
1 

INVESTIGATING VULNERABILITY TO TRAUMATIC STRESS AND 

SUSCEPTIBILITY TO ETHANOL CONSUMPTION AND SUBSEQUENT 

NEUROCHEMICAL CHANGES 

A Dissertation 

Submitted to 

the Temple University Graduate Board 

In Partial Fulfillment 

Of the Requirements for the Degree 

DOCTOR OF PHILOSOPHY 

By 

Ray R. Denny 

May 2021 

Examining Committee Members: 

Ellen M. Unterwald PhD, Advisory Chair, Department of Pharmacology 

Lynn Kirby PhD, Department of Anatomy and Cell Biology 

Scott M. Rawls PhD, Department of Pharmacology 

Stephanie Sillivan PhD, Department of Anatomy and Cell Biology 

Debra Bangasser PhD, External Member, Department of Psychology 



ii 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

© 

Copyright 

2021 

 

by 

 

Ray R. Denny 

All Rights Reserved 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



iii 
 

ABSTRACT 

Post-traumatic stress disorder (PTSD) is initiated by traumatic-stress exposure and 

manifests into a collection of symptoms including increased anxiety, sleep disturbances, 

enhanced response to triggers, and increased sympathetic nervous system arousal. PTSD 

often co-occurs with alcohol use disorder. Only some individuals experiencing traumatic 

stress develop PTSD and a subset of individuals with PTSD develop co-occurring alcohol 

use disorder. Both men and women are at risk to develop PTSD and co-occurring alcohol 

use disorder when exposed to a traumatic event. Age at which the traumatic event 

occurred is also a major factor in developing PTSD and co-occurring alcohol use 

disorder. If exposure occurs during childhood or adolescence, individuals may be more 

resilient to these stresses compared to older individuals. Factors including sex and age 

have shown individual differences in developing PTSD and co-occurring alcohol use 

disorder and severity of disorders. However, what factors following traumatic stress 

exposure that predict resilience or vulnerability remain unknown. To investigate the basis 

of the individual responses to traumatic stress, single prolonged stress (SPS) a validated 

rodent model of traumatic stress was applied to young adult male and female rats and 

adolescent female rats. Individual behavioral responses to traumatic stress were 

characterized using anxiety-like behaviors with open field and elevated plus maze tests, 

fear-like behaviors with cue-reactivity, and depression-like behaviors with the forced 

swim test. Ethanol consumption following traumatic stress or control handling was 

measured by allowing individual rats to self-administer ethanol using an intermittent two 

bottle choice procedure for 8 weeks. Correlations within age and sex were used to 

determine which behavioral factors were predictive of ethanol consumption. Results 
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demonstrate that different behavioral endpoints were predictive of subsequent drinking in 

males and females, and in adult and adolescent groups. Fear-like behavior was predictive 

of drinking in young adult males. Depression-like behavior was predictive of adolescent 

female ethanol consumption. Anxiety-like behavior was predictive of ethanol drinking in 

young adult females. These results indicate that resilience and vulnerability manifest 

differently after traumatic stress exposure depending on age and biological sex.  

 Young adult females were further analyzed using an artificial intelligence algorithm 

that was developed to predict resilient and vulnerable individuals based on data from 

anxiety testing and ethanol consumption. Using the algorithm with the factors of time in 

center on the open field test and open arm entries on the elevated plus maze revealed that 

the population consisted of 3 groups with 24% classified as resilient and 41% classified 

as susceptible to high ethanol drinking.  The artificial intelligence model was 

implemented in a second experiment to identify resilient and vulnerable adult female rats 

before ethanol exposure. Using the resilient and vulnerable animals identified from the 

artificial intelligence algorithm, analyses of neuropeptide Y (NPY) and its receptors Y1 

and Y2 in the central nucleus of the amygdala (CeA), basolateral amygdala (BLA), and 

bed nucleus stria terminalis (BNST) were performed. The CeA, BLA, and BNST are 

important regions for PTSD and co-occurring alcohol use disorder. Results demonstrate 

that resilient rats had higher expression of Y2 mRNA in the CeA compared with 

vulnerable and control rats. In the BLA, the vulnerable rats had higher levels of Y1 

compared to controls. In the BNST, NPY was elevated in resilient animals compared to 

controls. The results of the study show that an artificial intelligence algorithm can 

identify individual differences in response to traumatic stress and subsequent ethanol 
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drinking, and the NPY pathway is differentially altered following traumatic stress 

exposure in resilient and vulnerable populations. Understanding neurochemical 

alterations following traumatic-stress exposure is critical in developing prevention 

strategies for the vulnerable phenotype and will help further development of novel 

therapeutic approaches for individuals suffering from PTSD and alcohol use disorder. 
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CHAPTER 1. INTRODUCTION 

Post-traumatic stress disorder (PTSD) is a debilitating condition initiated by 

traumatic stress exposure. It is marked by a constellation of symptoms including indelible 

memories and heightened sympathetic nervous system arousal (Atwoli et al., 2015). In 

the United States 60% of males and 50% of females are exposed to at least one traumatic 

stress during their lifetime (Kessler et al., 1995). However, of these individuals only 15-

30% go on to develop PTSD (Kessler et al., 1995). While males are exposed to more 

traumatic events during their lifetimes, women have a greater incidence of PTSD 

(Kessler et al., 1995). There is a 2:1 female to male ratio of individuals with PTSD 

(Kessler et al., 1995).    

PTSD is highly co-occurring with other disorders including alcohol use disorder 

(Kessler et al., 1997), and the rates of co-occurrence vary depending on factors such as 

sex, age, military/civilian, and location (for review see Gilpin and Weiner, 2017). 

American veterans diagnosed with PTSD are 3-4.5 times more likely to have a co-

occurring AUD (Seal et al., 2011; Carter et al., 2011).  PTSD usually precedes the 

development of an AUD, and when PTSD and AUD present together, individuals have 

worse outcomes and report more severe symptomologies of both disorders compared to 

individuals with only PTSD or AUD (Seal et al., 2011; Carter et al., 2011).   

Sex differences in the incidence of PTSD and co-occurring AUD exist. Women 

are more likely to develop an AUD during the same year as they developed PTSD than 

men (Kessler et al., 1997; McCauley et al., 2012).  Women show higher levels of 
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excessive drinking after a traumatic-event exposure than men (Olff et al., 2007). 

Specifically, women with traumatic stress related symptoms like dissociation and 

intrusive memories tend to consume higher levels of alcohol to manage symptoms. The 

average alcohol intake in women with PTSD is significantly associated with coping 

motives whereas it is not a significant indicator for men (Lehavot et al., 2014). In both 

men and women, PTSD symptomology is linked to drinking-to-cope behaviors. Men and 

women that report higher levels of drinking to cope have significantly worse PTSD and 

AUD symptoms compared to men and women that have lower levels of drinking to cope. 

Interestingly, only men who reported higher motivation to drink to relieve symptoms had 

worse PTSD and AUD symptoms; this association was not significant for women in the 

study (Lehavot et al., 2014).  

Age and sex interactions with PTSD and alcohol also exist. Females are generally 

exposed to traumatic events at younger ages compared to males (Olff et al., 2007). The 

age discrepancy between males and females may increase the risk of females developing 

PTSD. During adolescence, females are 3 times more likely to have a PTSD diagnosis 

than males (McLaughlin et al., 2013). Females exposed to trauma under the age of 16 are 

11.4 times more likely to develop PTSD than similarly exposed males and this difference 

is statistically significant (Breslau et al., 1997). 

Sex differences in men and women diagnosed with PTSD are present due to 

different neurobiological mechanisms and PTSD is expressed differently across men and 

women as shown by different pathophysiology, emotional and cognitive responses (for 

review see Pineles et al., 2017). Pathways that are affected differently by stressors in 

males versus females include corticotrophin releasing factor (CRF), neuropeptide Y 
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(NPY), glucocorticoid negative feedback, and response to stimuli in the corticolimbic 

brain region (Bangasser and Valentino, 2014; Rasmusson and Friedman, 2002). The 

neuropeptide Y pathway is altered in adolescent male rats upon ethanol exposure. 

Adolescent rats exposed to intermittent ethanol have lower NPY protein in the CeA and 

medial nucleus of the amygdala (Kokare et al., 2017). Additionally, lower levels of 

H3K9/14 acetylation of the NPY promotor region are seen in the amygdala of alcohol 

exposed rats compared to controls (Kokare et al., 2017). 

Many useful animal models of PTSD exist, one of which is single prolonged 

stress (SPS) (Cohen et al., 2011; Zoladz et al., 2012; Enman et al., 2015). SPS 

recapitulates PTSD symptomology which is marked by increased negative feedback in 

the hypothalamic-pituitary axis (HPA), and increased anxiety and fear behaviors [for 

review see Daskalakis et al., 2014]. Male and female rats respond differently to SPS 

(Pooley et al., 2018; Keller et al., 2015). Female rats have lower fear retention and 

enhanced cFos and glucocorticoid receptor expression measured via 

immunohistochemistry compared to males (Pooley et al., 2018). Unlike male rats, female 

rats show higher glucocorticoid receptor levels in the dorsal hippocampus and no fear 

extinction deficits following SPS (Keller et al., 2015). Both rats exposed to a traumatic 

stress (predator odor or SPS) and humans with PTSD have enhanced dexamethasone 

suppression tests and higher levels of corticosterone or cortisone respectively (Yehuda et 

al., 1993; Starcevic et al., 2016). Similar to humans where only a subset of traumatic-

stress exposed individuals develops PTSD and co-occurring alcohol abuse, only a subset 

of rats exposed to SPS develop a robust phenotype (Edwards et al., 2013; Manjoch et al., 

2016).  
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Both clinical and preclinical literature presented above indicates a wide range of 

individual phenotypes after traumatic stress exposure that can lead to developing PTSD 

and co-occurring alcohol use disorder. It is currently unknown what factors predict 

enhanced ethanol consumption following traumatic stress exposure in males and females 

and how age may play a role. For this dissertation research, it was hypothesized that 

specific behavioral phenotypes after traumatic stress exposure (SPS) would predict future 

voluntary ethanol consumption using an intermittent ethanol two bottle choice procedure. 

The first aim of this dissertation was to investigate if rats displaying high SPS-

vulnerability have higher voluntary ethanol consumption compared to rats displaying 

SPS-resilience and non-stressed control rats. A novel artificial intelligence analytical 

method was implemented to forecast these individual differences in adult female rats. 

In addition to behavioral differences between individuals that may arise after 

traumatic stress exposure, it was hypothesized that neurobiological alterations in response 

to SPS exposure would also differ between individuals.  Neurobiological mechanisms 

that may underlie differences in individual susceptibility to ethanol consumption after 

exposure to traumatic stressors are a major consideration of this study. Neuropeptide Y 

has been linked to PTSD (Sah et al., 2009; Sah et al., 2014; Rasmusson et al., 2010; 

Yehuda et al., 2006).  The second aim of the dissertation was to test the hypothesis that 

NPY will be lower in vulnerable animals compared to resilient and control rats. NPY has 

been shown to buffer highly stressful stimuli by increasing resiliency to traumatic-stress 

exposure (Wu et al., 2013). Humans with PTSD have lower levels of NPY compared to 

controls in both cerebrospinal fluid (CSF) and plasma (Sah et al., 2009; Sah et al., 2014; 

Rasmusson et al., 2010; Yehuda et al., 2006). Further, when PTSD goes into remission, 
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NPY levels recover (Yehuda et al., 2006). Importantly, promising results have been 

obtained from clinical trials suggesting that intranasal NPY can reduce anxiety in PTSD 

patients (Sayed et al., 2018).  In animal models of traumatic stress, NPY intranasal 

administration as an early intervention prevents development of PTSD-like symptoms in 

male rats (Serova et al., 2013; Laukovaet al., 2014; Sabban et al., 2015).   

NPY has also been associated with ethanol consumption. Administration or 

overexpression of NPY decreases ethanol intake in humans and rodents (Mayfeild et al., 

2002; Badia-Elder et al., 2001; Thorsell et al., 2005; Thorsell et al., 2000). NPY binds to 

Y1, Y2, Y4, Y5, and Y6 receptor subtypes with equal binding affinity (Michel et al., 

1998).  In the central nervous system, Y1 and Y2 are the most predominantly expressed 

receptors with Y1 receptors located on post-synaptic dendrites and Y2 receptors located 

on pre-synaptic terminals. As such, Y2 receptors are inhibitory to the release of NPY, 

glutamate or GABA depending on the cell type. In general, Y1 receptor activation 

produces anxiolytic effects, whereas Y2 receptor agonists are anxiogenic (for review see 

Tasan et al., 2016). Y1 and Y2 receptors are found in regions of the amygdala and 

extended amygdala including the basolateral amygdala (BLA), central nucleus of the 

amygdala (CeA), and bed nucleus stria terminalis (BNST; Mackay et al., 2019; Wood et 

al., 2016; Tasan et al., 2016). These regions were chosen for study in this dissertation 

research because they are critical for fear- and anxiety-related behaviors and ethanol 

consumption (Langevin et al., 2016; Gilpin et al., 2015; Hawley et al., 2010; and Pleil et 

al., 2015). 

The goals of this research were to, first, develop a method to reliably forecast 

which individual rats would consume greater amounts of ethanol following SPS 
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exposure, based on their behavioral phenotype. The factors used to predict subsequent 

ethanol consumption were also used to determine similarities and differences that 

traumatic stress has during adolescence compared to young adulthood and also in males 

and females. The second goal of this study was to use this classification to investigate 

levels of NPY and its receptors in brain regions associated with processing fear stimuli, 

anxiety, and ethanol consumption in rats predicted to be resilient or vulnerable to 

heightened ethanol consumption following traumatic stress exposure, but prior to 

exposure to ethanol. The second goal was investigated using young adult females only. 

As women are twice as likely as men to have PTSD and use ethanol as a significant 

coping mechanism (Lehavot et al., 2014), female rats were selected for the completion of 

the second aim of this study. Results are presented herein that demonstrate that an 

artificial intelligence algorithm can reliably identify individuals based on anxiety-like 

behaviors after traumatic stress exposure that go on to consume higher or lower amounts 

of ethanol, and that these populations have differences in NPY in the amygdala and 

extended amygdala in young adult females. In young adult males fear-like behavior was 

correlated with ethanol consumption after traumatic stress exposure and in adolescent 

female’s depression-like behavior was predictive of ethanol consumption.  
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CHAPTER 2. BEHAVIORAL FACTORS AFTER TRAUMATIC STRESS OR 

CONTROL HANDLING THAT PREDICT SUBSEQUENT ETHANOL 

CONSUMPTION IN YOUNG ADULT MALE RATS 

2.1 Introduction 

In the United States, 60% of men are exposed to traumatic events during their 

lifetimes. Men are also more likely to be exposed to multiple traumatic events compared 

to women (Stein et al., 1997, 55% of men and 46% of women).  A major symptom of 

PTSD is enhanced fear response. Fear of anxiety, which is the fear of experiencing 

anxiety symptoms, is a significant predictor of severity of PTSD symptoms in men but 

not women (Reuther et al., 2010). According to social processing theory, fear is the basis 

of PTSD development (Tolin & Foa, 2002). A study found significant biological sex 

differences in response to traumatic stress exposure (Tolin & Foa, 2002). Male Sprague-

Dawley rats that were exposed to SPS showed a significantly enhanced acoustic startle 

response compared to controls, however females exposed to SPS did not show a 

significant difference in acoustic startle response compared to controls (Pooley et al., 

2018). These data indicate that fear behavior is expressed differently in males and 

females after traumatic stress exposure, whereby fear is manifested after exposure to 

traumatic stress in male rats only. 

 PTSD and alcohol use disorder (AUD) are commonly co-occurring. A high 

proportion of men exposed to traumatic stress are vulnerable to developing both PTSD 

and AUD. Men are more likely to suffer from AUD than women (Johnson et al., 2011). 

About 30-50% of men with an AUD also have co-occurring PTSD (Read et al., 2004). In 

treatment seeking individual’s with PTSD, AUD co-occurs 85% of the time (Baker et al., 
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2009). In male and female American veterans, PTSD has an increased association of 3-

4.5 times with AUD (Seal et al., 2011; Carter et al., 2011). When individuals have both 

PTSD and AUD, their symptomology of both disorders are significantly worse than 

individuals with PTSD or AUD alone (Seal et al., 2011; Carter et al., 2011). Individuals 

with co-occurring PTSD and AUD are likely to seek treatment. However, currently there 

is no specific treatment option for people with these disorders when presented together 

(Ralevski et al., 2014). There is a large need to develop efficacious treatments for 

individuals with PTSD and AUD. 

 There are sex differences in the neurobiological contributors to PTSD and AUD. 

Specifically males and females have different corticotrophin releasing factor (CRF), 

neuropeptide Y, glucocorticoid negative feedback, and response to stimuli in the 

corticolimbic brain region (Bangasser and Valentino, 2014; Rasmusson and Friedman, 

2002). Sex differences in male and females (such as neurobiological mechanism, 

emotional and cognitive response) may be present due to differential neurobiological 

mechanisms (Pineles et al., 2017). Physiologically, men tend to have a sensitized 

hyperarousal system compared to women. PTSD is associated with hyperactivity in the 

amygdala, hypoactivity in the ventromedial prefrontal cortex, and functional connectivity 

deficits between the ventromedial prefrontal cortex and the amygdala (Olff, 2017). The 

diminished input from the prefrontal cortex to the amygdala could explain the enhanced 

fear response in PTSD (Olff, 2017). A study found in male PTSD patients that a single 

administration of oxytocin increased inhibitor control over this pathway in men (Frijling, 

2017). Specifically, this study found that single and multiple administrations of oxytocin 

intranasally after a traumatic stress exposure significantly decreased subsequent severity 
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of PTSD symptoms. Symptom severity was assessed with the Trauma Screening 

Questionnaire and oxytocin administration was most effective for individuals with high 

PTSD severity after a traumatic stress exposure. Sex differences exist for PTSD and co-

occurring AUD. Men and women that report higher levels of drinking to cope have 

significantly worse PTSD and AUD symptoms compared to men and women that have 

lower levels of drinking to cope. Interestingly men who reported higher motivation to 

drink to relieve symptoms had worse PTSD and AUD symptoms; this association was not 

significant for women in the study (Lehavot et al., 2014).  These studies show that men 

respond differently to traumatic stress neurobiologically compared to women. 

 Preclinically, SPS is a useful animal model to study PTSD. It has been shown to 

reliably recapitulated symptoms after traumatic-stress exposure that are present in the 

human population. It should be noted that sex differences have been reported using this 

model (Pooley et al., 2018 and Keller et al., 2015). Specifically, male rats are more likely 

to have higher fear memory retention than females when tested after SPS exposure with 

the acoustic startle response (Pooley et al., 2018). Furthermore, in the hypothalamic-

pituitary-adrenal axis males had significantly enhanced negative feedback compared to 

females (Pooley et al., 2018). In the SPS model male rats were also more resistant to fear 

memory extinction compared to females (Keller et al., 2015). These studies indicate that 

males are more likely to respond with enhanced fear compared to females when exposed 

to SPS. SPS also reliably reproduces the variability observed within the human 

population. Only a subset of humans exposed to a traumatic event develop PSTD 

symptoms.  Likewise, only a portion of rats develop a robust phenotype after SPS 

exposure.  
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A major objective of this study was to determine what behavioral factors after 

SPS exposure predicted subsequent ethanol consumption in young adult male rats. 

Correlation analysis between specific behavioral measures and subsequent ethanol 

consumption were used to achieve this goal. Behaviors that were not significantly 

correlated can be found in the appendix. As the fear response in men exposed to 

traumatic stressors is critical in the human population, it was expected that fear-like 

behavior would predict ethanol drinking levels. Men are also more likely to have an AUD 

than women, and therefore it is important to understand any predictive link between 

behavior after trauma exposure and ethanol consumption. The results presented within 

this study demonstrate that fear responses after traumatic stress were predictive of 

subsequent ethanol consumption in males. Specifically, higher fear response yielded 

higher ethanol consumption in young adult male rats. 

2.2 Methods  

2.2.1 Subjects 

Male Sprague-Dawley rats, ordered at 8 weeks of age (Charles River 

Laboratories, Wilmington, MA), were used in this study. Rats were given 2 days to fully 

acclimate to the new environment after arriving, followed by 4 to 8 days daily weighing 

and minimal handling in preparation for experiments. Rats were housed on a 12-h 

light/dark cycle (lights on at 0700) and in a humidity-controlled environment.  Animals 

were housed in pairs until the ethanol portion of the experiment, with no enrichment 

devices and had continuous access to food and water except during behavioral testing. All 

studies were conducted in accordance with the Guide for the Care and Use of Laboratory 
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Animals (National Research Council, 2011). All experimental protocols were approved 

by the Institutional Animal Care and Use Committee of Temple University.  

2.2 Experiment 1: Behavioral characterization after traumatic stress or control 

handling and ethanol consumption in male rats.  

a. Modified Single Prolonged Stress (SPS) 

Once the rats were acclimated to the facility, they went through SPS procedure (N 

= 6) using methods modified from Liberzon et al., (1997; Enman et al., 2015; Toledano 

and Gisquet-Verrier, 2014) or control handling (N= 6). For experimental time line see 

figure 1.  On day one, both SPS and controls were first exposed to a novel chamber for 10 

minutes. For the first 5 minutes they acclimated to the new context and for the second 5 

minutes they were exposed to the chamber while an intermittent tone played (70-80 dB). 

Rats in the SPS group were then placed into restraint tubes for 2 hours. After restraint, 

rats went through group swim (N = 6, round swim tank: 42 cm tall × 55 cm diameter, 

water 23-25C) for 20 minutes. Following the swim, rats were dried and re-exposed to 

the novel chamber for another 10 minutes following the above protocol. Rats were 

rendered unconscious with isoflurane. The rats were returned to their home-cages pair 

housed and left undisturbed except for giving them food and water for 7 days. Like the 

SPS group, the control animals went through novel chamber exposure with the tone 

pairing following the same schedule as the SPS group. In between these paring they were 

minimally handled and weighted. Then the controls were pair housed for 7 days and 

minimally handled and weighted during this time along with the addition of food and 

water to their cages.  
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Figure 1. Young adult male experiment timeline including traumatic stress or 

control handling, behavioral characterization, and ethanol exposure. 
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2.2.3 Behavioral Phenotyping 

a. Open Field Test  

To assess anxiety-like behavior after SPS or control handling, the open field test 

was completed on day 9. Rats were placed in the open field testing arena (45 cm X 45 

cm) and video recorded for a 10 minute duration. The center of the arena (15 cm X 15 

cm) was 75 lx and the corners were 45 lx. The time in center was defined as head and 

shoulders over the threshold for the center.  

b. Elevated Plus Maze Testing 

On Day 10 after SPS or control handling, the elevated plus maze test was used to 

assess anxiety-like behavior. The elevated plus maze testing apparatus was constructed 

out of black plastic and had open (48.3 X 10.2 cm; L X W) and closed arms (48.3 X 10.2 

X 50.8 cm; L X W X H) and was 35.6 cm off the ground. The lighting levels were as 

follows; the open arms were about 150 lx and the closed arms were about 50 lx. When 

tests were started the rats were placed in the center and video recorded for 10 minutes. 

These videos were used to score the animals behavior. Entering the open or closed arm 

was operationally defined as head, front paws, and shoulders crossing the open or closed 

threshold. Time and number of entries were measured in open and closed arms. 

 c. Reactivity to Trauma-Associated Cues 

On day 11, cue-reactivity responses were measured using cues paired during SPS 

or control handling in a similar method as Toledano and Gisquet-Verrier (2014). For 

measurement of cue-reactivity, rats were placed in a chamber that was used during SPS 

or control handling for 10 minutes. For the first 5 minutes they were allowed to acclimate 
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to the context and for the second 5 minutes they were exposed to the context and an 

intermittent tone was played (70-80 dB). Cue-reactivity tests were video recorded and 

freezing behaviors were analyzed. Freezing was defined as the absence of all movement 

excluding respiration. The time spend freezing and the number of freezing times were 

measured during two five-minute periods.    

2.2.4 Two-Bottle Choice Intermittent Access to 20% Ethanol 

Following behavioral characterization SPS and control handling groups 

underwent intermittent access to 20% ethanol utilizing the two-bottle choice method 

(Vasudeva et al., 2015; Simms et al., 2008; Wayner et al., 1972). Each rat was singly 

housed and given access to two drinking bottles located in the wire top of the cage and 

food pellets on the floor of the cage. On Monday, Wednesday, and Friday for 24-hour 

periods the rats were given access to a bottle with 20% ethanol and a water bottle which 

were presented in a counterbalanced fashion to avoid side preferences. The rest of the 

time they had access to two bottles containing filtered water. Filtered water was provided 

by ULAR facilities and ethanol was also diluted in filtered water. At the end of the 24-

hour periods the bottles were weighted. The experiment started 15 days after SPS or 

control handling and continued for a duration of 18 ethanol sessions over a 6-week 

period. Ethanol consumption was calculated for 24-hour sessions using the following 

formula: [ethanol fluid (g) consumed X 0.162]/kg body weight which accounts for the 

specific ethanol density in a 20% solution (Fisher et al., 2017).  
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2.2.5 Re-exposure to context and auditory cues during intermittent ethanol two 

bottle choice  

Before ethanol session 9, the rats were acclimated to the testing environment for 

30 minutes. Then the rats were put into the context chamber that was paired during SPS 

or control handling for a 10-minute duration, the first 5 minutes they were exposed to the 

context and for the second 5 minutes they were exposed to the context while the 

intermittent tone was played (70-80 dB). After the 10-minute exposure they were put 

back into their singly housed home cages and were given access to two bottles one with 

20% ethanol solution and the other with water. Their consumption was measure for all 

sessions. Before session 15, rats were exposed to the chambers following the same 

protocol as above and then they went through a group swim session following the same 

procedure as during SPS. After this they were dried and returned to their home cage 

where they had access to two bottles, one with water and the other with water and a 20% 

ethanol solution.  

2.2.6 Data Analysis 

Unpaired two-tailed t-test and mixed-effect two-way ANOVA with Bonferroni 

post-hoc tests were used to analyze the behavioral data. Ethanol consumption and 

preference were analyzed with a two-way repeated measures ANOVA with main factors 

of session and SPS/Control. In order to determine what behavioral characteristics were 

likened to subsequent ethanol consumption, multiple linear regressions and Pearson 

correlations were used in the analysis of the association between behavioral endpoints 

and ethanol consumption. Unpaired t-tests and one-way and two-way ANOVA’s were 
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performed using GraphPad Prism 8 (La Jolla, CA). Multiple regression was performed 

using SPSS (IBM, Armonk, NY) 

2.3. Results 

3.1 Behavioral characterization following traumatic stress exposure and subsequent 

ethanol consumption 

Anxiety like behaviors were measured using open field and elevated plus maze 

testing. The SPS group was compared to the control handled group.  There was no 

significant difference in the open field test time in center (sec) between groups (Fig. 2A; 

two-tailed unpaired t-test: t (10) = 1.430, P = .1832). The elevated plus maze showed 

male SPS rats exhibited significantly less time in the open arm (two-tailed unpaired t-test: 

t (10) = 2.332, P = .0419, data not shown) and number of open arm entries compared to 

control handled rats (Fig. 2B; two-tailed unpaired t-test: t (10) = 2.380, P = .0386). Fear 

responses were measured using number of times freezing and time spent freezing. A 

mixed-effect two-way ANOVA found no significant main effect between groups (Fig. 

2C; F (1, 10) = 3.13, P = .5197) or when the rats were exposed to only context compared 

to being exposed to the context and the intermittent tone (F (1, 10) = 7.54, P = .0631) 

and no significant interaction (F (1, 10) = 1.74, P = .3383) between the SPS and control 

handled groups. 
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Figure 2 

A)                     B) 

                              

C)                      D) 

 

   

Figure 2. SPS increased anxiety-like behavior during elevated plus maze testing in 

young adult males. Anxiety-like behavior and fear responses were measured 7 days after 

SPS (N = 6) and control handled rats (N = 6) using the open field test, elevated plus maze 

and cue-reactivity. Each test was completed on a different day. During the open field test, 

SPS and control handled rats did not have significantly different time in center (Fig. 2 A. 

P > .05). During the elevated plus maze test the SPS rats had significantly lower open 

arm entries compared to control handled rats (Fig. 2 B. P < .05). There were no 

significant differences between SPS and control handled rats during re-exposure to the 

SPS-associated context or cues as measure by seconds time freezing (Fig. 2 C. P > .05) 

or number of freezing bouts (Fig. 2 D. P > .05). 
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After measuring anxiety-like behaviors and fear-like behavior, rats were allowed 

to drink ethanol using an intermittent-ethanol two-bottle choice procedure. 24-hour 

ethanol consumption was measured 3 times a week for 6 weeks for a total of 18 sessions 

(figure 3). Using a mixed-effect two-way ANOVA, there was a significant increase in 

ethanol consumption across the sessions (F (17, 163) = 8.567, P < .0001), there was no 

significant main effect between SPS and control handled rats (F (1, 10) = 0.04491, P = 

.8364), and the interaction was not significant (F (17, 163) = 1.021, P = .4386). Drinking 

distribution was measured with SPS and control animals with a histogram (figure 4) 

3.2 Fear-related behaviors in the SPS population predicted subsequent ethanol 

consumption 

To identify predictive factors of heightened ethanol consumption, analyses were 

performed using the results of the anxiety- or fear-related behavioral tests and the ethanol 

consumption data. It was hypothesized that higher levels of anxiety-like behavior and 

fear responses would be predictive of higher levels of ethanol intake. Pearson’s 

correlations were completed to analyze behaviors and subsequent drinking of both SPS, 

and control handled rats. The number of times freezing by individual SPS and control 

handled rats was strongly correlated with average ethanol consumed during sessions 6-8 

with a large effect size (Fig. 5A; P = .0172, r = .6696). Higher the number of times 

freezing was correlated to higher ethanol consumption. There was also a strong 

correlation for time spent freezing during sessions 9-11. The higher the time freezing, the 

higher the ethanol consumption (Fig. 5B; P = .0466, r = .5831).  
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Figure 3 

 
 

 

Figure 3. Adult male rats exposed to SPS or control handling consumed similar 

amounts of ethanol. SPS (N = 6) and control handled (N = 6) rats mean ethanol 

consumption (g/kg/24hr session) was similar through 1-18 sessions (Fig. 3 A. P > .05). 

There was no significant main effect for session (P > .05), group (P > .05), or interaction 

(P > .05).  
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Figure 4 

 

 

 

Figure 4. SPS and control ethanol intake (g/kg) on average during all sessions in 

young adult males. The average ethanol (g/kg) consumed by SPS (N = 6) and control (N 

= 6) rats during the 6 weeks of ethanol exposure. 
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Figure 5 

A) 

 

B)  

 

 

Figure 5 Fear-like behavior after SPS or control handling was a significant 

predictor of ethanol consumption. Cue-reactivity factors including the number of times 

freezing and time spent freezing (seconds freezing) were separately correlated with 

ethanol consumption. Both SPS and control handled rats were using in the correlation 

analysis (N = 12). During sessions 6-8, number of times freezing was a strong predictor 

of drinking and mediated a large effect size (Fig. 5 A. P * < .05, r = .6696). There was a 

significant correlation between time spent freezing (seconds freezing) and mean ethanol 

consumption during sessions 9-11 (Fig. 5 B. P ** < .01, r = .5831).  



22 
 

 

The other behavioral endpoints of anxiety-like behavior including elevated plus maze 

time in center, number of entries in open arm, and number of entries in the center during 

the open field test were also analyzed using correlations with ethanol consumption and 

they were not significantly linked. These results indicate that fear responses as measured 

by cue-reactivity were the most predictive of subsequent ethanol consumption in male 

rats. 

2.4. Discussion 

 

Responses in young adult male rats to traumatic stress exposure were analyzed to 

determine which behavioral factors predicted ethanol consumption. Individual anxiety-

like and fear-like responses measured after exposure to traumatic stress were 

hypothesized to forecast subsequent ethanol consumption. Correlations were used to 

analyze the relationship between behavior and ethanol consumption. It was discovered 

that fear-like behaviors of individual rats were significantly correlated with ethanol 

consumption.  

Male rats were exposed to SPS a model of PTSD, behaviorally characterized, and 

then had access to ethanol via an interment ethanol choice model for 6 weeks. The 

experiment was designed in order to model the transition from traumatic stress exposure 

to developing a co-occurring alcohol use disorder as seen in the human population. This 

study examined what behavioral factors after traumatic stress were linked to ethanol 

consumption.  Previous research did not investigate what individual responses to 

traumatic stress are associated with subsequent ethanol consumption. Rat populations 

exposed to traumatic stress are like clinical populations in that only a subset of exposed 
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rats exhibit PTSD-like reactions. Therefore, individual response after traumatic stress 

exposure is an important consideration when evaluating the impact of traumatic stress on 

co-occurring disorders such as alcohol use disorder. The approach in this investigation 

implemented a way to determine the relationship of individual responses on subsequent 

ethanol consumption.  

Fear-like behavior was a significant indicator of subsequent ethanol drinking. 

This finding is supported by the literature. Clinically, fear of anxiety, which is the fear of 

experiencing anxiety symptoms, in men is a significant indicatory or PTSD severity, but 

not in women (Reuther et al., 2010). Additionally, only a subset of men with PTSD have 

a co-occurring alcohol use disorder. Individual rats that had higher fear-like responses 

consumed higher amounts of ethanol. Likewise, men with severe PTSD symptomatology 

tend to consume more ethanol and are more likely to have worse treatment outcomes for 

both PTSD and their co-occurring alcohol use disorder (Seal et al., 2011; Carter et al., 

2011). Still no specific treatment exists for individuals with these co-occurring disorders 

(Ralevski et al., 2014). This investigation furthered the understanding of how individual 

responses to traumatic stress are related to subsequent ethanol consumption. Further 

investigation is needed to develop specific treatments for individuals with PTSD and co-

occurring alcohol use disorder. 

Fear is a central tenet of the PTSD diagnosis (Breslau et al., 1998). Reactivity to 

traumatic-stress cues and heightened sensitivity to traumatic stress cue reminders are a 

common feature of PTSD and taken into consideration during diagnostic testing 

(DSMIV-TR). Increased generalization of a fear conditioned stimulus is considered to be 

a pathogenic marker for PTSD (Kaczkurkin et al., 2017). Hypervigilance and exaggerated 
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psychophysiological responses are major components of PTSD. It has been proposed that 

fear conditioning is a central component for PTSD to develop (Orr et al., 2000; Pitman et 

al., 2011). Further, inability to adequately impair fear is a PTSD biomarker (Jovanovic et 

al., 2010). Sex differences in fear learning and memory may play a critical role in PTSD 

resilience or vulnerability. A major component of PTSD is memory generalization 

(Tronson and Keiser, 2019).  Many studies show that both male and female mice acquire 

fear memory during fear conditioning however, males show a more robust response (for 

review; Tronson and Keiser, 2019). Males in fear conditioning procedures tend to have 

more pronounced responses to fear cues compared to females.  

  Overall, fear responses and traumatic cue reactivity are strong indicators of PTSD 

and symptom severity (Kaczkurkin et al., 2017; Orr et al., 2000; Pitman et al., 2011; 

Jovanovic et al., 2010). In accordance with the published clinical literature, this study 

showed that rats with higher reactivity to a stress-associated cue also consumed more 

ethanol than rats that had lower levels of cue-reactivity.  

In summary, it has been widely demonstrated that fear and cue reactivity to 

traumatic stress are critical factors for diagnosing PTSD and are related to symptom 

severity (Kaczkurkin et al., 2017; Orr et al., 2000; Pitman et al., 2011; Jovanovic et al., 

2010). It is essential to investigate individual responses to traumatic stress exposure to 

further the current understanding of fear behaviors, PTSD, and subsequent co-occurring 

disorders such as alcohol use disorder. Understanding the individual behavior responses 

will strengthen current treatment strategies and further the development of novel 

pharmacological therapeutics for PTSD and co-occurring alcohol use disorder. PTSD 

symptom evaluation could also be used to help prevent the development of co-occurring 
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alcohol use disorder for at risk individuals. Leveraging statistical analysis of behavioral 

factors and subsequent ethanol consumption, this study investigated how individual 

responses relate to enhanced ethanol consumption in young adult male rats. Fear response 

was a major predictor of ethanol consumption, suggesting that fear may be a critical 

factor in predicting co-occurring alcohol use disorder in men with PTSD and that low 

fear behaviors may be linked to resilience. Further investigation may show that fear 

related behaviors in men may be predictive of future outcomes leading to the 

development of novel prevention or treatment strategies and pharmacological 

therapeutics.  
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CHAPTER 3. BEHAVIORAL ASSESSMENT OF ADOLESCENT FEMALE 

RATS EXPOSED TO SPS OR CONTROL HANDLING CAN PROGNOSTICATE 

FUTURE ETHANOL CONSUMPTION 

3.1 Introduction 

 

Exposure to a traumatic event can lead to the development of PTSD. 60% of 

children and adolescents report being exposed to a traumatic event (Garza and Jovanovic, 

2017). Rates of reported PTSD among adolescents ranges between 15% and 27% using 

DSM-III-R criteria (Berman et al., 1996; Giaconia et al., 1995; Fitzpatrick & Boldizar, 

1993). Sex differences in trauma exposure and PTSD development exist. Adolescent 

females report more victimization at home compared to males their age (Pooley et al., 

2018). Adolescent females are at a higher risk of developing PTSD compared to their 

male counterparts (Alisic, et al., 2014). This may be because adolescent females are more 

likely to encounter types of traumatic events that are more likely to lead to development 

of PTSD (Hebert et al., 2014). A meta-analysis found that children and adolescent 

females (20.8%) were significantly more likely to develop PTSD than males (11.1%) of 

the same age (Alicic et al., 2014). This study also found that girls exposed to 

interpersonal violence showed the highest rates of PTSD development (38.9%) compared 

to males exposed to non-interpersonal violence (8.4%). It is thought that the type of 

trauma that females are exposed to increase their risk for developing PTSD compared to 

males (McCutcheon et al., 2010). Sexual assault and child molestation result in the 

highest rates of subsequent PTSD. Sexual assault and child molestation both engender a 

high risk for developing PTSD and females report experiencing these at much higher 

rates than males (Cortina and Kubiak, 2006, McCutcheon et al., 2009; Perkonigg et al., 
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2000). A study found that young adult females were significantly more likely to have 

PTSD if they were exposed to an early life traumatic event compared to males their age 

(McCutcheon et al., 2010). These studies indicate that trauma experienced by females 

during childhood or adolescents may have unique effects on developing PTSD and its 

neurobiological underpinnings. 

Stress experienced during adolescence can lead to decreased health, decreased 

educational and economic attainment and increased risk of substance abuse during 

adulthood (Copeland, et al., 2018; Carliner, et al., 2016). Many studies show that 

traumatic-stress exposure during adolescence can transition individuals to resilience or 

vulnerability to a host of psychiatric disorders (Fincham et al., 2009; Hebert et al., 2014; 

McGowan et al., 2009). PTSD and depression during adolescent are shown to be 

physically, emotionally, and socially harmful (Clark and Kirisci, 1996). Individuals with 

PTSD and depression during adolescence experience adverse effects such as significantly 

decreased quality of life compared to those without PTSD or depression (Clark and 

Kirisci, 1996). Individuals with PTSD also report higher incidence of co-occurring 

alcohol use disorder (Clark and Kirisci, 1996). When adolescents have PTSD and co-

occurring alcohol use disorder, depression is also another commonly expressed feature 

(Clark and Kirisci, 1996). Adolescents with depression tend to have increased somatic 

complaints such as headaches and gastrointestinal problems, anxiety symptoms, trouble 

in school and tend to withdrawal socially (Pataki and Carlson, 1995; Clark et al., 1994; 

Ryan et al., 1987). The majority of adolescents with major depression have co-occurring 

anxiety disorders (Clark et al., 1994). It is critical when studying PTSD in adolescent 

females to investigate depression and co-occurring alcohol use disorder. 



28 
 

There are far fewer preclinical studies that have reported about the impact of 

trauma exposure during adolescence compared to clinical research. When adolescent 

male rats were exposed to an underwater stressor, they displayed significantly higher 

anxiety behavior on the elevated plus maze test and a week later they displayed 

significantly lower corticosterone compared to controls (Moore et al., 2012). Adolescent 

males exposed to SPS showed long lasting depression-like symptoms during adulthood 

when tested with the tail suspension test in male Sprague-Dawley rats (Chen et al., 2018). 

Another study found that SPS exposure during early life (PND 25) produced significantly 

higher levels of depression-like behavior on the forced swim test compared to non-SPS 

controls (Liu et al., 2017). Additionally, they found this depression phenotype to only be 

present in the early life stress group, not in rats exposed to SPS as adults (PND 60). 

Combining predator odor and SPS procedures, early and mid- adolescent rats took 

significantly longer to extinguish their fear memory than controls and adults with the 

same procedure (Chen et al., 2018). Overall, the previously published studies indicate 

that adolescents may react differently physiologically and behaviorally compared to 

adults when exposed to a traumatic stressor and thus are important to study what factors 

predict resilience or vulnerability. 

The current study investigated behaviors after SPS exposure that were predictive 

of enhanced ethanol consumption in adolescent female rats. To complete this 

investigation, correlation analyses were used to determine the link between specific 

behavioral phenotypes and ethanol consumption. In clinical studies, depression was an 

important feature of adolescents with PTSD (Copeland et al., 2018; Carliner et al., 2016; 

(Clark and Kirisci, 1996). Adolescents with PTSD suffer significantly academically, 
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economically, and socially and are prone to co-occurring alcohol use disorder with 

depressive features (Pataki and Carlson, 1995; Clark et al., 1994; Ryan et al., 1987). To 

determine if depression is a predictive factor of future ethanol consumption, depression-

like behavior was measured using the forced swim test after SPS exposure and before 

being presented with ethanol. Behaviors that were not significantly correlated can be 

found in the appendix. The results demonstrated that after SPS or control handling, 

immobility during the forced swim test was strongly associated with subsequent ethanol 

consumption in individual rats.  

3.2 Methods 

3.2.1 Subjects 

Female Sprague-Dawley rats were 23 days old upon arrival to our facility 

(Charles River Laboratories, Wilmington, MA). When the rats arrived at the facility, they 

were continuously housed in a humidity-controlled environment and were on a 12-h 

light/dark cycle (lights on at 0700) for the duration of the experiment. The rats were 

given food and water ad labium except during experimental testing and were housed in 

pairs. After a 2-day acclimation period, the rats were minimally handled and weighted for 

4 to 8 days. All study protocols received prior approval from the Institutional Animal 

Care and Use Committee at Temple University. Studies were completed following the 

Guide for the Care and Use of Laboratory Animals guidelines (National Research 

Council, 2011). 
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3.2.2 Experiment 1: Behavioral phenotyping after SPS or control handling and 

ethanol consumption in adolescent female rats 

a. Modified Single Prolonged Stress (SPS) 

The SPS (N = 12) and control handling (N = 12) procedures followed the same 

protocols as above (Chapter 2) with a small modification. For a time-line see figure 6. 

SPS or control handling occurred when the rats were 28 days old. The SPS group was 

exposed to the novel chambers for 10 minutes prior to the 2-hour restraint. This was 

followed by group swim. Then the rats were exposed to the chamber again for 10 

minutes, followed by exposure to isoflurane until rendered unconscious. The SPS rats 

were then housed in pairs and left undisturbed for a 7-day period. The control rats 

followed the same weighing, handling, and novel chamber exposure schedule as reported 

above. The control rats underwent a 20 min swim to acclimated them to swimming in 

preparation for the forced swim test. The controls were pair housed and minimally 

handled and weighted during the time that the SPS rats were in isolation. 

3.2.3 Behavioral Phenotyping  

 a. Open Field Test 

After SPS or control handling on day 9 anxiety-like behavior was measured using 

the open field test. Rats were video recorded and tested using the same procedures (i.e, 

lighting, open field arena size, and operationally defined behaviors) as described in 

Chapter 2. The time in center and number of times entering the center were scored 

manually from the video recording.  
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Figure 6. Adolescent females experiment timeline including traumatic stress or 

control handling, behavioral characterization, and ethanol exposure. 
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b. Elevated Plus Maze Testing 

The elevated plus maze test was used on day 10 after SPS or control handling to 

measure anxiety-like behavior. This procedure followed the same protocol as listed above 

in chapter 2. The video recordings were used to score entries and time spent in the arms. 

The operationally definitions were the same as the above elevate plus maze test. 

 c. Reactivity to Trauma-Associated Cues 

Cues that were paired during control handling or SPS were used to assess cue-

reactivity. On experimental day 11, rats were exposed to the chambers following the 

same methods as listed above. The operational definition for freezing behavior was used 

as in the previous experiment. Time spent freezing and the number of times freezing were 

measured in two 5-minute intervals, the first interval with environmental context and the 

second 5 minutes with the environmental context and auditory cue present. 

 d. Forced Swim Test 

The forced swim test was used to assess depression-like behaviors on day 12 after 

SPS or control handling procedures were completed. The control rats were exposed to a 

pre-swim session and the SPS rats were exposed to group swim on the day of SPS or 

control handling (ie, day 1 of the study). These pre-swim tests are critical to establish 

immobility development during the forced swim session (Lucki, 1997). The pre-swim 

facilitates enhanced sensitivity, thus increasing behavioral alteration detection. The water 

in the testing chambers was 23 +/- 1°C and the glass cylinders were filled to 36 cm and 

the dimensions were 46cm height x 20 cm diameter. The test was conducted for 5 

minutes and video recorded. When completed, the rats were removed from the cylinders, 
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dried by the experimenter, and placed into their home cages. The behavioral scores were 

tabulated using a sampling technique (Perrine et al., 2008; Detke et al., 1995; Lucki, 

1997). At the end of each 5 second period for the 5-minute test (totaling 60 counts each), 

immobility, swimming, or climbing behavior was recorded. Immobility was operationally 

defined as no movement other than what was needed to keep the rats head above the 

water threshold. Swimming was operationally defined as movement with purpose 

throughout the glass cylinder. Climbing was operationally defined as upward and upward 

thrashing movement with the rat’s forepaws placed on the side of the glass cylinder. 

3.2.4 Two-Bottle Choice Intermittent Access to 20% Ethanol 

After SPS or control handled groups underwent the behavioral tests described 

above, they were exposed to ethanol using an intermittent access, two-bottle choice 

method with 20% ethanol. Following the same procedures as described above (chapter 2 

section 5), the rats were singly housed with 2 drinking bottles in the home cage. Three 

days a week (Monday, Wednesday, and Friday) the rats had 24-hour access to 20% 

ethanol in one bottle and filtered tap water in the other. For the remaining days the rats 

had access to 2 bottles of filtered tap water. Food was available ad libitum on the floor 

ofthe cage. After each 24-hour period was completed, the ethanol and water bottles were 

weighted to determine consumption of filtered tap water and ethanol. On Monday 

Wednesday and Friday 30 minutes after the rats were given ethanol, the ethanol and 

water bottles were re-weighted to determine how much the rats consumed in the first 30 

minutes. Once the bottles were weighted, the rats were given access to the ethanol and 

water for the duration of the 24-hour period. The same calculation methods described in 

Chapter 2 were implemented in the ethanol and water consumption analysis.  



34 
 

3.2.5 Re-exposure to context and auditory cues during intermittent ethanol two 

bottle choice  

This procedure was undertaken to determine if re-exposure to the SPS cues would 

affect the amount of ethanol consumed. On Monday in week 9 of the intermittent ethanol 

two bottle choice procedure, the rats were re-exposed to the cue chambers, following the 

same methods as used during the SPS procedure.  Rats were video recorded in the 

chambers for 10 minutes with the first 5 minutes being exposed to the chamber context 

and the second 5 minutes being exposed to the chamber context and the auditory cue. 

After the cue-re-exposure was completed, the rats were put back in their home cages and 

given access to 20% ethanol and filtered tap water. 

3.2.6 Data Analysis 

The behavioral data were evaluated using unpaired two-tailed t-tests and a mixed-

effect two-way ANOVA with Bonferroni post-hoc analysis. Two-way repeated measures 

ANOVAs were used to test intermittent ethanol two-bottle choice data, with session and 

SPS/Control group as main factors, repeated across sessions. To determine if any 

behavioral characteristic was related to ethanol consumption for SPS and control animals, 

Pearson correlations and multiple linear regressions were completed using SPSS. 

GraphPad Prism 8 (La Jolla, CA) was used when implementing unpaired t-tests, one-way 

ANOVA’s, and two-way ANOVAS.  
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3.3 Results 

3.3.1 Behavioral characterization following SPS or control handling and subsequent 

ethanol consumption  

In order to determine if behaviors following SPS or control handling could be 

used as a predictor of subsequent ethanol consumption, anxiety-like, fear-like, and 

depression-like behaviors were measured. It was hypothesized that behavioral 

characterization including anxiety-like, fear-like, and depression-like behaviors following 

SPS and control handling would be predictive of future ethanol consumption. The open 

field test performed on day 9 after SPS or control handling and elevated plus maze 

performed on day 10 were used to assess anxiety-like behavior. Cue-reactivity was used 

to analyze fear-like behavior and was tested on day 11. On day 12, depression-like 

behavior was assessed using the forced swim test.  

During the open field test, adolescent females exposed to SPS spent significantly 

less time in the center or the arena compared to control handled rats (Fig. 7A; two-tailed 

unpaired t-test: t (22) = 2.423 P = .0241). These results indicate that the SPS group had 

significantly more anxiety-like behavior during the open field test. The elevated plus 

maze, did not reveal any significant differences for time in open arm (t (22) = 1.270, P > 

.05), or number or open arm entries (t (22) = 0.4123, P > .05) between SPS or control 

handled groups. The cue-reactivity testing revealed no significant interaction between 

control handled or SPS groups (F (1, 22) = 0.2566, P > .05), or main effect of control vs. 

SPS (F (1, 22) = 1.804, P > .05). There was a significant difference in freezing during re-

exposure to the chambers with and without the tone, there was a higher seconds freezing 

during tone than the habituation portion of the testing (F (1, 31) = 0.2637, P < .001). The 

forced swim test showed that SPS exposed animals had significantly higher immobility 
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counts compared to the control handled animals (Fig. 7B; two-tailed unpaired t-test: t 

(22) = 2.115 P = .0460) indicating that the SPS group had higher depression-like 

behavior.  

After the behavioral characterization was completed, both experimental groups 

started the intermittent access two bottle choice procedure. Ethanol consumption over a 

twenty-four-hour period was measured three times per week starting on day 15. Figure 8 

shows mean ethanol consumption during 24 sessions for both SPS and control handled 

rats. A mixed two-way ANOVA showed there a significant interaction between groups 

and session (F (23, 503) = 3.248, P < .0001). The main effect of session was also 

significant (F (5, 99) = 8.304, P < .0001). The main effect for SPS or control group was 

not significant (F (1, 22) = 0.4900, P > .05) for adolescent female ethanol consumption 

following SPS or control handling procedures. The interaction and main effect for session 

were significant and further analyzed with post hoc testing using Bonferroni analysis 

which did not show any significant differences. 

3.3.2 Immobility time during forced swim is correlated with subsequent ethanol 

consumption after SPS or control handling 

Group mean analysis between SPS and control handled animals showed a 

significant difference between groups (figure 8). The SPS group had significantly higher 

immobility counts compared to control handled animals. Within the SPS group, there was 

somewhat large but not significant degree of variability between subjects. To determine if 

any behavioral characteristics were predictive of ethanol consumption after SPS or 

control handling procedures, correlation analyses were completed. Both 24 hour and 30 

min ethanol consumption time points were evaluated. A histogram was completed 

comparing SPS and control animal drinking (figure 9). 
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Figure 7 

A)  

 

B)  

 

Figure 7. Anxiety-like and depression-like behaviors were significantly higher in 

adolescent female rats exposed to SPS compared to controls. Anxiety-like and 

depression-like behaviors in adolescent female rats were measured after SPS (N = 12) or 

control handling (N = 12) with the open field test and the forced swim test. The SPS 

group during open field test had significantly lower time in center (sec) compared to the 

control group (Fig. 7 A. *P < .05). The SPS group had higher immobility behavioral 

counts compared to the control group (Fig. 7 B. *P < .05).  
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Figure 8 

 

Figure 8. Adolescent female rats exposed to SPS consumed similar amounts of 

ethanol as the control handled group across the 24 sessions. Mean ethanol 

consumption (g/kg/24hr session) during sessions 1-24 were measured for the SPS (N = 

12) and the control group (N = 12).  A two-way ANOVA showed significant differences 

for interaction (****P < .0001) and the main effect of session (****P < .0001); the main 

effect for group, SPS or control, was not significant (P > .05). Bonferroni post-hoc 

analysis did not show any significant differences.    
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Figure 9 

 

 

 

 

Figure 9. SPS and control ethanol intake (g/kg) on average during all sessions in 

adolescent females. The average ethanol (g/kg) consumed by SPS (N = 12) and control 

(N = 12) rats during the 8 weeks of ethanol exposure. 
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It was found that correlations between ethanol drinking during the first 30 minutes of 

access and immobility were significant. However, the correlation between 24-hour 

ethanol consumption and immobility was not significant.  

Immobility time in the forced swim test was a significant predictor of the first 30 

minutes of ethanol consumption during weeks 2-4 during with a large effect size (Fig 10 

A; Weeks 2-4; P = .0022, r = .5946). A high immobility time was strongly correlated 

with high ethanol drinking during weeks 2-4. Weeks 7-9 average ethanol consumption 

after the first 30 minutes of access was also significantly correlated with immobility 

counts after SPS or control handling (Fig 10 B; Weeks 7-9 P = .0079, r = .5287) and there 

was a moderate to large effect size between variables. Higher levels of immobility time 

was predictive of higher ethanol consumption in the first 30 minutes of the sessions. 

These results indicate that immobility score on the forced swim test is an important factor 

to consider when evaluating adolescent female rats exposed to traumatic stress and 

control handling. 
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Figure 10 

A)  

 

B) 

 

 

Figure 10. Depression-like behavior after SPS exposure or control handling was 

predictive of the first 30 minutes of ethanol consumption in adolescent female rats. 

Correlations between immobility counts on the forced swim test and average 30-minute 

ethanol consumption during weeks 2-4 and 7-9 were completed with both SPS and 

control groups (N = 24). Rats that had higher levels of immobility after SPS or control 

handling also had significantly higher levels of ethanol consumption during the first 30-

minutes of access during weeks 2-4 (Fig. 10 A. P ** < .01, r = .5946) and weeks 7-9 

(Fig. 10 B. P ** < .01, r = .5287). Both correlations moderated a large effect. 
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3.4 Discussion 

 

Behavioral responses of adolescent female rats were measured after traumatic 

stress exposure or control handling to determine if a behavioral phenotype was predictive 

of ethanol consumption. It was hypothesized that anxiety-like, fear-like, and/or 

depression-like behaviors would be predictive of ethanol consumption. The relationship 

between each behavioral endpoint and ethanol consumption was tested using correlation 

analysis. Results from this study showed that in adolescent female rats depression-like 

behavior was correlated with subsequent ethanol consumption. 

The experiments in this study were designed to show the transition from traumatic 

stress to ethanol consumption and to determine what behaviors predicted this transition. 

In the human population, only a subset of individuals exposed to a traumatic event 

develop PTSD and a co-occurring alcohol use disorder. After adolescent female rats were 

exposed to SPS or control handling, their behaviors were analyzed, and they were 

allowed access to ethanol using a two bottle choice procedure. Ethanol consumption was 

measured after 30 minutes and 24 hours of ethanol access. This is a novel study because 

previous research has not analyzed what individual factors are associated with higher 

levels of ethanol consumption. Identification of predictive factors is critical to further 

understand why some individuals are vulnerable and others are resilient even when 

exposed to the same traumatic experience. This study helped to understand what factors 

are important in predicting subsequent ethanol drinking in females exposed to traumatic 

stress during adolescence. 

Depression-like behavior after SPS or control handling was a significant predictor 

of ethanol consumption during the first 30 minutes of access. This agrees with the clinical 
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literature which indicates that depression is an important aspect of PTSD symptomology 

(Clark and Kirisci, 1996; Clark et al., 1994). Traumatic stress exposure during 

adolescence has been shown to lead to the development of depression, PTSD and alcohol 

use disorder (Clark and Kirisci, 1996). PTSD and alcohol use disorder are demonstrated 

to negatively impact adolescents leading to decreased economic and educational 

attainment and increased risk for developing a substance abuse disorder during adulthood 

(Copeland, et al., 2018; Carliner, et al., 2016). When adolescents are exposed to a 

traumatic stress, it increases the risk for developing PTSD (Fincham et al., 2009; Hebert 

et al., 2014; McGowan et al., 2009). These studies also show that some adolescents are 

vulnerable to trauma while others are resilient. The current study showed there were 

individual differences in depression-like behaviors that were associated with the amount 

of ethanol consumed. Higher levels of immobility were correlated with higher levels of 

ethanol consumption during the first 30 minutes of access. This is consistent with clinical 

research that shows adolescents with PTSD and co-occurring alcohol use disorder also 

commonly express symptoms of depression (Clark et al., 1994; Clark and Kirisci 1996). 

No treatment exists specifically for PTSD and co-occurring alcohol use disorder 

(Ralevski et al., 2014). The current study furthered the understanding of what factors may 

contribute to individual differences in ethanol consumption in adolescent females that 

were exposed to traumatic stress. 

It has been shown that adolescent females are at higher risk for developing PTSD 

that their male counterparts (Alisic et al., 2014). Adolescent females report more 

victimization compared to males of the same age (Pooley et al., 2018). While adolescent 

females are at a higher risk for developing PTSD, it remains unknown what causes the 
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differences leading females to be at greater risk to develop PTSD. It is critical that future 

research also investigate what behavioral factors are associated with the development of 

PTSD and co-occurring alcohol use disorder in males. Further study will help advance 

the development of behavioral and pharmacological preventative strategies to decrease 

PTSD and co-occurring alcohol use disorder diagnose and increase the quality of life in 

trauma-exposed individuals. Other behavioral characteristics aside from depression may 

be more predictive of adolescent male ethanol drinking after traumatic stress exposure.  

The results of this study show a clear behavioral link of depression and ethanol 

consumption. It will be important to understand the neurobiological basis of vulnerability 

or resiliency to traumatic stress. Future studies should investigate the differences in the 

neuropeptide Y pathway in key brain regions including the basal lateral amygdala, central 

nucleus amygdala, and bed nucleus stria terminalis between resilient and vulnerable 

populations. Understanding the neurobiological underpinnings that lead to these 

individual differences is critical for furthering pharmacological research efforts in 

treating PTSD and alcohol use disorder in female adolescents, or prevention of the 

development of an alcohol use disorder in persons with PTSD.  

It has been demonstrated that depression is a common feature in PTSD and co-

occurring alcohol use disorder in adolescent females (Clark et al., 1994; Clark and 

Kirisci, 1996). The findings of this study is in accordance with previous literature and 

enhanced the current understanding of PTSD and co-occurring alcohol use disorder in 

adolescent females by showing depression-like behavior was predictive of ethanol 

consumption. It is critical to research individual differences to understand why some of 

the adolescent female population is vulnerable to developing PTSD and co-occurring 
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alcohol use disorder and why others are resilient. Furthering the understanding of 

underlying resilience and vulnerability to traumatic stress that leads to developing co-

occurring alcohol use disorder will help develop a treatment for adolescent females and 

stop the development of PTSD and co-occurring alcohol use disorder.  

In adolescent female rats, to determine what behavioral factors were most 

predictive of individual ethanol drinking after traumatic stress exposure or control 

handling, correlation analyses were completed. Depression-like behavior was 

significantly correlated to ethanol consumption during the first 30 minutes of access 

during weeks 2-4 and 7-9 of ethanol drinking. The young adult male and female data 

reported herein showed that fear-like behavior for males and anxiety-like behaviors for 

young adult females were predictive of drinking, which differs from depression-like 

behaviors that were predictive of the adolescent females drinking. Further investigation 

of other factors that are predictive in female and male adolescent rats are needed to 

understand why different factors are predictive depending on age and sex.  

   In addition, to understand what is driving the individual differences, analysis of 

brain regions including the basal lateral amygdala, central nucleus of the amygdala and 

bed nucleus stria terminalis are needed. Specifically, these investigations should study the 

neuropeptide Y pathway to determine if this is a central component of these individual 

differences. This knowledge will be helpful in developing strategies to protect the 

vulnerable population from developing PTSD and co-occurring alcohol use disorder. 

These investigations could also help the development of strategies to shift an individual 

from being vulnerable to developing PTSD and co-occurring alcohol use disorder after 

trauma exposure to being resilient.   
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CHAPTER 4. ARTIFICIAL INTELLIGENCE IDENTIFIED RESILIENT AND 

VULNERABLE YOUNG ADULT FEMALE RATS AFTER TRAUMATIC 

STRESS AND ETHANOL EXPOSURE: INVESTIGATION OF NEUROPEPTIDE 

Y PATHWAY REGULATION 

4.1 Introduction 

Post-traumatic stress disorder (PTSD) is a debilitating condition initiated by 

traumatic stress exposure and is marked by a constellation of symptoms including 

indelible memories and heightened sympathetic nervous system arousal (Atwoli et al., 

2015). In the United States 60% of males and 50% of females are exposed to at least one 

traumatic stress during their lifetime (Kessler et al., 1995). However, of these individuals 

only 15-30% go on to develop PTSD (Kessler et al., 1995). While males are exposed to 

more traumatic stress during life, women have a greater incidence of PTSD (Kessler et 

al., 1995). There is a 2:1 female to male ratio of individuals with PTSD (Kessler et al., 

1995).   PTSD is highly co-occurring with other disorders including alcohol use disorder 

(Kessler et al., 1997), and the rates of co-occurrence vary depending on factors such as 

sex, age, military/civilian, and location (for review see Gilpin and Weiner, 2017). 

American veterans diagnosed with PTSD are 3-4.5 times more likely to have a co-

occurring AUD (Seal et al., 2011; Carter et al., 2011).  PTSD usually precedes the 

development of an AUD, and when PTSD and AUD present together, individuals have 

worse outcomes and report more severe symptomologies of both disorders compared to 

individuals with only PTSD or AUD (Seal et al., 2011; Carter et al., 2011).   

Sex differences in the incidence of PTSD and co-occurring AUD exist. Women 

are more likely to develop an AUD during the same year as they developed PTSD than 
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men (Kessler et al., 1997; McCauley et al., 2012).  Women show higher levels of 

excessive drinking after a traumatic-stress exposure than men (Olff et al., 2007). The 

average alcohol intake in women with PTSD is significantly correlated with coping 

motives whereas it is not a significant indicator for men (Lehavot et al., 2014). Sex 

differences may be present due to differential neurobiological mechanisms (Pineles et al., 

2017). Pathways that are affected differently by stressors in males versus females include 

corticotrophin releasing factor (CRF), neuropeptide Y, glucocorticoid negative feedback, 

and response to stimuli in the corticolimbic brain region (Bangasser and Valentino, 2014; 

Rasmusson and Friedman, 2002).  

Many useful animal models of PTSD exist, one of which is single prolonged 

stress (SPS) (Cohen et al., 2011; Zoladz et al., 2012; Enman et al., 2015). SPS 

recapitulates PTSD symptomology which is marked by increased negative feedback in 

the hypothalamic-pituitary axis (HPA), and increased anxiety and fear behaviors (for 

review see Daskalakis et al., 2014). Male and female rats respond differently to SPS 

(Pooley et al., 2018; Keller et al., 2015). Female rats have lower fear retention and 

enhanced glucocorticoid expression compared to males (Pooley et al., 2018). Unlike male 

rats, female rats showed enhanced glucocorticoid receptor levels in the dorsal 

hippocampus and no fear extinction deficits following SPS (Keller et al., 2015). Similar 

to humans where only a subset of traumatic-stress exposed individuals develop PTSD and 

co-occurring alcohol abuse, only a subset of rats exposed to SPS develop a robust 

phenotype (Edwards et al., 2013; Manjoch et al., 2016). A major objective of this study 

was to develop a method to identify sub-populations of rats based on behavioral 

phenotypes that could be used to predict individuals that were vulnerable to the transition 
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from traumatic stress exposure to ethanol consumption. Artificial intelligence analytical 

methods were used to achieve this goal. 

The second goal of this study was to investigate neurobiological mechanisms that 

may underlie differences in individual susceptibility to ethanol consumption after 

exposure to traumatic stress. Neuropeptide Y (NPY) has been shown to buffer highly 

stressful stimuli by increasing resiliency to traumatic-stress exposure (Wu et al., 2013). 

Humans with PTSD have lower levels of NPY compared to controls in both CSF and 

plasma (Sah et al., 2009; Sah et al., 2014; Rasmusson et al., 2010; Yehuda et al., 2006). 

Further, when PTSD goes into remission, NPY levels recover (Yehuda et al., 2006). 

Importantly, promising results have been obtained from clinical trials suggesting that 

intranasal NPY can reduce anxiety in PTSD patients (Sayed et al., 2018).  In animal 

models of traumatic stress, NPY intranasal administration as an early intervention 

prevents development of PTSD-like symptoms in male rats (Serova et al., 2013; Laukova 

et al., 2014; Sabban et al., 2015).  NPY has also been associated with ethanol 

consumption. Administration or overexpression of NPY decreases ethanol intake in 

humans and rodents (Mayfeild et al., 2002; Badia-Elder et al., 2001; Thorsell et al., 2005; 

Thorsell et al., 2000). NPY binds to Y1, Y2, Y4, Y5, and Y6 GPCR receptor subtypes 

with equal binding affinity (Michel et al., 1998).  In the central nervous system, Y1 and 

Y2 are the most predominantly expressed receptors with Y1 receptors located on post-

synaptic dendrites and Y2 receptors located on pre-synaptic terminals. As such, Y2 

receptors are inhibitory to the release of NPY, glutamate or GABA depending on the cell 

type. In general, Y1 receptor activation produces anxiolytic effects, whereas Y2 receptor 

agonists are anxiogenic (for review see Tasan et al., 2016). Y1 and Y2 receptors are 
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found in regions of the amygdala and extended amygdala including the basolateral 

amygdala (BLA), central nucleus of the amygdala (CeA), and bed nucleus stria terminalis 

(BNST; Mackay et al., 2019; Wood et al., 2016; Tasan et al., 2016). These regions were 

chosen for this study because they are critical for fear- and anxiety-related behaviors and 

ethanol consumption (Langevin et al., 2016; Gilpin et al., 2015; Hawley et al., 2010; and 

Pleil et al., 2015). 

The goals of this study were to, first, develop a method to reliably forecast which 

individual rats would consume greater amounts of ethanol following SPS exposure, based 

on their behavioral phenotype. The second goal of this study was to use this classification 

to investigate levels of NPY and its receptors in brain regions associated with processing 

fear stimuli, anxiety, and ethanol consumption in rats predicted to be resilient or 

vulnerable to heightened ethanol consumption following traumatic stress exposure, but 

prior to exposure to ethanol. As women are twice as likely as men to have PTSD and use 

ethanol as a significant coping mechanism (Lehavot et al., 2014), female rats were 

selected for the completion of this study. Results are presented herein that demonstrate 

that an artificial intelligence algorithm can reliably identify individuals based on anxiety-

like behaviors after traumatic stress exposure that go on to consume higher or lower 

amounts of ethanol, and that these populations have differences in NPY in the amygdala 

and extended amygdala. 
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4.2 Methods 

4.2.1 Subjects 

Female Sprague-Dawley rats, ordered at 8 weeks of age (Charles River 

Laboratories, Wilmington, MA), were used in all studies. Rats were allowed to acclimate 

to the new environment after arriving for 2 days, followed by 4 to 8 days of minimal 

handling and daily weighing in preparation for experiments. Rats were housed in a 

humidity-controlled environment on a 12-h light/dark cycle (lights on at 0700).  Animals 

had continuous access to food and water except during behavioral testing and were 

housed in pairs with no enrichment devices.  All studies were conducted in accordance 

with the Guide for the Care and Use of Laboratory Animals (National Research Council, 

2011). Temple University Institutional Animal Care and Use Committee of Temple, 

University approved all experimental protocols.  

4.2.2 Experiment 1: Phenotypical analysis of anxiety-like behaviors and subsequent 

ethanol consumption in female rats exposed to traumatic stress. 

a. Modified Single Prolonged Stress (SPS) 

Following acclimation to the facility, rats went through a modified single-

prolonged stress (SPS) procedure (N= 17) based on the methods of Liberzon et al., (1997; 

Enman et al., 2015; Toledano and Gisquet-Verrier, 2014) or control handling (N=16). For 

an experimental time-line see figure 11.  On experimental Day 1, rats were exposed to a 

novel chamber for ten minutes, during which an intermittent tone played (70-80 dB) for 

the last 5 minutes. Rats in the SPS group were then placed into individual decapicone 

restraint devices for 2 hours. Restraint was followed by a group swim of 6-8 rats (round  
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Figure 11. Young Adult females experiment timeline including traumatic stress or 

control handling, behavioral characterization, and ethanol exposure. 
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swim tank: 42 cm tall × 55 cm diameter, water 23-25C) for 20 minutes. Rats were dried 

and put back into the novel chamber for 10 min following the same protocol as above (ie, 

tone present for last 5 minutes). Then rats were rendered unconscious with isoflurane.  

Rats were returned to home-cages, housed in pairs and left undisturbed for 7 days except 

for addition of food and water. Control animals were exposed to the novel chambers 

twice for 10 minutes each according to the same time schedule as the SPS rats.  Control 

rats were housed in pairs, minimally handled and weighed during the 7-day period that 

SPS rats were undisturbed. 

4.2.3 Behavioral Phenotyping 

a. Open Field Test  

After single-prolonged stress or control handling was complete, animals were 

tested with the open field test on Day 9 in order to assess anxiety-like behavior after 

traumatic-stress exposure or control handling. On Day 9, rats were individually placed in 

the center of the open field arena (45 cm X 45 cm) and their behavior was video recorded 

for 10 minutes.  The lighting in the center of the open field was approximately 75 lx and 

the corners were approximately 45 lx.  Videos were scored for the number of entries and 

amount of time spent in center which was defined as head and shoulders across the 

threshold of the center area (15 cm X 15 cm).   

b. Elevated Plus Maze Testing 

Elevated plus maze performance was tested on Day 10 following SPS or control 

handling as a second measure of anxiety-like behavior. The apparatus was built out of 

black plastic (San Diego Instruments). The dimensions of the closed arms of the maze 
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were 48.3 X 10.2 X  50.8 cm; L X W X H, it was 35.6 cm off the ground, and the open 

arms were 48.3 X 10.2 cm; L X W. Light levels in the closed arms were approximately 

50 lx and the open arms were approximately 150 lx. Rats were placed in the center of the 

maze and video recorded for 10 minutes.  Videos were scored for time and entries into 

the closed or open arms which were defined by the head, shoulders, and front paw 

entering an arm and time spent on the open arms.   

 c. Reactivity to Trauma-Associated Cues 

Using cues paired during SPS or control handling, cue-reactivity responses were 

measured using methods similar to Toledano and Gisquet-Verrier (2014). On Day 11, rats 

were placed into a chamber for 10 minutes and then during the last 5 minutes were played 

an intermittent tone (70-80 dB) following the same SPS and control handling procedures 

as described above. Behaviors were video recorded for 10 minutes. Videos were scored 

for freezing behaviors which was defined as the absence of any movement except 

respiration; time spent freezing and the number of freezing episodes were measured 

during the two five-minute periods.   

 d. Forced Swim Test 

Depression-like behaviors were measured using a one-trial forced swim test on 

Day 12.  The swim test occurred in glass cylinders (46 cm X 20 cx diameter) filled with 

23- 25oC water to a depth of 36 cm. Rats were placed in the swim tank for 5 min and 

their behaviors were video recorded. Rats were removed from the water, dried, and 

returned to their home cages. Behavior was classified as immobile if the rat exhibited no 

additional activity other than that necessary to remain a float, swimming if there was 
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forward movement through the tank, and climbing if there was upward movements of the 

forepaws against the tank sides.  For all behavioral phenotyping, videos were scored by 

two investigators, at least one blind to treatment group. Scores were averaged for the final 

data set.   

4.2.4 Two-Bottle Choice Intermittent Access to 20% Ethanol 

After traumatic-stress (SPS) or non-stressed control handling and behavioral 

testing, rats had intermittent access to 20% ethanol using a two-bottle choice procedure 

(Vasudeva et al., 2015; Simms et al., 2008; Wayner et al., 1972).  After behavioral testing 

was complete, each rat was singly housed in a standard rat cage with two drinking bottles 

secured to the wire top of the cage. On Monday, Wednesday, and Friday, one bottle 

contained drinking water and the other contained 20% ethanol in drinking water for 24 

hours. On the remaining days, the two drinking bottles contained water only. The bottles 

were weighed every 24 hours and ethanol presented in a counterbalanced way to avoid 

side preference. Ethanol was available in this manner for 24 sessions over 8 continuous 

weeks, beginning on Day 15 after SPS. The amount of ethanol consumed during each 24-

hour session was calculated as follows: [ethanol fluid (g) consumed X 0.162]/kg body 

weight to account for the specific density of ethanol in a 20% ethanol solution (Fisher et 

al., 2017). In addition to total ethanol consumption, ethanol preference was calculated as 

[ethanol fluid intake (g)/ (ethanol fluid intake (g) + water fluid intake (g)] *100 to 

indicate what percent of daily fluid intake was derived from the ethanol solution.  
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4.2.5 Artificial Intelligence- Support Vector Machine 

In order to predict which animals were vulnerable, resilient, or neither to 

subsequent ethanol consumption following traumatic stress in a reliable and reproducible 

way, an artificial intelligence algorithm was developed. A support vector machine which 

is a supervised machine learning algorithm was chosen. The support vector machine was 

trained and tested to classify and predict which rats would be resilient, neither, or 

vulnerable based on data from open field time in center and elevated plus maze number 

of open arm entries. Training and test data included the cohort of rats (N=17) exposed to 

SPS described in Experiment 1. The variables used to complete this were open field time 

in center, elevated plus maze number of open arm entries, and average ethanol 

consumption during weeks 6-8 (sessions 16-24).  All variables were converted to z scores 

for algorithm development.   Using the behavioral scores, the algorithm was trained to 

predict ethanol consumption subsets as resilient, neither, or vulnerable from the K-means 

cluster. Labeled data for the support vector machine came from the unsupervised k-

means cluster and formed the 80% of training data and 20% of test data used to build the 

support vector machine. The individual animals were randomly selected for training or 

test groups by the algorithm and this is reproducible if using a set.seed(125) function. 

This allowed the training and test data to be randomly selected and it is reproducible.  

This trained machine learning algorithm was used in Experiment 2 (below) to identify 

resilient and vulnerable animals for the molecular experiments without requiring 

subsequent ethanol exposure for phenotyping. Training data from a cohort of controls (N 

= 16) was collected and the same methods as stated above were applied to generate a 



56 
 

second support vector machine algorithm to filter out animals with naturally higher 

ethanol consumption. 

4.2.6 Experiment 2: Investigation of NPY as a factor underlying vulnerability or 

resilience to heightened ethanol consumption following traumatic stress 

Female rats in a second experiment underwent SPS (N = 56) or control handling 

(N = 24) followed by testing for anxiety-like behaviors on the open field test on Day 9 

and elevated plus maze on Day 10 as described above for Experiment 1.  Values for time 

in center of the open field test and entries into the open arms of the elevated plus maze 

were analyzed by the algorithm developed from Experiment 1 in order to identify 

individual rats that classified as vulnerable or resilient to the traumatic stress and 

subsequent ethanol drinking.  Values from control rats were analyzed in a similar manner 

to identify if any scores predicted an ethanol preference. Controls were selected with a Z 

score of 1.0 or less on open field time in center and 0.0 or less on elevated plus maze 

number of open arm entries. 

4.2.7 Brain Tissue Collection 

On Day 12, 48 hours after elevated plus maze testing, rats were briefly exposed to 

CO2 and decapitated in an unconscious state. Brains were rapidly removed, immersed in 

isopentane cooled to -40°C for 30 sec and stored at -80°C.  Frozen brains were sectioned 

in a cryostat at 15°C into 300 um sections. The basolateral amygdala (BLA), central 

nucleus of the amygdala (CeA), and bed nucleus stria terminalis (BNST) were collected 

using 1 mm diameter punches taken bilaterally from two adjacent 300 um sections 
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according to the rat atlas of Paxinos and Watson (2007). Dissected brain samples were 

stored at -80C until processed for RNA and protein isolation. 

4.2.8 RNA and Protein Extraction from Brain Tissue 

Protein and RNA were extracted from frozen tissue samples using the mirVanna 

PARIS RNA and Native Protein Purification Kit according to the manufacturer’s 

instructions (#AM1556, Life Technologies, Carlsbad, CA). All protein and gene 

expression assays were performed by an experimenter who was blinded to experimental 

group. 

4.2.9 qRT-PCR 

RNA concentrations were measured with a NanoDrop 2000 spectrophotometer 

(Thermo Fisher Scientific).  Before synthesizing cDNA with the High-Capacity cDNA 

Reverse Transcription Kit (Applied Biosystems, Waltham, MA), RNA samples were 

diluted to the same RNA concentration. RT-PCR quantification was completed using 

TaqMAN Fast Advanced Master Mix and TaqMAN Gene Expression Assays (Thermo 

Fisher Scientific, Warrington, United Kingdom) for neuropeptide Y (Rn00561681_m1), 

neuropeptide Y Y1 receptor (Y1, Rn02769337_s1), neuropeptide Y Y2 receptor (Y2, 

Rn00576733_s1), and control 18s rRNA (Rn4319413E). The Ct method was used to 

calculate relative fold change (Livak and Scmittgen, 2001) between controls, resilient and 

vulnerable rats. 

4.2.10 ELISA 

Neuropeptide Y (NPY) levels were measured in individual brain regions using 

protein that was extracted by the miRVANA kit. Total protein was quantified using a 
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BCA analysis (Rn23227, ThermoFisher Scientific, Waltman, MA). NPY was quantified 

by ELISA (S-1145, Peninsula Laboratories International, Inc (San Carlos, CA). Protein 

from each tissue sample was run in triplicate on 96-well microplates lined with 

neuropeptide Y selective polyclonal antibody specific for rats, together with NPY 

standards.  Optical densities were measured using FluoroStar spectrophotometer (BMG 

Labtech, Ortenberg, Germany). NPY values in the samples were calculated by 

comparison to the NPY standard curve using linear regression analysis (Graphpad Prism).   

4.2.11 Data Analysis 

Behavioral data were analyzed using an unpaired two-tailed t-test. Ethanol 

consumption across sessions was analyzed by two-way repeated measures ANOVA.  

Pearson correlations and multiple linear regression were used in the analysis of the 

relationship between behavioral endpoints and ethanol consumption. Behaviors that were 

not significantly correlated can be found in the appendix.  Sub-populations were analyzed 

with k-means cluster and predictive categorization of resilient and vulnerable populations 

was completed by training a support vector machine (SVM).  In the analysis of gene 

expression and protein levels, outliers were considered to be >2 SD from the means and 

were removed from the data sets. This resulted in removal of 7 out of 279 values from 

qRT-PCR assay.  GraphPad Prism 8 (La Jolla, CA) was used for unpaired two-tailed t-

test, one-way analysis of variance (ANOVA), and Pearson correlation. SPSS (IBM, 

Armonk, NY) was used for the multiple linear regression and k-means cluster. R version 

3.5.2 (Vienna, Austria) and RStudio (RStudio Team, Boston, MA) were implemented for 

the construction and use of the support vector machine.  
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4.3 Results 

4.3.1 Experiment 1: Anxiety-like behaviors and ethanol drinking following SPS  

The first aim of this study was to determine if behavioral phenotyping following 

traumatic stress exposure in female rats could be used to predict individual vulnerability 

or resilience to ethanol drinking. The prediction was there would be interindividual 

variability in anxiety-like behaviors after a traumatic-stress exposure and enhanced 

ethanol consumption following SPS exposure and that these two factors would be related. 

In experiment 1, SPS and control handled rats were tested on the open field test (Day 9) 

and elevated plus maze (Day 10) to assess anxiety-like behaviors. Analysis of group 

means revealed a trend towards less time in center of the open field for SPS rats 

compared to controls, however this difference was not statistically significant (Fig. 21A; 

two-tailed unpaired t-test: t (31) = 1.864, P = .0718). Results from the elevated plus maze 

showed that there were no significant differences in open arm entries (Fig 12B; (t (31) = 

0.1782, P > .05),  time in open arms (SPS: 140.0 sec +/- 18.05 vs. controls: 130.3 +/- 

15.29; t (31) = 0.4070, P > .05), or  total number of arm entries (SPS rats: 32.65+/- 2.369 

vs controls: 30.75 +/- 2.25 number of entries; t (31) = 0.5792, P > .05) between SPS and 

control groups.  There were no significant differences between control and SPS rats in 

freezing to cues (Context SPS: 46.82 +/- 7.72, context + tone SPS: 127.06 vs. 

17.91context controls: 46.69 +/- 11.45 and context + tone: 95.31 +/- 15.41) or immobility 

on the forced swim test (SPS: 31.91 +/- 2.23 sec vs controls: 36.7 +/- 2.47 sec). 

Following testing for anxiety-like behaviors, rats were provided access to ethanol in a 

two-bottle choice procedure. Twenty-four hour ethanol consumption was measured three  
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Figure 12 

A) 

 

B) 

 

Figure 12. Anxiety-like behavior after traumatic stress or control handling did not 

show significant group mean differences in young adult females. Anxiety-like 

behaviors were measured 7-8 days following SPS (N = 17) or control handling (N = 16) 

using the open field test and the elevated plus maze. Behavior in the open field test 

revealed that rats exposed to SPS spent less time in center compared to non-stressed 

controls, however this was not statistically significant (Fig. 12 A. P = .0718).) Elevated 

plus maze testing showed no significant differences in the number of open arm entries 

between SPS and non-stressed control rats (Fig. 12 B. P > .05). 
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times per week for 8 weeks for a total of 24 sessions commencing on Day 15. Figure 13 

shows mean ethanol consumption for SPS and control rats for each drinking session.  

Using a mixed-effect two-way ANOVA, there was a significant main effect of 

experimental group (F (6, 183) = 6.853, P < .0001), no significant main effect of session 

(F (1, 31) = 0.2637, P > .05), and a significant interaction (F (23, 663) = 1.711, P = 

.0207). Bonferroni’s post-hoc analysis did not reveal any significant differences between 

SPS and control ethanol consumption on any session. A histogram was used to show the 

SPS and control drinking averages (figure 14). 

4.3.2 Anxiety-like behaviors in SPS population identified to predict subsequent 

ethanol consumption 

Analysis of group means for open field testing and elevated plus maze did not show 

significant differences between SPS and control-handled rats. However, there was high 

variability in anxiety-like behaviors and ethanol drinking suggesting individual 

differences in response to traumatic stress exposure. Subsequent analyses were performed 

to identify predictive factors linked to heightened ethanol consumption following 

traumatic stress exposure. In order to determine which measures were most predictive of 

ethanol consumption during weeks 6-8 when ethanol drinking was well-established, 

correlation analyses were performed. Individual control and SPS animals’ scores for open 

field time in center were strongly correlated with ethanol consumption in weeks 6-8, with 

a large effect size (Fig. 15A; P = .0026, r = - .5076). Elevated plus maze number of open 

arm entries was not significantly correlated with ethanol consumption in weeks 6-8 (Fig. 

15B; P > .05, r = -.2431). Likewise, there was no significant correlation between any 

measures of cue reactivity or forced swim and ethanol drinking. These results indicate 
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Figure 13 

 

Figure 13. SPS exposed young adult females consumed higher levels of ethanol than 

the control group. Mean ethanol consumption (g/kg/24hr session) for sessions 1-24 was 

similar between SPS exposed (SPS, N = 17) and non-stressed controls (N = 16, P > .05). 

There was a significant main effect of session (****P <.0001), and a significant 

interaction between session and control/SPS main effects (*P < .05). Bonferroni multiple 

comparisons test showed that SPS rats had significantly higher ethanol consumption than 

controls during session 20 (*P < .05). 
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Figure 14 

 

 

Figure 14. SPS and control ethanol intake (g/kg) on average during all sessions in 

young adult females. The average ethanol (g/kg) consumed by SPS (N = 17) and control 

(N = 16) rats during the 8 weeks of ethanol exposure. 
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Figure 15 

A) 

 

B) 

 

Figure 15. Anxiety-like behavior after SPS or control handling was significantly 

predictive of subsequent ethanol consumption during weeks 6-8 in young adult 

females.  Open field test and elevated plus maze were separately correlated with ethanol 

consumption. Time in center during open field testing was a predictive factor for ethanol 

consumption during weeks 6-8. Both non-stressed controls and SPS-exposed animals (N 

= 33) were included in the correlations. Time in center during open field was a significant 

indicator of ethanol consumption after SPS or control procedures in weeks 6-8, with a 

large effect size (Fig. 15 A. P ** < .01, r = -.5076). Open arm entries during elevated 

plus maze testing was not a significant predictor of ethanol consumption during weeks 6-

8 (Fig. 15 B. P > .05, r = -2431). SPS and control handled animals were used in this 

correlation (N = 33). 
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that the endpoint of time in center of the open field test was most predictive of 

subsequent ethanol consumption.  

To determine if multiple behavioral variables after control handling or SPS were 

significantly related to ethanol drinking and would provide a better predictive model, a 

multiple linear regression was conducted.  When used together, open field time in center 

and elevated plus maze number of open arm entries factors were significantly correlated 

to ethanol drinking during weeks 6-8 (F(2,32) = 8.93, P = .001). The predictive power of 

these factors was moderately large based on the R2 = .37, adjusted R2 = .33 (table 1).  

Other combinations including reactivity to trauma-associated cues and immobility 

on the forced swim test were assessed using correlation and multiple linear regression 

analysis, however they were not significant predictors of ethanol consumption during 

weeks 6-8.  When a multiple linear regression analysis was applied to anxiety-like 

endpoints of open field time in center and elevated plus maze number of open arm entries 

together these factors were most predictive of subsequent ethanol consumption with a 

moderate effect size. As such, these two variables were used to develop an algorithm to 

identify individuals resilient or vulnerable to SPS-induced anxiety and ethanol drinking.   

4.3.3 K-means cluster unsupervised machine learning algorithm identified three 

subpopulations within the SPS group based on anxiety-like behavior and 

subsequent ethanol consumption 

To determine if different populations existed within the SPS group (N = 17), an 

unsupervised machine learning algorithm, k-means cluster was completed to identify 

subpopulations in an unbiased way (Fig. 15 and table 2). The machine learning algorithm  
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Table 1. Open field and elevated plus maze factors together were strongly predictive 

of subsequent ethanol consumption in young adult females. Results of multilinear 

regression analyses of individual responses to SPS exposure characterized by open field 

test time in center and elevated plus maze number of open arm entries predicting 

subsequent ethanol consumption during weeks 6-8. In young adult females, both factors 

were significant and strong mediators for average 24-hour session of ethanol 

consumption during weeks 6-8. 

 

Equation Factors             Correlation 

                                                                              

Predictors           B          β         SE           t        P         bivariate        partial 

             

Open Field    -.006    -.619    .018    -3.801    .001  -.147    -.010 

Elevated Plus Maze   -.051    -.555    .135    -3.407    .025  -.658    -.641 
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Table 2. In the traumatic stress group, three significantly different subpopulations 

emerged after k-means cluster analysis. The factors used for clustering included the 

open felid test (OFT) time in center, elevated plus maze (EPM), and ethanol (EtOH) 

consumption during weeks 6-8. These main factors were significantly different for each 

cluster (P < .01). The k-means (N = 3) cluster showed subpopulations including resilient, 

neither, and vulnerable group subpopulations.  

             

        Resilient (N = 4)    Neither (N = 6)    Vulnerable (N = 7)    F   Pairwise Contrasts 

Mean (SD)           Mean (SD)          Mean (SD) 

             

OFT    1.32 (.88)      -.70 (.58)           -.15 (.57)          11.81***   1 > 2***,1>3** 

EPM    1.11 (1.05)            .14 (.70)                 -.75 (.45)           9.08**       1>3*** 

EtOH  

weeks 6-8               -.75 (.55)              -.59 (.60)             .94 (.66)          13.99*** 1<3***, 2>3*** 

             

** P <.01 

*** P <.001 

**** P <.0001 
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Figure 15 

 

Figure 15. Three significantly different subpopulations, resilient, neither, and 

vulnerable were found in the traumatic stress exposed group using anxiety-like 

behaviors from open field time in center, elevated plus maze number of open arm 

entries, and ethanol consumption during weeks 6-8. A k-means cluster (N = 3) 

analysis for resilient (N = 4), neither (N = 6), and vulnerable (N = 7) groups showed 3 

significantly difference population clusters. These different sub populations within the 

traumatic stress exposed group were based on open field time in center, number of open 

arm entries during elevated plus maze testing, and average 24-hour ethanol intake during 

weeks 6-8 factors in young adult females. All factors were compared using z scores. 
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was implemented using SPSS software (IBM, Armonk, NY). K-means is a 

nonhierarchical clustering analysis that separates subpopulations (Forgy., 1965; Hartigan 

and Wong, 1979; Nanetti, et al., 2009). Open field time in center (sec), elevated plus 

maze number of open arm entries, and average ethanol consumption during weeks 6-8 

(gm/kg body weight) were converted into z-scores for this analysis to ensure equitable 

comparison.  

The population classification revealed the SPS groups clustered into 3 distinct 

subpopulations. One cluster, which was classified as the resilient group, had both low 

anxiety-like behavior and low ethanol consumption (N = 4), whereas another cluster, 

termed the vulnerable group, had high anxiety-like behavior and high ethanol 

consumption (N = 7). As seen in figure 15 and table 2, the k-means factors were 

significant for open field time in center (F(2,14) = 11.810, P = .001), elevated plus maze 

number of open arm entries (F(2, 14) = 9.081, P = .003) and average ethanol 

consumption during weeks 6-8 (F(2, 14) = 13.9987, P < .001). A similar algorithm was 

generated for the rats exposed to control handling (N=16) in order to determine if a 

subset of the control population was predisposed to an ethanol preference (data not 

shown, cluster N = 4). Results identified 3 rats that showed high anxiety on open field 

time in center and high ethanol consumption.  

4.3.4 K-means cluster subpopulation validation 

In order to further demonstrate that the k-means cluster analysis identified two 

different subpopulations of SPS rats, resilient and vulnerable groups were compared for 

anxiety-like behaviors and ethanol consumption during weeks 6-8. The vulnerable rats 

spent significantly less time in the open field center (Fig. 17; two-tailed unpaired t-test: t  
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Figure 17 

 

A) B) C) 

   
D)  

 

Figure 17. Within the adult female traumatic stress group, the vulnerable 

subpopulation had significantly higher anxiety-like behavior, ethanol consumption 

and ethanol preference compared to the resilient subpopulation. Behavioral 

characteristics of rats classified as resilient (N = 4) or vulnerable (N = 7).  Vulnerable rats 

spent significantly less time in center during the open field test compared to the resilient 

group (Fig. 17 A. **P < .01). Vulnerable rats also had significantly lower numbers of 

open arm entries during elevated plus maze testing (Fig. 17 B. **P < .01). During weeks 

6-8 following SPS, the vulnerable rats consumed significantly more ethanol than resilient 

rats (Fig. 17 C. **P < .01). Vulnerable rats had significantly higher ethanol preference 

during weeks 6-8 compared to the resilient group (Fig. 17 D. ****P < .0001). Data are 

expressed as means +/- SEM and data analyzed by two-tailed t-tests. 

 



71 
 

(9) = 3.386, P = .008), had significantly less elevated plus maze open arm entries (Fig. 17 

B; t (9) = 4.197, P = .0023) and consumed significantly more ethanol during weeks 6-8 

(Fig. 17 C; t (9) = 4.197, P = .0023) than resilient rats. Likewise, vulnerable rats had a 

greater preference for ethanol than resilient rats during weeks 6-8 (Fig. 17 D; t (16) = 

7.512, P < .0001). 

These results demonstrate that the unsupervised machine learning algorithm 

successfully identified two populations of rats, labeled as ‘resilient’ and ‘vulnerable’, that 

were phenotypically different in terms of anxiety-like and ethanol drinking behaviors. As 

such, the algorithm could be used in Experiment 2 to predict which rats would be resilient 

or vulnerable to high ethanol consumption based on their anxiety scores alone following 

SPS exposure. 

4.3.5 Artificial intelligence algorithm using a supervised machine learning support 

vector machine to predict resilient and vulnerable phenotypes 

Using the subpopulations from the k-means cluster analysis, a support vector 

machine was programed to predict resilient, neither, or vulnerable phenotype based on 

anxiety-like behavior scores. A support vector machine is a supervised machine learning 

algorithm that can be trained to effectively predict outcomes with future data sets (Noble, 

2006). The classification support vector machine used a cost function of 10 and a gamma 

function of 2 with a radial kernel. 80% of the data was used for training the algorithm and 

20% was used to test the accuracy. The support vector machine was highly significant 

and accurately predicted vulnerable, neither, or resilient individuals 75% of the time 

using open field time in center and elevated plus maze number of open arm entries 

classifiers (Confidence interval = 75%-100%, P <.00001).  



72 
 

4.3.6 Experiment 2: NPY system regulation in vulnerable and resilient 

subpopulations following SPS 

Phenotype of resilient and vulnerable populations following SPS  

A separate cohort of female rats underwent SPS (N = 56) or control handling (N = 

24), followed by assessment of anxiety-like behaviors on the open field test and elevated 

plus maze. Data on open field time in center and elevated plus maze number of open arm 

entries were subjected to analysis by the algorithm developed in Experiment 1 in order to 

identify individual rats predicted to be vulnerable or resilient to high ethanol drinking. Of 

the 56 rats that underwent SPS exposure, 10 were identified as vulnerable and 9 as 

resilient using the algorithm. Using a similar approach, representative rats that underwent 

control handling were selected by open field time in center z scores (z scores 1.0 and 

less) and elevated plus maze z scores (z scores 0.0 and less) and consisted of 12 rats. 

Analysis of behavioral scores for individuals identified as vulnerable, resilient or 

controls demonstrated group differences in anxiety-like phenotypes. A one-way ANOVA 

for open field time in center revealed a significant difference (Fig 18 A; F (2, 28) = 

11.52, P = .0002). Bonferroni post-hoc tests showed the resilient group spent 

significantly more time in center than the control (P < .01) and vulnerable group (P = 

.0005); the control and vulnerable groups were not significantly different (P > .05). A 

one-way ANOVA for elevated plus maze number of open arm entries revealed a 

significant difference (Fig 18 B; F(2, 28) = 31.66, P < .0001). Bonferroni post-hoc tests 

showed the resilient group had significantly more open arm entries than the controls (P < 

.0001) and vulnerable group (P < .0001). Open arm entries for the control and vulnerable  
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Figure 18 

A) 

 

B)  

 

Figure 18. Resilient rats had significantly lower levels of anxiety-like behavior 

compared to control and vulnerable rats. A separate cohort of rats were behaviorally 

characterized after SPS and classified as vulnerable or resilient based on anxiety-like 

scores using the algorithm developed.  During open field, the resilient group spent 

significantly more time in center than the vulnerable group (Fig. 18A. **P < .01) and 

control group (***P < .001). There was no significant difference in time spent in center 

between the vulnerable or control groups (P > .05). The elevated plus maze test showed 

the resilient group had significantly higher open arm entries than the vulnerable (Fig 18B. 

****P < .0001) and control (****P < .0001) group. There was no significant difference 

between the vulnerable or control groups (P > .05) in open arm entries. Data are 

expressed as means +/- SEM; controls N= 12, resilient N = 9, vulnerable N = 10. 
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groups were not  significantly different (P = .3680). Thus, rats identified as resilient 

versus vulnerable following SPS exposure had significant differences in anxiety-like 

behaviors.  

4.3.7 NPY, Y1 and Y2 levels in the amygdala and extended amygdala of resilient 

and vulnerable female rats 

Levels of NPY protein, and Y1 and Y2 mRNA were measured by ELISA and 

qRT-PCR respectively in three brain regions involved in stress responses and ethanol 

drinking, the BLA, CeA, and BNST.  Brain regions were obtained 48 hours following 

their final behavioral testing. Results are shown in figure 18.   

In the BLA, the levels of NPY were not significantly different between control, 

resilient and vulnerable groups (Fig 19 A; F(2, 27) = 1.681, P > .05).  There was a 

significant difference in Y1 mRNA expression (Fig 19 B; F(2, 26) = 6.304, P = .0059). 

The Bonferroni post-hoc analysis revealed that the vulnerable group had significantly 

higher expression of Y1 mRNA than the control group in the BLA (P <.01); there were 

no significant differences between the control and resilient (P >.05) or the resilient and 

the vulnerable group (P > .05). A one-way ANOVA determined no difference between 

controls, resilient, or vulnerable rats in Y2 mRNA expression (Fig 19 C; F (2, 26) = 

0.7155, P > .05).  

In the CeA, a one-way ANOVA showed no significant differences in NPY levels 

between groups (Fig 19 D; F(2, 27) = 0.5877, P > .05). Likewise, there were no 

differences in Y1 mRNA expression (Fig 19 E; F(2, 27) = 2.019, P > .05).  
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However, Y2 expression was significantly different between groups (Fig 19 F; F(2, 27) = 

6.979, P = .0036). Bonferroni post-hoc analysis revealed that the resilient group had 

significantly higher Y2 mRNA than the control (P <.01) and vulnerable groups (P <.05). 

In the BNST, a one-way ANOVA determined that NPY protein levels were found 

to be significantly different between groups (Fig 19 G; F(2, 27) = 6.497, P < .01). The 

resilient group had significantly higher NPY levels compared to controls (P < .01), 

vulnerable and controls (P > .05) and resilient and vulnerable were not significantly 

different (P > .05). There was a significant difference in Y1 expression (Fig 19 H; F(2, 

27) = 3.543, P < .05), however the Bonferroni post-hoc test was not significant. There 

was no difference for controls, resilient, or vulnerable rats in Y2 mRNA (F(2, 28) = 

2.644 P > .05) expression. Taken together, these data indicate changes in the NPY 

system following SPS occurred in a brain region-specific manner and were dependent on 

behavioral phenotype.  
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Figure 19 

A) B) 

    

C)  D) 
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E)          F)  

        

H)                  I) 
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J)  

 

 

Figure 19. Resilient rats had significantly higher levels of Y2 mRNA in the CeA and 

significantly higher levels of neuropeptide Y protein in the BNST compared to 

vulnerable and control groups. Y1 mRNA was significantly higher for the 

vulnerable compared to controls.  Traumatic stress exposure differentially effected the 

NPY pathway in resilient and vulnerable rats in a brain region-specific pattern. In the 

basal lateral amygdala (Fig. 19 BLA; A-C), Y1 mRNA was higher in vulnerable 

compared to the control group. In the central nucleus of the amygdala (Fig. 19 CeA; D-

F), resilient rats had higher Y2 mRNA levels than control and vulnerable groups. In the 

bed nucleus stria terminalis (Fig. 19 BNST; H-J) resilient rats had higher levels of NPY 

protein than the control group. Data are expressed as means +/- SEM; N= controls N= 12, 

resilient N = 9, vulnerable N = 10, Post hoc tests: *P < .05 and **P < .01.  
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4.4 Discussion 

The current study investigated individual responses to traumatic stress exposure 

and a potential neurochemical mechanism underlying these differences. Individual 

differences in response to traumatic stress were hypothesized to influence subsequent 

ethanol consumption. A novel artificial intelligence algorithm was trained to predict 

resilient, neither and vulnerable phenotypes for ethanol drinking following SPS based on 

anxiety-like behaviors. Using this algorithm, resilient and vulnerable subpopulations 

were found to coexist within rats exposed to SPS. The experimental subjects used in this 

study were young adult female rats. Females were chosen based on the clinical literature 

which reports a higher incidence of PTSD and co-occurring alcohol use disorder in 

women than men when corrected for the level of trauma exposure (Kessler et al., 1995), 

and because of the dearth of information on females from preclinical studies of traumatic 

stress and ethanol.  

Using the SPS rat model of PTSD, female rats were exposed to the stressors and 

their behaviors characterized by four tests that evaluated anxiety- and depression-like 

responses, and reactivity to stress-related cues: open field test, elevated plus maze, cue-

reactivity and forced swim test. Following behavioral phenotyping, ethanol consumption 

was measured using the intermittent ethanol two-bottle choice method for 8 weeks. These 

procedures were selected to model the transition from traumatic stress exposure to 

alcohol use disorder seen in clinical populations. Using this model, the study was 

designed to create a method to predict individual differences in ethanol preference 

following traumatic stress in order to investigate the neurobiological underpinnings 
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driving enhanced drinking behavior. A limitation to some preclinical studies using PTSD 

models has been the failure to consider individual responses to the stressor and how these 

individual responses influence neuroplasticity and subsequent behavior, including 

alcohol-seeking. The approach developed in this study provides a methodological 

advance to the investigation of co-occurring stress disorders and ethanol drinking. Similar 

to humans, only a subpopulation of experimental animals develops symptoms akin to 

PTSD and heavy alcohol ingestion following exposure to traumatic stress. Combining 

stress-exposed experimental subjects with and without the desired phenotype (in this 

case, heightened anxiety and ethanol preference) could impact the validity of subsequent 

analysis investigating the biological underpinnings of these disorders.    

To investigate potential molecular mechanisms of heightened ethanol drinking 

following traumatic stress, it was predicted that the NPY pathway would be altered 

following stress exposure in a way consistent with vulnerability to the traumatic stress 

and ethanol drinking. The study focused its investigation of the NPY system in areas of 

the amygdala and extended amygdala that are known to be involved in fear response, 

anxiety-like behaviors, and ethanol consumption.  The BLA, CeA, and BNST are nuclei 

in the amygdala and the extended amygdala (Tye et al., 2011; Jennings et al., 2013). The 

BLA receives fear stimuli, the CeA exports fear stimuli, and the BNST has reciprocal 

connections with the CeA (Pape and Pare, 2010; Rodríguez-Sierra et al., 2016). They 

play key roles in fear learning, and dysregulated fear learning is a hallmark of PTSD 

(Careaga et al., 2016).  NPY, Y1 and Y2 are expressed in the amygdala and extended 

amygdala (Wood et al., 2016; Tasan et al., 2016; Mackay et al., 2019). In general,  
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activation of postsynaptic Y1 reduces anxiety, whereas activation of presynaptic Y2 

increases anxiety-like behaviors (Sorensen et al., 2004; Bowers et al., 2012; Reichmann 

and Holzer, 2016).  NPY administration or overexpression is anxiolytic in several rodent 

models, including in the elevated plus maze and open field tests  (Heilig et al., 1989; 

Broqua et al., 1995; Sørensen et al., 2004), and this is mediated primarily through 

activation of Y1 (Bowers et al., 2012).  The findings presented herein demonstrate the 

NPY pathway is differentially regulated in areas of the amygdala and extended amygdala 

of vulnerable and resilient populations. Vulnerable rats had higher levels of Y1 mRNA in 

the BLA compared with controls.  Resilient rats had significantly higher Y2 expression in 

the CeA and NPY levels in the BNST than non-stressed controls.  

In the BLA, NPY neurotransmission has been shown to play a role in modulating 

anxiety and fear-related behaviors (Sajdyk et al., 2002; Tasan et al., 2010). When NPY is 

directly injected into the BLA, animals show resilience to restraint stress and display 

greater social behaviors compared to vehicle-injected shams (Sajdyk et al., 2008). 

Likewise, intra-amygdala NPY attenuates conditioned fear expression (Fendt et al., 2009) 

and enhances fear extinction, whereas Y1 antagonist inhibits fear extinction (Gutman et 

al., 2008).  In contrast, genetic knockdown of Y2 in the BLA decreases anxiety (Tasan et 

al., 2010). These findings support the contention that Y1s decrease and Y2s increase 

anxiety states and the regulation occurs, at least in part, at the level of the BLA.  Our 

results indicate that vulnerable rats were more anxious and had higher levels of Y1 

mRNA in the BLA than controls but had similar levels of NPY. Our results are in 

contrast to those Cui et al., (2008) who report increased NPY-immunoreactivity in 
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neurons in the BLA 7 days following SPS in male rats. The rats were not behaviorally 

phenotyped as vulnerable or resilient which may contribute to the differences in the 

findings; our rats were at the two extremes in terms of behavioral responses to SPS. 

There also may be differences between males and females in the regulation of NPY 

following traumatic stress. Males and females need to be investigated side-by-side to 

establish important sex differences in the biological responses to traumatic stress.  

The CeA receives sensory inputs from the BLA and cortex, and in turn provides 

behavioral output through the BNST.  The BNST has reciprocal connects with the CeA 

that are important in anxiety responses and ethanol consumption (Gilpin et al., 2015). As 

a central component to this circuit, the CeA is critical for processing responses to 

traumatic stress and regulating anxiety valence and alcohol drinking (Gilpin et al., 2015). 

The results presented herein indicate that resilient rats had higher levels of Y2 mRNA in 

the CeA than vulnerable rats. Elevated Y2 receptors in resilient rats may result in lower 

fear responses in agreement with the findings of Verma et al., (2015) who demonstrated 

that over-expression of a Y2 agonist, NPY3-36, specifically in the CeA diminishes 

acquisition and recall during cued fear conditioning.  The finding of lower Y2 mRNA in 

the vulnerable group may indicate a down-regulation of presynaptic control of local 

GABA interneurons or reduced Y2 expression by CeA projection neurons. Prior work 

shows that genetic knockdown of Y2R mRNA in the CeA results in down-regulation of 

Y2 binding within the CeA, but also in the BNST, nucleus accumbens shell, and locus 

coeruleus (Tasan et al., 2010). Reductions of Y2 expression by CeA GABAergic 

interneurons could result in disinhibition of GABAergic projection neurons from the CeA 

to the BNST, thus potentially reducing anxiety and ethanol consumption in the resilient 
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group (Pati et al., 2020). This possibility needs to be further explored. Although there is a 

paucity of prior studies that have investigated the regulation of Y2 following SPS or other 

traumatic stress models, it has been reported that SPS results in a reduction of Y2R 

mRNA in the locus coeruleus of male rats compared with controls (Sabban et al., 2018); 

Y2 mRNA in the amygdala was not measured.   

The BNST has afferent and efferent connections with the CeA, which are 

critically involved in the subjective feeling of anxiety and linked to alcohol consumption 

(Gilpin, 2012; Avery et al., 2016).  Results from the present study show that NPY levels 

were higher in the BNST in the SPS-exposed resilient subpopulation compared to non-

stressed controls. This is consistent with previous work showing that NPY, stress, and 

ethanol consumption are related. Higher NPY levels in the BNST are associated with 

increased adaptive coping in response to swim stress following chronic variable stressors 

(Hawley et al., 2010). NPY signaling through Y1 in the BNST reduces ethanol binge 

drinking (Pleil et al., 2015) and central administration of NPY suppresses alcohol seeking 

after stress exposure (Cippitelli et al., 2010). High drinking in the dark (HDID-1) mice 

have significantly lower NPY levels in the BNST compared to heterogeneous stock mice 

(Barkley-Levenson et al., 2016). Thus, NPY expression in the BNST is inversely related 

to stress responses including anxiety and ethanol consumption.  In the present study, the 

higher levels of NPY in the BNST of resilient rats may be neuroprotective against 

harmful stressful stimuli and prevent increased anxiety and ethanol consumption. 

Sex differences in anxiety-like behaviors and ethanol consumption have been 

reported. For example, females exhibit higher locomotion and lower anxiety-like 

behaviors during elevated plus maze testing compared to males, although responses to 
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open field testing are not different (Scholl et al., 2019). During two bottle choice, female 

rats self-administer more ethanol than male rats (Priddy et al., 2017).  Further, different 

responses to SPS have been reported between male and female rodents (Pooley et al., 

2018; Keller et al., 2015). The results presented here support prior work demonstrating 

that high anxiety is predictive of ethanol consumption, and that a positive relationship 

exists between anxiety-like behaviors and ethanol intake in females but not males (Izídio 

and Ramos, 2007).  Importantly, the present study also revealed that the phenotype after 

SPS that was most predictive of high ethanol drinking was anxiety scores on the elevated 

plus maze and open field test.  It is possible that different tests may be more predictive of 

ethanol consumption in males and this needs further investigation. Other work has shown 

that female rats are more likely to drink during social isolation which is anxiogenic and 

males are more likely to drink in groups, demonstrating anxiety is an important driver for 

female ethanol consumption but not for males (Varlinskaya et al., 2015).  The NPY 

pathway also shows sex-dependent regulation in response to various types of stressors 

(Karisetty et al., 2017; Forbes et al., 2012). These studies suggest there are inherent 

differences in male and female responses to stress, including expression of anxiety-like 

behaviors, ethanol consumption and NPY pathway regulation. Future investigations 

measuring the predictive factors for later ethanol consumption in males is needed. 

In summary, exposure to traumatic stress produces a range of responses in both 

animal and human populations. It is important to study individual responses to stress 

exposure in order to elucidate molecular mechanisms responsible for resilience and 

vulnerability, as well as to consider effective prevention and treatment approaches. This 

study developed and applied an artificial intelligence algorithm to identify individual 
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differences following exposure to traumatic stress in female rats that enabled prediction 

of resilience or vulnerability to subsequent ethanol consumption. Investigation of the 

NPY pathway revealed that resilient animals had significantly higher levels of NPY in 

the BNST and higher expression of Y2 in the CeA.  This suggests that enhanced NPY 

transmission in areas of the amygdala and extended amygdala may be important for 

resilience to traumatic stress exposure and in preventing high ethanol consumption in 

females.  Artificial intelligence algorithms could be developed to detect and predict 

individual differences in humans exposed to traumatic stress in order to create a 

therapeutic intervention that shifts vulnerable individuals to a resilient phenotype.   
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CHAPTER 5. SUMMARY OF CONCLUSIONS AND FUTURE DIRECTIONS 

5.1 Summary of Conclusions 

 These experiments demonstrate clear behavioral sex and age differences in 

response to a rat model of traumatic stress. The novel implementation of artificial 

intelligence increased the categorization accuracy two-fold over the current industry 

standard. Artificial intelligence determined which animals were vulnerable or resilient to 

traumatic stress, pushing the bounds of our understanding. Neuropeptide Y was 

investigated in young adult females in the amygdala and extended amygdala to determine 

the role of the NPY pathway in resilient and vulnerable groups after traumatic stress.  

This investigation was completed to further our understanding of the mechanistic 

underpinnings of resilient and vulnerable phenotypes. 

The effects of traumatic stress manifested differently in young adult males, 

adolescent females, and young adult females. The series of experiments show that 

different behavioral features after traumatic stress or control handling prognosticate 

future ethanol consumption. In young adult males, fear-like behavior was predictive of 

subsequent ethanol consumption. Depression-like behavior after traumatic stress 

exposure or control handling in adolescent females was a significant indicator of future 

30-minute ethanol consumption. Anxiety-like behavior for the young adult females was 

predictive of ethanol consumption and artificial intelligence could accurately predict 

resilient, neither, and vulnerable rats. Artificial intelligence successfully identified 

subpopulations and this algorithm was used to determine resilient and vulnerable 

populations for neuropeptide analysis. 
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The neuropeptide Y pathway was investigated in young adult females to 

determine the effects of traumatic stress in resilient and vulnerable subpopulations. 

Neuropeptide Y was different in resilient, vulnerable, and control groups. In the BLA, the 

vulnerable group had higher levels of Y1 mRNA compared to the control group. The 

resilient group had higher levels of Y2 mRNA compared to both the vulnerable and 

control groups. In the BNST, the resilient group had significantly higher levels of NPY 

protein compared to the controls. These results demonstrate the neuropeptide Y pathway 

is a viable target after traumatic stress. 

Overall, this work increases our understanding of traumatic stress and what 

characteristics predict vulnerability and resilience. The innovative use of artificial 

intelligence predicting vulnerability or resilience based on behavior greatly furthered our 

understanding. Neuropeptide Y may be a factor in resilient or vulnerability outcomes 

after traumatic stress exposure. Developing artificial intelligence models for other animal 

models of traumatic stress and for humans with PTSD is critical to gain insights and 

predict outcomes. With a model that can anticipate if individuals are vulnerable to 

traumatic stress exposure, they could be treated before PTSD and alcohol use disorder 

develop. Pharmacological interventions using the Neuropeptide Y pathway could be used 

intercept vulnerable individuals after traumatic stress and shift their outcomes to be more 

like their resilient counterparts. Further research developing artificial technologies and 

continuing to understand the neurobiological underpinnings of vulnerability are needed. 

This work will lead to developing pharmacological interventions that prevent traumatic 

stress exposed individuals that are vulnerable from developing PTSD and alcohol use 

disorder. 
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5.2 Future Directions 

 These experiments mark the beginning of artificial intelligence development for 

preventing PTSD and co-occurring alcohol use disorder by predicting vulnerability or 

resiliency based on behavioral characterization after traumatic stress exposure. This study 

also furthers our understanding of the neurobiological underpinnings of resilient and 

vulnerable manifestations specifically in the neuropeptide Y pathway in the amygdala 

and extended amygdala. While this work greatly innovates and expands upon our current 

understanding of PTSD and co-occurring alcohol use disorder, more research is needed to 

gain a full understanding.  

 Machine learning algorithmics need to be further developed that include sex and 

age in the training and testing data set. This work showed age and sex can influence 

predictive factors. Therefore, it is an important consideration to improve artificial 

intelligence development for PTSD and co-occurring alcohol use disorder. This study 

investigated behavioral traits after traumatic stress exposure that were associated with 

vulnerability or resiliency. Future studies should incorporate more variables to determine 

if physiological or other behavioral factors are predictive of vulnerability or resiliency. 

Plasma should be taken from the animals at varying time points after traumatic stress 

exposure or control handling measuring neuropeptide Y and corticosterone. More 

variables that predict phenotype after traumatic stress will continue to increase the 

accuracy of the model. 

 These studies examined neuropeptide Y in the BLA, CeA, and BNST in resilient 

and vulnerable groups compared to controls. The amygdala and extended amygdala are 

critical regions for development of PTSD and co-occurring alcohol use disorder as 
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described previously. Other brain regions are also involved in vulnerability and resilience 

in PTSD and co-occurring alcohol use disorder and warrant further study. In the central 

nervous system, Y1 and Y2 are the most predominantly expressed neuropeptide Y 

receptors and are located in the prelimbic and infralimbic cortex, basolateral and central 

nucleus of the amygdala, and dorsal and ventral hippocampus (Y2 only) (Saffari et al., 

2016; Dumont et al., 1990; Kask et al., 2002; Flood et al., 1989).  In the prelimbic and 

infralimbic both contain NPY+ neurons (Saffari et al., 2016). The prelimbic cortex 

increases conditioned fear expression and infralimbic cortex enhances extinction (Saffari 

et al., 2016; Vidal- Gonzalez, et al., 2006). Fear responses and traumatic cue reactivity 

are strong indicators of PTSD and symptom severity (Kaczkurkin et al., 2017; Orr et al., 

2000; Pitman et al., 2011; Jovanovic et al., 2010). These should be investigated in both 

male and female rats. Sex differences have been shown clinically, fear of anxiety, which 

is the fear of experiencing anxiety symptoms, in men is a significant indicatory or PTSD 

severity, but not in women (Reuther et al., 2010). Fear is a central tenet of the PTSD 

diagnosis (Breslau et al., 1998). Further, inability to adequately impair fear is a PTSD 

biomarker (Jovanovic et al., 2010). Considering the importance of fear in the 

development and severity of PTSD, the prelimbic and infralimbic cortex are prime 

candidates for further investigation. The hippocampus is important in fear memory and 

cues paired with alcohol use disorder. The dorsal and ventral hippocampus contain NPY+ 

neurons (Li et al., 2015; Tasan, et al., 2016). The dorsal hippocampus plays an important 

role in contextual cued fear information and fear extinction (Phillips and LeDoux, 1992). 

The exact circuitry of the dorsal hippocampus and NPY is poorly understood (Li et al., 

2015; Tasan, et al., 2016). However, it has been shown that expression of NPY in the 
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dorsal hippocampus impairs long term potentiation via activation of Y2 receptors (Tasan 

et al., 2016). Both the dorsal and ventral hippocampus are key candidates for further 

study. They are both integral parts in fear which is a critical component in PTSD. 

Overall, the prelimbic, infralimbic, dorsal and ventral hippocampus are key components 

for fear learning and extinction and the NPY pathway and the warrant further 

investigation in resilient and vulnerable subpopulations. 

Epigenetic modifications are also known to modulate NPY expression during 

ethanol consumption in rodent models (Pandey et al., 2008; Sakharkar et al., 2014). In 

particular, after chronic ethanol administration, withdrawal causes amplified HDAC 

activity and diminished acetylation of histones H3-K9 and H4-K8 and NPY protein in 

Sprague-Dawley rats (Pandey et al., 2008). Further investigation determined in alcohol 

preferring rats HDAC2 not HDAC4 is higher in the central nucleus (CeA) and medial 

nucleus of the amygdala (MeA) but not the basolateral amygdala after chronic alcohol 

administration (Sakharkar et al., 2014). Chromatin immunoprecipitation (ChIP) revealed 

that increased HDAC activity negatively correlates with NPY levels in the CeA and MeA 

of preferring rats (Sakharkar et al., 2014). The studies herein show that the BLA, CeA, 

and BNST are important in resilient and vulnerable animals. Therefore, it would be 

important to understand if epigenetic factors are additional components driving resilience 

or vulnerability. Epigenetic mechanisms may also contribute to the development of 

vulnerability or resiliency.  

 Research has shown that NPY administration after traumatic stress exposure can 

be protective against freezing behavior and shift groups to be more resilient-like (Cohen 

et al., 2012). This study investigated administration 1 hour after predator scent stress 
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exposure and looked at 3 subpopulations. Statistical analysis of their model was lacking. 

Specifically, it should have added population analytics to characterize the groups. The 

study used cut off criteria to determine groups which is not as rigorous or reproducible as 

implementing population analytics that account for measurement error, individual 

variability on each test type used, and population variability. To build upon what Cohen 

et al (2012) showed, incorporating the artificial intelligence model developed in this 

study could be used to determine if NPY administration after traumatic stress exposure 

promotes resilience. Another study showed that NPY administration 30 minutes prior or 

during SPS decreased FST immobility compared to controls (Serova et al., 2013). This 

study did not investigate subpopulations and administering NPY before or during 

traumatic stress exposure is not very translatable. Most types of traumatic stress are 

unpredictable such as a car accident or assault, therefore administration of NPY would be 

more translatable if administered after traumatic stress was applied. Further studies 

investigating vulnerable and resilient groups with NPY administration is needed.  

 Estrogen and testosterone have been shown to have interactions with NPY. The 

majority of studies show that females have lower levels of NPY expression during 

unstressed conditions compared to males (Nahvi and Sabban, 2020). Age and sex also 

plays a large role in the NPY pathway (Nahvi and Sabban, 2020). NPY increases with 

age in women but not men (Taniguchi et al., 1994). NPY levels are higher in the 

hypothalamus of older women (59-86) compared to younger women (21-39; Escobar et 

al., 2004). Unlike in women, NPY levels decrease in men as they age (Sohn et al., 2002; 

Sahu et al., 1988; Sahu et al., 1990) Overall, these studies show that as women age their 

levels of NPY increase and as men age their levels of NPY decrease. These age- and sex- 
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related difference in NPY levels may contribute to different levels of PTSD and warrant 

further investigation. 

The results presented herein show there are resilient and vulnerable 

subpopulations in the traumatic stress population. The novel artificial intelligence 

technology invented to identify resilient and vulnerable subpopulations within the SPS 

group expanded the current understanding of the field. Investigating neuropeptide Y in 

the amygdala and extended amygdala also showed the neuropeptide Y  

Pathway may be a part of PTSD and co-occurring alcohol use disorder. Further research 

is needed to develop artificial intelligence technology for humans to help prevent PTSD 

and co-occurring alcohol use disorder. Understanding the alterations in pathways is 

needed for development of therapeutics. This novel research will help prevent PTSD and 

co-occurring alcohol use disorder in humans. 
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APPENDIX 

 

Figure 20 

A)      B) 

   

C)               D) 

  

 

 

Figure 20. Anxiety-like behavior was not a significant indicator of ethanol 

consumption in male rats. To measure anxiety-like behavior open field test and elevated 

plus maze were separately correlated with ethanol consumption. SPS and control rats 

were used in these correlations (N = 12). There were no significant correlations between 

sessions 6-8 open field time in center (A; P > .05, r = .4805), sessions 9-11 open field 

time in center (B; P > .05, r = -.2417), sessions 6-8 number of open arm entries (C; P > 

.05, r = .1823), and sessions 6-8 number of open arm entries (D; P > .05, r = -.1810). 
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Figure 21 

A)                    B)  

 

C)          D)  

  

E)           F)  
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G)         H) 

 

 

 

Figure 21. Anxiety-like and fear-like behavior were not significant indicators of 

ethanol consumption in adolescent female rats. To measure anxiety-like behavior open 

field test and elevated plus maze were separately correlated with ethanol consumption. 

Fear-like behavior was assessed with number of times freezing and seconds freezing. SPS 

and control rats were used in these correlations (N = 24). There were no significant 

correlations between sessions 2-4 open field time in center (A; P > .05, r = .0549), 

sessions 7-9 open field time in center (B; P > .05, r = -.1088), sessions 2-4 number of 

open arm entries (C; P > .05, r = .0936), and sessions 7-9 number of open arm entries (D; 

P > .05, r = .1568). Sessions 2-4 ethanol and number of times freezing (E; P > .05, r = 

.0327), sessions 7-9 ethanol and number of times freezing (F; P > .05, r = -.1157), 

sessions 2-4 ethanol and seconds freezing (G; P > .05, r = .2586), sessions 7-9 ethanol 

and seconds freezing (H; P > .05, r = .2167). 
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Figure 22 

A)              B) 
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Figure 22. Fear-like and depression-like behavior were not significant indicators of 

ethanol consumption in young adult female rats. To measure fear-like behavior was 

assessed with number of times freezing and seconds freezing. Depression-like behavior 

was measured with the forced swim test and immobility counts. SPS and control rats 

were used in these correlations (N = 33). There were no significant correlations for weeks 

6-8 of ethanol consumption and number of times freezing (A; P > .05, r = .1372), weeks 

6-8 of ethanol consumption and seconds freezing (B; P > .05, r = .0935), weeks 6-8 of 

ethanol consumption and immobility behavior counts (C; P > .05, r = .1067).  

 

 


