCA3- V2 t (15) = 4.94,  
p= .0001 

lOFC- PC t (15) = -0.22,  
p= .82 

PL- PC t (15) = -0.03,  
p= .97 

cRSC- V2 t (15) = 36,  
p= 5.5 × 10-16 

Au- PL t (15) = -1.69,  
p= .11 

dCA1- PC t (15) = 9.57,  
p= 8.8 × 10-8 

CA2- rRSC t (15) = -0.40,  
p= .69 

dCA3- vOFC t (15) = -0.93,  
p= .36 

lOFC- cRSC t (15) = -1.54,  
p= .14 

PL- cRSC t (15) = -1.05,  
p= .30 

cRSC- vOFC t (15) = -1.75,  
p= .10 

Au-PC t (15) = 12.26,  
p= 3.2 × 10-9 

dCA1- cRSC t (15) = 9.34,  
p= 1.2 × 10-7 

CA2- TC t (15) = 0.56,  
p= .58 

ACC-lOFC t (15) = 5.91,  
p= 2.8 × 10-5 

lOFC- rRSC t (15) = -2.08,  
p= .05 

PL- rRSC t (15) = -2.42,  
p= .02 

rRSC- TC t (15) = 0.04,  
p= .96 

Au- cRSC t (15) = 13.37,  
p= 9.6 × 10-10 

dCA1- rRSC t (15) = -0.71,  
p= .48 

CA2- V2 t (15) = 6.16,  
p= 1.8 × 10-5 

ACC-mOFC t (15) = 5.63,  
p= 4.7 × 10-5 

lOFC- TC t (15) = -1.55,  
p= .14 

PL- TC t (15) = -1.25,  
p= .22 

rRSC- V2 t (15) = -1.35,  
p= .19 

Au- rRSC t (15) = -0.87,  
p= .39 

dCA1- TC t (15) = 1.46,  
p= .16 

CA2- vOFC t (15) = -0.90,  
p= .37 

ACC-PL t (15) = 6.74,  
p= 6.5 × 10-6 

lOFC- V2 t (15) = -1.35,  
p= .19 

PL- V2 t (15) = -1.38,  
p= .18 

rRSC- vOFC t (15) = -1.76,  
p= .09 

Au- TC t (15) = 5.49,  
p= 6.12 × 10-5 

dCA1- V2 t (15) = 9.41,  
p= 1.1 × 10-7 

dCA3-ACC t (15) = -8.33,  
p= 5.1 × 10-7 

ACC-PC t (15) = -2.56,  
p= .02 

lOFC- vOFC t (15) = 41.22,  
p= 7.4 × 10-17 

PL- vOFC t (15) = 25.98,  
p= 6.9 × 10-14 

TC- V2 t (15) = 11.38,  
p= 8.8 × 10-9 

Au- V2 t (15) = 15.39,  
p= 1.34 × 10-10 

dCA1- vOFC t (15) = -1.52,  
p= .14 

dCA3- lOFC t (15) = -1.72,  
p= .10 

ACC- cRSC t (15) = -7.94,  
p= 9.4 × 10-7 

mOFC- PL t (15) = 12.40,  
p= 2.7 × 10-9 

PC- cRSC t (15) = 9.09,  
p= 1.7 × 10-7 

TC- vOFC t (15) = -1.65,  
p= .11 

Au- vOFC t (15) = -1.34,  
p= .19 

CA2-dCA3 t (15) = 16.53,  
p= 4.8 × 10-11 

dCA3- mOFC t (15) = -1.86,  
p= .08 

ACC-rRSC t (15) = -3.50,  
p= .003 

mOFC- PC t (15) = -0.09,  
p= .92 

PC- rRSC t (15) = 3.15,  
p= .006 

V2-vOFC t (15) = -1.54,  
p= .14 
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