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ABSTRACT OF THE DISSERTATION 
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Fear is critical for survival but can become harmful when it is disproportionate to the 

level of threat present. Post-traumatic stress disorder (PTSD) is characterized by such 

dysregulation of fear and is frequently comorbid with substance use disorders (SUDs), 

particularly alcohol abuse. However, the factors that mediate susceptibility to these conditions 

and the biological mechanisms that support these conditions are unclear. Stress-enhanced fear 

learning (SEFL) is a rodent model of stress exposure that captures the sensitization of fear 

learning seen in PTSD patients. In this dissertation I used the SEFL model to investigate the 

factors that govern stress susceptibility as well as the potential role of increased levels of Ca2+-

permeable α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors in 

supporting enhanced fear learning following stress.  
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PTSD is twice as common in women compared to men, yet the vast majority of rodent 

studies investigating this condition have been conducted exclusively in males. In Chapter 1 I 

investigated sex differences in responses to an intense, acute stressor (15 footshocks over 90 

minutes). I found that male and female rats showed similar changes in fear learning following 

stress, while some aspects of anxiety-related behavior were differentially impacted by stress. 

While levels of the GluA1 subunit of the AMPA receptor were altered within the basolateral 

amygdala (BLA) of male rats, no changes in GluA1 levels were observed in females.  

In Chapter 2 I demonstrated that a reduced severity stressor (4 footshocks over 90 

minutes) revealed distinct susceptible and resilient groups in both male and female rats. 

Susceptible male and female rats showed increased fear and anxiety compared to their resilient 

counterparts. Some aspects of stress susceptibility manifested differently in males compared to 

females, with susceptibility associated with increased alcohol intake in males and increased 

baseline anxiety in females.  

In Chapter 3 I tested the role of Ca2+-permeable AMPA receptors in supporting changes 

in fear learning following stress. I found that neither overexpression of GluA1 nor genetic 

deletion of GluA2 was sufficient to enhance fear learning in the absence of stress. However, 

GluA2 deletion paired with prior footshock exposure enhanced subsequent fear learning in male 

mice but not females. Collectively, these findings indicate that while males and females show 

similar changes in fear learning following stress, these behavioral changes may be supported by 

different mechanisms. These results provide insight into the differential impacts of stress on 

behaviors relevant to PTSD symptomology across sexes.  
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INTRODUCTION 

Fear is critical for survival, as the ability to learn about and recognize threats in the 

environment allows us to prepare for these threats in the future. However, fear can become 

harmful when it is disproportionate to the level of threat present, giving rise to maladaptive 

behaviors such as hypervigilance and avoidance. Exposure to stress or trauma can produce such 

dysregulation of fear and plays a key role in the development of many psychiatric disorders that 

are characterized by improper or excessive amounts of fear and anxiety, such as post-traumatic 

stress disorder (PTSD). Understanding how stress alters fear learning is crucial for treating 

conditions like PTSD. In this dissertation I used a rodent model of stress exposure to investigate 

the factors that govern stress susceptibility, as well the biological mechanisms that support 

changes in fear learning following stress.    

Post-traumatic stress disorder (PTSD) 

PTSD is an anxiety disorder that develops after exposure to traumatic events such as 

combat, crime or natural disaster. It has been estimated that approximately one third of the 

population will experience a trauma during their lifetime, and approximately 10-20% of these 

individuals will develop PTSD (Brunello et al., 2001). PTSD produces a number of symptoms 

that can severely impact quality of life. To be diagnosed with PTSD, an individual must show 

symptoms in the following categories for at least one month: re-experiencing the trauma, 

avoidance, hyperarousal and changes in mood or cognition (APA, 2013). PTSD is also highly 

comorbid with substance use disorder (SUDs) with alcohol abuse being the most common 

(Kessler et al., 1995).    
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Despite the burden of this disorder, its neural mechanisms and the relationships between 

PTSD and substance abuse are not fully understood and currently available treatments such as 

exposure therapy are not always effective (Craske et al., 2008; Hembree et al., 2003). A better 

understanding of the neural mechanisms of PTSD, the factors that determine susceptibility to the 

disorder and the relationship between PTSD and substance abuse will enable the development of 

more effective treatments. 

Comorbidity between PTSD and alcohol abuse 

PTSD is often co-morbid with substance use disorders (SUDs). Multiple studies have 

reported a three- to five-fold increase in the occurrence of SUDs among PTSD patients relative 

to individuals without PTSD, with alcohol abuse being the most common (Mills et al., 2006; 

Perkonigg et al., 2000). 

 An important question is the nature of the relationship between PTSD and alcohol abuse. 

There is some evidence that alcohol abuse increases the risk for experiencing a traumatic event 

such as physical injury or accident (McFarlane, 1998). However, this seems insufficient to 

explain the high rates of comorbidity as PTSD is generally more likely to precede rather than 

follow substance abuse (McFarlane, 1998). Instead, it has long been proposed that the increased 

rates of alcohol abuse among individuals with PTSD is driven by attempts to self-medicate with 

drugs such as alcohol to alleviate PTSD symptoms such as hyperarousal and anxiety (Kosten & 

Krystal, 1988; Leeies et al., 2010; Turner et al., 2018). Alcohol in particular has been reported to 

suppress stress reactivity and may decrease some aspects of the stress response via its action on 

the locus coeruleus, a site of norepinephrine release (Brick & Pohorecky, 1983; McFarlane, 

1998; Strahlendorf & Strahlendorf, 1983), making it a strong candidate for abuse. In support of 
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this, a recent study found that optogenetic locus coeruleus stimulation increases alcohol drinking 

(Deal et al., 2020).     

Dysregulation of fear in PTSD 

 One characteristic of PTSD is an exaggerated response to mild stressors that are 

reminiscent of the original trauma, leading to inappropriate fear responses (Bremner et al., 1995; 

Dykman et al., 1997). While the ability to detect and respond to threats in the environment is 

important for survival, the increased arousal and avoidance of trauma-related stimuli that 

characterizes PTSD can lead to exhaustion, sleep disturbances, and a constricted lifestyle (Eberly 

& Engdahl, 1991). 

 As well as experiencing intrusive symptoms during their daily lives, PTSD patients often 

show altered fear learning under laboratory conditions. Fear learning in the laboratory is 

typically studied using Pavlovian fear conditioning, in which an initially neutral conditional 

stimulus (CS) is paired with an aversive unconditional stimulus (US), such as a mild shock 

(Maren, 2001). Following this pairing, presentations of the CS alone are sufficient to elicit a fear 

response, which in human participants can be measured by increases in the skin conductance 

response (Lovibond, 1992; Orr et al., 2000; Vervliet et al., 2004) or by fear-potentiated startle, 

which reflects the ability of the CS to enhance a startle response (Falls et al., 1992; Fani et al., 

2012; Norrholm et al., 2011). These measures have revealed that PTSD patients show elevated 

fear learning compared to trauma-exposed individuals that do not experience PTSD (Fani et al., 

2012; Gamwell et al., 2015; Norrholm et al., 2011; Orr et al., 2000; Peri et al., 2000), as well as 

increased generalization of this fear to stimuli that do not signal threat (Morey et al., 2015; 

Norrholm et al., 2011).  
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PTSD is also characterized as an impaired ability to suppress fear when no threat is 

present. One example of this is fear extinction, in which a stimulus previously conditioned to 

elicit a fear response is repeatedly presented alone until it no longer elicits a fear response 

(Myers & Davis, 2007). Individuals with PTSD show impaired acquisition of fear extinction as 

well as impaired retrieval of fear extinction at a later time point (Milad et al., 2008; Norrholm et 

al., 2011; Orr et al., 2000; Peri et al., 2000). It should be noted that in these studies it is often 

difficult to disentangle effects of enhanced learning and impaired extinction, as PTSD patients 

tend to show higher fear levels at the start of extinction, e.g., Norrholm et al (2011). However, 

collectively these results demonstrate that dysregulation of fear learning is an important 

component of PTSD.  

Heterogeneity within PTSD 

Stress susceptibility and resilience 

 An important question to answer is why some individuals develop PTSD and others do 

not. While the odds of an individual experiencing a trauma at some point in their lifetime are 

distressingly high, only a small fraction of those people will go on to develop PTSD (Kessler et 

al., 2017; Kessler et al., 1995). Furthermore, not all individuals with PTSD display the same 

types or intensity of symptoms. (Brunello et al., 2001; Hopper et al., 2007). For example, a series 

of studies by Lanius and colleagues found that approximately 70% of the PTSD patients showed 

hyperarousal and flashbacks when recalling traumatic experiences, while the other 30% did not 

show such responses and instead experienced dissociative symptoms such as derealization or 

“zoning out” (Lanius et al., 2006; Lanius et al., 2002; Lanius et al., 2001). This suggests that 
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there are underlying factors that render individuals to be susceptible or resilient to the effects of 

stress, but these factors are poorly understood.  

Sex differences in PTSD and SUDs 

 Substantial differences in the rates of PTSD and SUDs between men and women indicate 

that gender may be one factor that mediates stress susceptibility, yet the role of sex differences 

mediating stress susceptibility is severely understudied as the majority of rodent stress research 

has been conducted exclusively in males (Beery & Zucker, 2011; Shansky, 2015). PTSD is 

roughly twice as common in women compared to men (Kessler et al., 2017; Kessler et al., 1995). 

Conversely, SUDs including alcohol abuse are more common in men than in women (Kessler et 

al., 2005) though this gap may be narrowing (Keyes et al., 2008). 

It remains unclear why these disorders occur so differently across genders. One potential 

explanation is that men and women tend to experience different types of trauma. The traumas 

most strongly associated with the development of PTSD tend to be combat and physical assault 

or injury in men and sexual abuse, sexual assault and intimate partner violence in women 

(Goldstein et al., 2016; Kessler et al., 1995). Sexual assault and intimate partner violence are 

most strongly associated with the development of PTSD, suggesting that perhaps the gender 

differences in rates of PTSD are partially due to the types of trauma men and women tend to 

experience (Goldstein et al., 2016; Kessler et al., 2017). However, higher rates of PTSD are still 

observed in women after controlling for trauma type (Breslau et al., 1997; Kessler et al., 2017), 

indicating that additional factors are also at play.  

Gender also appears to play an important role in mediating the relationship between 

PTSD and SUDs. Overall, men show higher rates of SUDs including alcohol abuse compared to 
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women and a higher proportion of men with PTSD also show comorbid SUDs (Conway et al., 

2006; Kessler et al., 2005). However, despite showing overall lower rates of SUDs, women who 

do experience SUD are more likely to also have comorbid PTSD compared to men with SUD 

(Kessler et al., 1997). Gender is therefore a likely mediator of both susceptibility to PTSD and 

SUD and the relationships between the two conditions. 

To summarize, the relationships between PTSD and SUDs are complex, and there are 

many factors that contribute to the development of PTSD. This dissertation will utilize a rodent 

model of PTSD to address several key questions pertaining to these factors. First, do males and 

females show different behavioral and biological changes following stress? Second, what are the 

factors that mediate stress susceptibility? Specifically, are females more likely to show stress-

induced behavioral changes compared to males, and do other pre-existing differences such as 

baseline anxiety levels or alcohol intake predict future stress susceptibility? Lastly, what are the 

changes within the brain that support behavioral changes following stress and do these differ 

between males and females? The approaches that will be used to answer such questions are 

described in the following sections. 

The stress response 

 Understanding how stress contributes to the development of PTSD and SUDs requires 

understanding how stress affects the body. Stress is commonly defined as a state of real or 

perceived threat to homeostasis. To prepare for the incoming threat, the body mobilizes a 

combination of endocrine, nervous, and immune system responses that are collectively known as 

the stress response. A key mediator of the stress response is the hypothalamus-pituitary-adrenal 

(HPA) axis, a cascading system of endocrine signals that ultimately promotes a host of 
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behavioral and biological changes (Smith & Vale, 2006). In response to stress, neurons in the 

paraventricular nucleus (PVN) of the hypothalamus first release corticotropin-releasing factor 

(CRF), which stimulates the release of adrenocorticotropic hormone (ACTH) from the anterior 

pituitary gland. ACTH in turn travels to the adrenal gland, where it stimulates the synthesis and 

release of glucocorticoids (primarily cortisol in humans and corticosterone in rodents). This 

glucocorticoid release is the main output of the HPA axis and mediates numerous behavioral and 

physiological changes throughout the body.  

The HPA axis has a considerable impact on brain regions involved in learning and 

memory. The limbic system, which includes the hippocampus and amygdala, is the main 

anatomical substrate for learning and memory formation as well as emotional responses 

(Anagnostaras et al., 2001; Fanselow & Kim, 1994; Fendt & Fanselow, 1999; Maren et al., 

1994). The hippocampus is particularly important for declarative memory in humans and spatial 

memory in both humans and rodents (Anagnostaras et al., 2001; Broadbent et al., 2004; Kim et 

al., 1993). Hippocampal function is highly sensitive to the effects of stress. For example, 

moderate stress exposure has been shown to enhance spatial learning (Conboy & Sandi, 2010; 

Luine et al., 1996; Sandi et al., 1997) while chronic stress or exposure to high amounts of 

glucocorticoids have been shown to impair spatial learning (Conrad et al., 1996; Conrad et al., 

1999; Dachir et al., 1993; Luine et al., 1994) and cause atrophy of hippocampal neurons (Conrad 

et al., 1999; Lakshminarasimhan & Chattarji, 2012; Pavlides et al., 2002). The hippocampus also 

provides feedback inhibition of the HPA axis, as the binding of glucocorticoids to glucocorticoid 

receptors within the hippocampus play a role in terminating the stress response (Jacobson & 

Sapolsky, 1991).  
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The amygdala is heavily interconnected with the hippocampus and is central to learning 

about the emotional valence of stimuli. The amygdala is most well-known for its key role in 

threat detection and fear learning (Fendt & Fanselow, 1999), though it is also important for 

learning about the value of rewards (Baxter & Murray, 2002; Wassum & Izquierdo, 2015). 

Frequently referred to as a threat detector, the amygdala is important for triggering the activation 

of the HPA axis. The amygdala itself is also highly sensitive to stress, as stress exposure has 

been shown to enhance fear learning (Conrad et al., 1999; Cordero et al., 2003; Rau et al., 2005) 

and increase the density of dendritic spines within the amygdala (Lakshminarasimhan & 

Chattarji, 2012; Vyas et al., 2002). These findings indicate that stress-induced changes in 

amygdala activity may underlie the changes in fear learning observed in PTSD patients. 

Stress-enhanced fear learning (SEFL) 

The SEFL model 

Our laboratory has developed a rodent model of stress exposure termed stress-enhanced 

fear learning (SEFL) that uses aspects of Pavlovian fear conditioning to capture the exaggerated 

fear responses observed in PTSD patients. In standard Pavlovian fear conditioning, a neutral 

conditional stimulus (CS), such as a context, is paired with an aversive unconditional stimulus 

(US), such as a footshock. Following the formation of a CS-US association, the CS will elicit a 

fear response. In the SEFL model, animals are exposed to an intense acute stressor (typically 15 

unsignaled footshocks for rats, 10 footshocks for mice) in a distinct context, followed by a single 

footshock in a different context (Rau et al., 2005). Following trauma exposure animals show 

exaggerated fear to the single footshock context. This enhancement of fear learning is the 

defining feature of the SEFL model and appears to reflect a nonassociative sensitization of the 
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fear learning process. SEFL cannot be explained by generalization of fear from the stress to 

novel situations, as previous studies from our laboratory show that extinction of fear to the stress 

context does not mitigate SEFL (Long & Fanselow, 2012; Rau et al., 2005) and manipulations 

that produce amnesia of the trauma leave SEFL unaffected (Poulos et al., 2014; Rau et al., 2005).  

While the SEFL model is characterized by enhanced fear learning to a mild stressor that 

is reminiscent of the original stressor, it also produces a number of other behavioral changes 

reflective of PTSD symptomology including extreme fear of stimuli associated with the 

traumatic event, increased anxiety, increased startle reactivity and altered glucocorticoid 

signaling (Pennington et al., 2017; Perusini et al., 2016; Poulos et al., 2015). Lastly, the SEFL 

model produces a long-lasting increase in alcohol drinking, reflecting the comorbidity between 

PTSD and substance abuse (Meyer et al., 2013). Importantly, we have demonstrated enhanced 

fear learning in the SEFL model in both male and female rodents (Poulos et al., 2015). The SEFL 

model is therefore a powerful tool for studying sex differences in stress reactivity across a 

variety of behavioral domains. 

The need for studies of stress susceptibility in females  

Rodent models of stress exposure that reproduce aspects of PTSD symptomology are a 

powerful tool for understanding the biological mechanisms of this disorder. However, despite the 

fact that PTSD is twice in common in women than in men, the overwhelming majority of 

research using rodent models of PTSD has been conducted exclusively in males (Beery & 

Zucker, 2011). There is also a need for rodent models that can capture the variability seen in 

PTSD (Shansky, 2015). To date there has been relatively little investigation of the individual 

factors that promote susceptibility versus resilience to the effects of stress. Many of the studies 
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that do investigate susceptibility versus resilience are again only conducted in males (Colucci et 

al., 2020; Covington et al., 2010; Jeong et al., 2020; Ritov et al., 2016). For example, the social 

defeat stress model is the most commonly used to probe the factors that promote stress 

susceptibility and resilience, but since female rodents typically do not show the same aggressive 

behaviors as males the use of this model is limited to males (Covington et al., 2010; Golden et 

al., 2011). As a result, there is a serious lack of research that investigates individual susceptibility 

factors in both males and females. 

Stress susceptibility and resilience in the SEFL model 

The standard 15-footshock stress used in the SEFL model produces a reliable, robust 

enhancement in fear learning in nearly all subjects without the need for separating subjects into 

susceptible or resilient groups (Rau et al., 2005; Rau & Fanselow, 2009). While this makes the 

SEFL model a powerful tool for probing the mechanisms of PTSD, it makes it difficult to probe 

the underlying factors that may promote stress susceptibility or resilience. However, closer 

inspection of previous studies reveals that a small proportion of stress-exposed subjects do fail to 

show a substantial enhancement in fear learning relative to unstressed controls, suggesting that 

individual differences in stress susceptibility may influence performance in the SEFL model. 

One advantage of the SEFL model is that its parameters are uniquely quantifiable and can be 

easily altered to allow such underlying differences to have a greater impact. Many other rodent 

models of stress exposure use unquantifiable stressors such as social defeat stress, predator odor, 

or combinations of multiple stressors (Cohen et al., 2006; Golden et al., 2011; Willner et al., 

1987). In contrast, the intensity of the SEFL stressor can be readily manipulated by changing the 

number or amplitude of footshocks. By reducing the stressor severity through decreasing the 
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number of footshocks from 15 to 4, it may be possible to uncover distinct susceptible and 

resilient populations in both male and female subjects. 

The fear learning network 

It is likely that the changes that support SEFL and the elevated fear seen in PTSD 

involves changes in the neural network that underlies fear conditioning, of which the basolateral 

amygdala (BLA) is a key component (Fendt & Fanselow, 1999). During fear conditioning, 

projections conveying sensory information from the sensory cortex and thalamus converge onto 

pyramidal neurons of the BLA. When activated by a stimulus signaling danger, the BLA drives a 

fear response via its projections to the central amygdala (CeA), which in turn projects to targets 

in the brainstem, midbrain and hypothalamus that produce specific fear responses such as 

freezing.  

While the inputs carrying information about the neutral conditional stimulus are initially 

too weak to activate the BLA, during fear conditioning these connections become strengthened 

such that presentations of the previously neutral stimulus acquire the ability to activate the BLA 

(Kim & Jung, 2006; Rogan et al., 1997). This synaptic strengthening occurs via long-term 

potentiation (LTP), a process typically triggered by Ca2+ influx through N-methyl-D-aspartate 

(NMDA) glutamate receptors (Bliss & Collingridge, 1993; Maren, 1999). Consequently, 

blockade of NDMA receptors (NMDARs) during conditioning prevents the acquisition of fear 

(Fanselow & Kim, 1994; Kim et al., 1992). Importantly, the ion channels of NDMARs are 

typically blocked by Mg2+ ions and only allow Ca2+ entry when the channel is bound by 

presynaptic glutamate release and the Mg2+ block is removed by sufficient postsynaptic 
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depolarization. Thus NMDARs act as a coincidence detector, only allowing LTP to occur when 

both of these conditions are met. 

The potential role of Ca2+-permeable AMPA receptors in SEFL 

An important open question concerns the mechanisms through which stress potentiates 

future fear learning. While the formation of fear memories is typically thought to be contingent 

on activation of NMDARs, increasing evidence suggests that under certain circumstances the 

BLA connections that support fear learning can be strengthened though an alternative, NMDAR-

independent process.  

α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors are 

ionotropic glutamate receptors that mediate most of the fast excitatory transmission within the 

central nervous system and are composed of four subunits (GluA1-GluA4) (Lee et al., 2003; 

Malinow, 2003). In the adult mammalian brain AMPA receptors (AMPARs) typically exist as 

heteromers of either GluA1 and GluA2 or GluA2 and GluA3, with the GluA2 subunit rendering 

the ion channel impermeable to Ca2+ (Isaac et al., 2007). However, increased GluA1 levels can 

result in the formation of GluA1-only receptors (Hollmann et al., 1991). Because these receptors 

lack the GluA2 subunit, they are permeable to Ca2+ entry and could potentially trigger LTP 

without the aid of NDMA receptors. These Ca2+-permeable AMPARs (CP-AMPARs) could 

therefore enhance learning and memory formation by augmenting canonical synaptic plasticity. 

In support of this possibility, mice with genetic deletion of the GluA2 subunit in the CA1 region 

of the hippocampus display a novel, NDMAR-independent form of LTP and are impaired on 

NDMAR-dependent learning tasks while showing no impairment on NMDAR-independent 

learning tasks (Wiltgen et al., 2010).  
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Our laboratory has recently demonstrated increased expression of the GluA1 AMPAR 

subunit in the BLA following stress exposure in male rats (Perusini et al., 2016). This increase 

appears to have some functional significance, as inhibition of corticosterone synthesis prior to 

stress exposure has been shown to block both the increase in BLA GluA1 levels and prevent 

enhancements in fear learning following stress. Given the results of Wiltgen et al (2010), this 

leads to the intriguing possibility that stress exposure increases CP-AMPARs within the BLA, 

augmenting canonical plasticity and ultimately enhancing fear learning. However, it has not yet 

been demonstrated whether an increase in CP-AMPARs within the BLA is sufficient to support 

enhanced fear learning.  

Dissertation objectives 

The objectives of this dissertation were to answer three main questions. First, how do 

males and females differ in stress reactivity? Second, what are the factors that mediate stress 

susceptibility? Third, what are the biological mechanisms that support changes in fear learning 

following stress? In Chapter 1, I investigated whether males and females show similar 

changes in PTSD-related behaviors and whether they show similar changes in BLA GluA1 

levels following stress exposure. I hypothesized that females would show greater changes in 

fear and anxiety following stress, capturing the greater prevalence of PTSD among women. In 

contrast, I hypothesized that males would show greater changes in alcohol drinking, capturing 

the greater prevalence of SUDs among men. I found that while males and females showed 

similar changes in fear learning following stress, differences were observed in anxiety-related 

behavior and alcohol drinking. I further found that stress altered BLA GluA1 levels in males but 

not females.   
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In Chapter 2, I investigated whether using a modified version of the SEFL 

procedure (4 footshocks instead of the standard 15) would enable the emergence of distinct 

susceptible and resilient populations.  I hypothesized that susceptible subjects would show a 

constellation of behavioral changes relevant to PTSD symptomology, and that baseline levels of 

anxiety and alcohol drinking would predict subsequent stress susceptibility. I found that this 

modified procedure revealed distinct susceptible and resilient populations and while some 

aspects of stress susceptibility were shared across sexes, other aspects manifested differently in 

males and females. 

In Chapter 3, I tested the role of Ca2+-permeable AMPA receptors in supporting 

stress-enhanced fear learning in both males and females.  I hypothesized that increasing the 

availability of GluA1 subunits relative to GluA2 subunits within the BLA, either through 

overexpression of GluA1 or suppression of GluA2, would be sufficient to enhance fear learning 

in the absence of stress. I found that increasing GluA1 availability alone was insufficient to 

enhance fear learning, but suppression of GluA2 combined with a history of mild stress exposure 

selectively enhanced susceptibility to a future stressor in males but not females.  
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Abstract 

 Post-traumatic stress disorder (PTSD) develops after exposure to traumatic events and can 

severely impact quality of life. PTSD is frequently comorbid with substance use disorder (SUDs), 

with alcohol abuse being the most common. The exact nature of the relationship between these 

two conditions is unclear, although gender appears to be an important mediator as PTSD is twice 

as common in women while SUDs including alcohol abuse are more common in men. To 

investigate the role of sex in the development of PTSD and SUDs, we utilized a rodent model of 

stress exposure termed stress-enhanced fear learning (SEFL) that captures several aspects of PTSD 

including elevated alcohol intake. Male and female rats were exposed to a battery of assessments 

of behaviors relevant to PTSD symptomology prior to and following exposure to an intense acute 

stressor (15 unsignalled footshocks over 90 minutes). We found that stress exposure had similar 

impacts on fear learning, generalization and extinction across sexes. Females generally showed 

decreased anxiety compared to males both prior to and following stress, while some aspects of 

anxiety-related behavior were differentially impacted by stress. We found no evidence of stress-

induced changes in voluntary alcohol intake in either males or females, suggesting that the ability 

of stress to alter alcohol drinking is sensitive to variations in testing procedure. Lastly, we found 

that despite males and females showing similar behavioral changes following stress, stress 

exposure was associated with altered GluA1 levels within the basolateral amygdala of male but 

not female rats. These findings indicate that while male and female rats show similar behavioral 

responses to stress exposure, the mechanisms that support these changes may be distinct.   
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Introduction 

Post-traumatic stress disorder (PTSD) is a debilitating condition develops after exposure to 

traumatic events and severely impacts quality of life. PTSD is often co-morbid with substance 

use disorders (SUDs), with alcohol abuse being the most common (Kessler et al., 1995; Mills et 

al., 2006; Perkonigg et al., 2000). Despite the high burden of this disorder, its neural mechanisms 

are poorly understood and currently available treatments such as exposure therapy are not always 

effective (Craske et al., 2008; Hembree et al., 2003). 

Rates of PTSD and comorbidity between PTSD and SUDs differ greatly between men and 

women. Despite the fact that men are more likely to experience trauma, rates of PTSD are higher 

in women even when controlling for trauma type (Breslau et al., 1997; Kessler et al., 2017; 

Kessler et al., 1995) as are rates of anxiety disorders (Kessler et al., 2005; Kessler et al., 1995). 

Marked gender differences also appear to exist in the relationship between PTSD and SUDs. 

Overall, men show higher rates of alcohol use disorder (AUD) compared to women and a higher 

proportion of men with PTSD also show comorbid AUD (Kessler et al., 2005). However, despite 

showing overall lower rates of SUDs, women who do experience AUD are more likely to also 

have comorbid PTSD compared to men with AUD (Kessler et al., 1997). These findings indicate 

significant gender differences in PTSD and SUD susceptibility, as well in as the relationships 

between the two conditions. However, the causes for such differences remain unclear.   

  Rodent models of stress exposure that reproduce aspects of PTSD symptomology offer a 

powerful tool for understanding the biological basis of this disorder. Such studies have provided 

considerable insight into how PTSD develops, as well as the factors that mediate the relationship 

between stress exposure and drug use (Holly & Miczek, 2015; Lisieski et al., 2018; Pennington 

et al., 2020). However, one major limitation is that, despite the substantial gender differences 
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observed in the human population, most rodent studies are conducted exclusively with males 

(Shansky, 2015). To understand how sex differences may influence stress responsivity, it is 

crucial to study these effects in both males and females. This study therefore investigated 

whether males and females differ in fear, anxiety and/or alcohol drinking following stress 

exposure. We also investigated whether the same neural mechanisms underlie the effects of 

stress in both males and females. Specifically, we examined whether both males and females 

showed elevations in the GluA1 subunit of the α-amino-3-hydroxy-5-methyl-4-

isoxazolepropionic acid (AMPA) receptor within the basolateral amygdala (BLA) following 

stress, which has been proposed to support changes in fear learning (Perusini et al., 2016). 

One characteristic of PTSD is an exaggerated response to mild stressors that are 

reminiscent of the original trauma, leading to inappropriate fear responses (Bremner et al., 1995; 

Dykman et al., 1997). Our laboratory has developed a rodent model of stress exposure termed 

stress-enhanced fear learning (SEFL) that uses aspects of Pavlovian fear conditioning to capture 

this exaggerated fear response. In the SEFL model, animals are exposed to an intense acute 

stressor (typically 15 unsignaled footshocks) in a distinct context, followed by a single footshock 

in a different context (Rau et al., 2005). Following stress exposure animals show enhanced fear 

to the single footshock context, a result that appears to reflect a nonassociative sensitization of 

the fear learning process (Long & Fanselow, 2012; Poulos et al., 2014; Rau et al., 2005). While 

this enhancement of fear learning is the defining feature of the SEFL model, this procedure 

produces additional behavioral changes reflective of PTSD symptomology including extreme 

fear of stimuli associated with the traumatic event, increased anxiety, increased startle reactivity 

and altered glucocorticoid signaling (Meyer et al., 2013; Pennington et al., 2017; Perusini et al., 

2016; Poulos et al., 2015). Lastly, the SEFL model produces a long-lasting increase in alcohol 
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consumption, reflecting the comorbidity between PTSD and substance abuse (Meyer et al., 

2013). 

Most of our work using the SEFL model has been conducted in males (Meyer et al., 2013; 

Perusini et al., 2016; Poulos et al., 2014; Rau et al., 2005; Rau & Fanselow, 2009). While we 

have demonstrated SEFL in female rats (Poulos et al., 2015), many other effects of stress 

exposure in males and females have not been directly compared.  It is therefore unknown 

whether males and females will show same type or magnitude of behavioral changes following 

stress. Similarly, we have proposed that elevations in the GluA1 subunit AMPA receptor within 

the BLA following stress may underlie the effects of fear learning on stress (Perusini et al., 

2016). However, because these elevations in GluA1 have only been demonstrated in males, it 

remains unknown whether females show a similar change following stress exposure or instead 

utilize a different neural mechanism. 

In the present experiments we assessed changes in a variety of PTSD-relevant behaviors in 

males and females to determine how stress responsivity differs across sexes. In Experiment 1 

subjects underwent assessments of baseline alcohol intake and anxiety prior to stress exposure, 

followed by a battery of assessments of fear, anxiety and alcohol-related behavior after which 

GluA1 levels within the BLA were analyzed. Given that PTSD and anxiety disorders are more 

common in women than in men, we hypothesized that females would show greater increases in 

fear and anxiety-related behaviors compared to males. Conversely, we anticipated that males 

would show greater changes in alcohol drinking following stress exposure.  

Experiment 2 was designed to investigate several unexpected results emerging from 

Experiment 1.  Specifically, Experiment 1 showed that stress exposure produced similar 
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increases in fear and anxiety-related behavior across sexes but failed to alter subsequent alcohol 

intake. In Experiment 2 we explored whether sex differences in alcohol intake prior to stress 

could have impacted the ability of stress to alter these behaviors. 

Experiment 3 was designed to further investigate findings that emerged from Experiments 

1 and 2.  In particular, Experiments 1 and 2 resulted in no evidence of stress-induced changes in 

voluntary alcohol intake for either females or males despite previous reports showing increased 

alcohol drinking following stress exposure in males. In Experiment 3 we therefore tested the 

possibility that additional behavioral testing may have attenuated the ability of stress to impact 

alcohol drinking.  

Experiment 1: Sex differences in fear learning, anxiety and alcohol intake following stress 

exposure 

Experiments 1 assessed sex differences in fear, anxiety and alcohol drinking behaviors 

prior to and after stress as well as changes in BLA GluA1 levels. Given that PTSD and anxiety 

disorders are more common in women than in men, we hypothesized that females would show 

greater increases in fear and anxiety-related behaviors compared to males. Conversely, because 

SUDs are more common in men than in women, we anticipated that males would show greater 

changes in alcohol drinking following stress exposure. 

Methods 

Subjects 

84 adult male and female Long-Evans rats (Envigo, Indianapolis, IN, USA) were used, 

approximately 10-11 weeks old at the start of the experiment. Animals were individually housed 

under a 12-hour light/dark cycle. Food and water were available ad libitum in the home cage and 
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during intermittent access 2-bottle choice environmental enrichment in the form of paper twists 

was provided. Animals were handled daily for 60 seconds each day for 1 week prior to the start 

of the experiment. The UCLA Institutional Animal Care and Use Committee approved all 

procedures involving animals. 

Experimental timeline  

Male and female subjects were equally 

divided into Stress and No Stress conditions. All 

subjects underwent a battery of fear learning, 

anxiety and alcohol intake assessments as 

outlined in Table 1-1.  

Apparatus and procedures 

Stress-enhanced fear learning. All fear 

conditioning and extinction took place in four 

sets of four identical fear conditioning chambers housed in sound-attenuating shells (Med 

Associates Inc, St. Albans, VT, USA). Context A (stress context) contained flat grid floors, was 

lit by a white house light, and was scented with 50% Windex solution. Ventilation fans provided 

background noise. Context B (generalization context) was identical to Context A except the grid 

floors were made of alternating thick and thin bars and chambers were scented with 1:30 Simple 

Green solution. Context C (fear conditioning context) contained a black triangular insert and 

floors composed of staggered grid bars, and was scented with 1% acetic acid. Each set of grids 

was wired to a shock generator and scrambler. Stimulus delivery was controlled and freezing 

automatically scored using VideoFreeze software (Med Associates Inc). 

 Table 1-1. Timeline for Experiments 1 and 2. 
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Subjects were first transported to Context A in their homecages where they received a 

stressor consisting of either 15 1-sec, 1-mA unsignalled footshocks randomly distributed over 90 

minutes (Stress condition) or received equivalent context exposure without footshock (No Stress 

condition). In Experiments 1 and 2, fear generalization was assessed one day later by exposing 

subjects to Context B which shared some features with the original stress context. Subjects were 

transported to Context B in clean cages and were exposed to the context for 8 minutes without 

footshock. The next day subjects were transported to Context C in a black plastic tub divided 

into 4 quadrants. Following a 3-minute baseline period, all subjects received a single 1-sec, 1-

mA footshock and were removed 30 seconds later. Subjects were returned to Context C the 

following day for 8 minutes to assess fear to the fear conditioning context. Fear was measured 

via freezing. 

Fear extinction. Fear extinction took place in the fear conditioning context (Context C). 

Subjects received 5 days of extinction training, in which they were exposed to Context C for 30 

minutes per day without footshock delivery. Extinction across sessions was measured by 

freezing during the first 5 minutes of each session. 

Aversive acoustic stimulus. Context D consisted of four identical fear conditioning chambers 

housed in sound-attenuating shells (Med Associates Inc). Each chamber contained a curved 

white plastic wall and white plastic floor inserts and was scented with 1:30 Simple Green 

solution. Acoustic stimuli were delivered using Goldwood GT-1005 wide dispersion piezo 

tweeters mounted to the wall of the chambers and connected to an amplifier. Following a three-

minute baseline period, all subjects received a 100-msec, 110-dB burst of white noise and were 

removed 30 seconds later. The next day subjects were returned to Context D for 8 minutes to 

assess fear to the context.  
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Light-dark transition test. The light-dark transition test is a classic test of anxiety in rodents 

(Bourin & Hascoët, 2003; Crawley & Goodwin, 1980). The apparatus consisted of a Plexiglas 

arena (100 cm x 40 cm x 30 cm). The arena was divided into a light compartment with white 

walls and floors (75 cm x 40 cm) and a dark compartment with black walls and floors (25 cm x 

40 cm). A 10 cm x 10 cm opening allowed movement between the two compartments. The room 

was dimly lit by a lamp in the corner of the room. Each session was recorded using an overhead 

camera and behavior was automatically tracked using EthoVision software (Noldus, 

Wageningen, Netherlands). 

Subjects were individually placed in the dark compartment of the apparatus and allowed to 

freely move between the dark and light compartments for 10 minutes. Anxiety-related behavior 

was scored by the latency to enter the light compartment, the total time spent in the light 

compartment and the number of entries into the light compartment. Unlike most other tests of 

anxiety-related behavior, previous reports indicate that the light-dark transition test can be 

reliably conducted multiple times within the same subject (Ballaz et al., 2007; Banasikowski et 

al., 2015; Onaivi & Martin, 1989). In Experiments 1 and 2 the light-dark transition test was 

therefore run prior to and following stress (Table 1-1). 

Open field test. This task utilized a modified version of the open field test (Godsil et al., 2005; 

Godsil & Fanselow, 2004). The apparatus consisted of a clear plastic container (78 cm x 39 cm x 

30 cm) divided into 4 equal-sized zones (19.5 cm x 39 cm). Three LED lamps were located 

around each end of the apparatus, one lamp located against the center of each short wall and one 

lamp located against the ends of each long wall. Turning on the lamps on one end created a light 

gradient across the apparatus, with Zone 1 brightest (2160 Lux) and Zone 4 dimmest (260 Lux). 

The illuminated side of the apparatus was counterbalanced across subjects. The room was lit by a 
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red light throughout the session, and each session was recorded using an overhead camera and 

behavior automatically tracked using EthoVision software (Noldus). 

Subjects were individually placed in the open field apparatus for 12 minutes and allowed 

to move freely. During the first 4 minutes, the apparatus was lit only by a red light. During 

minutes 5-8, the lamps around one side of the apparatus were illuminated creating a light 

gradient across the floor. During minutes 9-12, the lamps were turned off. Anxiety-related 

behavior was measured by general exploratory behavior and by the amount of time spent in Zone 

4, indicating avoidance of the lights. Data was lost for one subject due to a computer error. 

Elevated plus maze. The elevated plus maze is another classic rodent test of anxiety-related 

behavior (Rodgers & Dalvi, 1997). The apparatus consisted of a plus-shaped maze with each arm 

measuring 40 cm x 12.5 cm that was elevated 60 cm above the ground. The closed arms had 

black Plexiglas walls (17.5 cm), while the open arms did not. The room was lit by a red light 

throughout the session, and each session was recorded using an overhead camera and behavior 

automatically tracked using EthoVision software (Noldus). Subjects were placed in the center of 

the maze and allowed to freely explore for 6 minutes. Anxiety-related behavior was measured by 

the amount of time spent in the open arms of the maze, with less time indicating higher anxiety. 

Continuous access two-bottle choice (2BC) drinking paradigm. All fluids were presented in 

250-ml drinking bottles with low-leak drinking spouts accessible through the top of the home 

cage. Rats in Experiment 1 had access to one bottle containing 10% EtOH (w/v) and one bottle 

containing regular drinking water, while in Experiment 2 both bottles contained drinking water. 

Rats received continuous access to both bottles for two weeks prior to stress exposure (Table 1-

1). Bottles were weighed daily except Sundays and locations were alternated daily to control for 
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side preferences. Rats were weighed every other day to calculate the grams of solution consumed 

per kilogram of body weight in each 24 hour session (g/kg/24 hrs).     

Intermittent access two-bottle choice (2BC) drinking paradigm. Subjects received 59 days of 

intermittent access 2-bottle choice following stress exposure as described previously (Meyer et 

al., 2013). During this time subjects were given access to one bottle of 10% EtOH (w/v) and one 

bottle of regular drinking water on Mondays, Wednesdays and Fridays. Drinking bottles were 

weighed at the beginning and end of each 24-hour drinking session and rats were weighed at the 

end of each session. Bottle locations were alternated each session. At the end of each session the 

bottle containing alcohol was replaced with a bottle containing drinking water until the start of 

the next session.   

Tissue and Western blot analysis 

Western blot analysis of basolateral amygdala (BLA) samples was used to assess the 

relative abundance of the AMPA receptor GluA1 subunit. Rats were euthanized 24 to 48 hours 

after the last ethanol presentation. The brain was removed and 400-m-thick coronal slices were 

made, from which the BLA was microdissected and frozen at -80°C. Tissue was then thawed and 

homogenized in ice cold buffer containing phosphatase inhibitor cocktail (1X) (Thermo 

Scientific, Waltham, MA USA), 0.3 mM PMSF protease inhibitor (Thermo Scientific), and 

RIPA buffer (Thermo Scientific). Protein concentrations were determined with BCA Protein 

Assay Kit (Pierce, Rockford, IL, USA) according to the manufacturer’s instructions. 

Quantification of GluA1 expression level and total protein concentration were performed using 

the Wes system according to the manufacturer’s instructions (Protein Simple, San Jose, CA, 

USA). 
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Briefly, each well dedicated for the samples were loaded with equal amount of protein (0.75 

g/well). To quantify GluA1 expression levels, wells dedicated for the antibodies were loaded 

with equal amount of rabbit polyclonal anti-GluA1 (AB1504, Millipore Sigma, St Louis, MO, 

USA) diluted at a concentration of 1:25. Each plate was designed to allow for the comparison of 

GluA1 expression between stress versus unstressed controls for each sex. Chemiluminescence 

signal was processed and analyzed using Compass for Simple Western software 4.0 (Protein 

Simple). The peak of chemiluminescence signal for GluA1 was detected at 123 KDa. The area 

under the curve of the GluA1 chemiluminescence signal was calculated for each sample using a 

Gaussian fit. The area under the curve of the chemiluminescence signal corresponding to the total 

protein content detected at 123 KDa was calculated using a dropped down fit, and used to 

normalize the relative expression of GluA1 for each sample. Thus, the ratio GluA1:Total protein 

at 123 KDa for each sample was used to quantify and compare GluA1 expression levels between 

groups. 

Data analysis 

Data were analyzed using IBM SPSS Statistical Software. Results of tasks with a single 

dependent variable were analyzed using 2-way ANOVA with Stress as the first factor and Sex as 

the second factor. Tasks using repeated measures were analyzed using mixed-model ANOVA. 

Violations of sphericity corrected for using the Greenhouse-Geisser correction. Data were plotted 

using GraphPad Prism. 

Results 

Females show higher alcohol consumption and lower anxiety prior to stress 
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While levels of alcohol intake prior to stress exposure remained relatively low across days, 

females showed elevated alcohol intake compared to males. Females showed higher alcohol 

consumption (F1,78=4.15, p=0.045; Fig 1-1A) and while alcohol preference was also elevated in 

females this effect was not significant (F1,78=2.76, p=0.1; Fig 1-1B). To measure “binge-like” 

drinking, we counted the number of days that rats drank more than 5 g/kg. The mean number of 

binge-like days was 1.1 (SD=1.9) in females and 0.3 (SD=1.0) in males, a small but significant 

difference (F1,78=6.47, p=0.01). Importantly, there were no pre-existing differences between 

Stress and No Stress groups in either alcohol consumption (F1,78=0.004, p=0.95), preference 

(F1,78=0.001, p=0.98) or number of binge-like days (F1,78=0.02, p=0.9). Data from 2 subjects 

were excluded from these analyses due to bottle spillage. 

Females also showed lower anxiety-like behavior prior to stress exposure as assessed by the 

light-dark transition test. Compared to males, females showed lower latency to enter the light 

compartment (F1,80=11.00, p=0.001; Fig 1-1C), more time in the light compartment (F1,80=16.00, 

p<0.001; Fig 1-1D) and more entries into the light compartment (F1,80=6.66, p=0.012; Fig 1-1E). 

There were no baseline differences between Stress and No Stress groups on any of these 

measures (latency to enter light compartment: F1,80=0.002, p=0.97; time in light compartment: 

F1,80=0.53, p=0.47; entries into light compartment: F1,80=0.09, p=0.77).  
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Males and females do not differ during SEFL procedure 

Following exposure to an acute stressor in Context A, subjects were placed in a novel 

context that shared some features with the original stress context (Context B). Stress subjects 

showed substantial fear generalization compared to unstressed controls (F1,80=97.95, p<0.001; 

Fig 1-2A). However, fear generalization did not differ between males and females (Sex: 

F1,80=2.06, p=0.16; Sex*Stress: F1,80=1.83, p=0.18).  

Figure 1-1. Experiment 1 baseline alcohol intake (10% EtOH w/v) and anxiety results. A. Females 

show more alcohol consumption compared to males during continuous access 2-bottle choice (Days 

1-14). B. No differences in alcohol preference (Days 1-14). C-E. Results of light-dark transition test 

(Day 15). Females show reduced anxiety-related behavior as indicated by reduced latency to enter the 

light arena (C), more time spent in the light arena (D) and more entries into the light arena (E). Errors 

represent standard error of the mean. 
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When exposed to a completely novel context (Context C), Stress subjects showed a small 

but significant amount of fear prior to receiving a single footshock (F1,80=5.45, p=0.02; Fig 1-

2B). While this effect appeared to be due to high levels of freezing in a small number of males, 

there was no significant effect of sex (F1,80=3.37, p=0.07) or interaction (F1,80=3.01, p=0.09). 

When returned to the fear conditioning context the following day, Stress subjects showed a 

dramatic elevation in fear (F1,80=157, p<0.001; Fig 1-2C). However, there was no difference 

between males and females (Sex: F1,80=1.33, p=0.25; Stress*Sex: F1,80=0.11, p=0.75).   

Males and females do not differ on additional aspects of fear learning 

While there were no differences in fear to the SEFL context between males and females, we 

observed that Stress subjects showed near maximal levels of fear. This suggested that perhaps 

differences between males and females were present but obscured by a ceiling effect. To address 

this possibility and assess differences in fear extinction, extinction of fear to the SEFL context 

(Context C) was evaluated. While Stress subjects eventually extinguished to the levels of No 

Stress controls (Fig 1-2D), no differences between males and females were observed 

(Session*Sex: F3.11,248.97=1.35, p=0.26; Session*Stress*Sex: F3.11,248.97=1.25, p=0.29).  

To examine changes in fear to a novel aversive stimulus, subjects were placed in a novel 

context (Context D) in which they received an aversive acoustic stimulus consisting of a 100-ms, 

110-dB burst of white noise. Stress subjects showed more fear to Context D when returned the 

following day (F1,80=46.16, p<0.001; Fig 1-2F), although no difference between males and 

females were observed (F1,80=0.04, p=0.85). However, Stress subjects also showed elevated 

freezing prior to stimulus delivery (F1,80=13.02, p=0.001; Fig 1-2E), suggesting some amount of 

fear generalization. 
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Figure 1-2. Experiment 1 fear learning results. A. Stress subjects show elevated fear generalization to a 

novel context that shared some features with the stress context. (Day 17). B. Stress subjects elevated fear 

to a novel context prior to footshock (Day 18). C. Stress subjects show enhanced fear to SEFL context 

(Day 19). D. No sex differences in fear extinction (Days 23-27). E. Stress subjects show elevated fear 

prior to acoustic stimulus delivery (Day 28). F. Stress subjects show elevated fear to acoustic stimulus 

context (Day 29). *p<0.05, **p<0.01, ***p<0.001. Errors represent standard error of the mean. 
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Males and females differ on some aspects of anxiety 

Stress was found to significantly reduce exploratory behavior during the open field test (Fig 

1-3A) as indicated by a significant Stress by Minute interaction (F8.41,664.36=2, p=0.04; Fig 1-3B). 

Follow-up simple main effects indicated that Stress subjects showed reduced exploratory 

behavior at multiple timepoints throughout the session (ps<0.05-0.001). Females also showed 

greater locomotion compared to males (F1,79=10.95, p=0.001) although no interaction was 

observed (F1,79=0.05, p=0.83). Data from one subject was lost due to a computer error.  

While stress similarly reduced exploratory behavior in both males and females, males and 

females differed in response to an anxiogenic stimulus. Stress differentially impacted avoidance 

of the light stimulus during the open field test indicated by a significant Stress*Sex*Minute 

interaction (F6.09,480.82=3.74, p=0.001; Fig 1-3C). Follow-up mixed-model ANOVAs indicated 

that while females showed increased time spent in Zone 4 following light onset, there was no 

difference between Stress and No Stress females (F1,39=0.04, p=0.85). In contrast, Stressed and 

No Stress males responded differently to light onset as indicated by a significant 

Minute*Condition interaction (F5.55,222.01=4.03, p=0.001). Stress males displayed a blunted 

response to the light onset as indicated by decreased time in Zone 4 at multiple timepoints both 

during onset (ps<0.05-0.01) and following light termination (ps<0.05).  

Observations indicated that this blunted response to light onset may have been due to some 

Stress males displaying a strong preference for Zone 1 that persisted even following light onset. 

To test this possibility, subjects were first classified as preferring either Zone 1 or Zone 4 based 

on which zone they spent more time in during the 4 minutes prior to light onset. Among the Zone 

1 preferring-animals, a significant interaction between sex, stress exposure, and time was 
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observed (F5.24,157.11=3.96, p=0.002; Fig 1-3D). Among males, a significant interaction between 

time and stress exposure was observed (F3.79,53.04=3.09, p=0.03). Follow-up simple main effects 

revealed that while no differences between Stress and No Stress males were observed prior to 

light onset (ps>0.05), Stress males showed significantly less time in Zone 4 during and following 

light onset compared to No Stress males (ps<0.05). In contrast, no such interaction was observed 

either in Zone 1-preferring females (F4.99,79.82=1.66, p=0.15) or in subjects that initially preferred 

Zone 4 (F5.80,260.79=1.03, p=0.41; Fig 1-3E). These analyses suggest that Stress males had a 

uniquely reduced probability of leaving their preferred location. 

 

Figure 1-3. Experiment 1 open field test results (Day 20). A. Open field apparatus showing zone 

locations during lamps off (top) and lamps on (bottom). B. Stress reduces exploratory behavior at 

multiple timepoints. C. Following light onset, Stress males show reduced time in Zone 4 compared to 

No Stress males. D. Zone 1-preferring Stress males show reduced time in Zone 4 compared to No 

Stress males following light onset. E. No effects of stress in Zone 4-preferring subjects. *p<0.05, 

**p<0.01, ***p<0.001. Errors represent standard error of the mean. 
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Anxiety-related behavior was next evaluated using the elevated plus maze. However, no 

effects of stress exposure or sex were observed (Stress: F1,66=2.13, p=0.15; Sex: F1,66=0.21, 

p=0.65; Stress*Sex: F1,66=2,87, p=0.1; Fig 1-4A). 14 subjects fell off the maze and were 

removed from this analysis. Anxiety-related behavior was last assessed using the light-dark 

transition test. However, no effects of stress or sex differences were observed on latency to enter 

the light compartment (Stress: F1,80=0.05, p=0.83; Sex: F1,80=2.1, p=0.15; Sex*Stress: F1,80=0.41, 

p=0.52; Fig 1-4B), time in the light compartment (Stress: F1,80=1.47, p=0.23; Sex: F1,80=0.21, 

p=0.65; Sex*Stress: F1,80=1.85, p=0.18; Fig 1-4C) or entries into the light compartment (Stress: 

F1,80=3.49, p=0.07; Sex: F1,80=0.09, p=0.77; Sex*Stress: F1,80=0.7, p=0.4; Fig 1-4D).  

 

Figure 1-4. Experiment 1 elevated plus maze and light-dark transition test results. A. No differences 

in time spent in open arms of elevated plus maze (Day 21). B-D. Results of light-dark transition test 

(Day 22). No differences on latency to enter the light arena (B), time spent in the light arena (C) or 

number of entries into the light arena (D). Errors represent standard error of the mean. 
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No effects of stress on voluntary alcohol intake 

Following completion of fear and anxiety testing we evaluated the effects of stress on 

voluntary alcohol intake. During intermittent access 2-bottle choice, females showed elevated 

alcohol intake as indicated by greater alcohol consumption compared to males (F1,80=28.50, 

p<0.001; Fig 1-5A), although no differences in alcohol preference were observed (F1,80=1.97, 

p=0.16; Fig 1-5B). The number of binge-like days was also greater in females (mean=12.2, 

SD=7) compared to males (mean=4.5, SD=6.2) (F1,80=29.1, p<0.001). However, no effects of 

stress were observed on alcohol consumption (Stress: F1,80=1.36, p=0.25; Stress*Sex: F1,80=0.06, 

p=0.8), alcohol preference (Stress: F1,80=0.73, p=0.4; Stress*Sex: F1,80=1.09, p=0.3) or number 

of binge like-days (Stress: F1,80=2.4, p=0.13; Stress*Sex: F1,80=0.06, p=0.8).  

 

 

Figure 1-5. Experiment 1 intermittent access 2-bottle choice results (Days 38-96). A. Females show 

greater alcohol consumption (10% EtOH w/v) compared to males. B. No differences in alcohol 

preference. Error bars represent standard error of the mean. 
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Stress exposure is associated with decreased BLA GluA1 in males but not females 

BLA were collected after the two-month long period of voluntary ethanol exposure and 

GluA1 levels relative to total protein levels at 123 KDa were measured. Owing to the large 

number of samples, Western blot plates were set up to individually compare the effects of stress 

within males and females. We found that Stress males showed decreased GluA1 relative to No 

Stress males (t41=4.06, p<0.001; Fig 1-6B). In contrast, no effect of stress exposure was observed 

in females (t41=0.38, p=0.71; Fig 1-6A).      

 

 

 Collectively, the results of Experiment 1 indicate that males and females show similar 

behavioral changes following stress exposure. Stress exposure produced comparable 

enhancements in fear learning to both footshock and an aversive acoustic stimulus, and no 

differences in fear generalization or extinction were observed between sexes. While females 

Figure 1-6. Experiment 1 Western blot results showing ratio of GluA1 to total protein at 123 KDa 

within the BLA. A. No differences in GluA1 between Stress and No Stress females. B. Stress males 

show reduced GluA1 compared to No Stress males. ***p<0.001. Error bars represent standard error 

of the mean. 
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showed less anxiety-related behavior and more alcohol intake both prior to and following stress, 

there were generally no interactions between stress exposure and sex, with the exception of the 

response to the light stimulus. An interaction between stress exposure and sex was observed in 

BLA GluA1 levels, as stress decreased GluA1 levels in males while having no effect in females.  

 

Experiment 2: Effects of stress exposure in the absence of prior alcohol access 

Experiment 2 investigated the unexpected results emerging from Experiment 1. Contrary 

to expectations, Experiment 1 showed that stress exposure produced similar increases in fear and 

anxiety-related behavior across sexes but did not alter alcohol intake following stress. 

Furthermore, stress impacted GluA1 levels within the BLA in males while producing no effect in 

females. Given that females consumed greater amounts of alcohol prior to stress exposure, in 

Experiment 2 we tested the possibility that alcohol access prior to stress could have impacted the 

ability of stress to alter fear, anxiety and alcohol drinking. We hypothesized that eliminating pre-

stress alcohol exposure could allow sex differences in PTSD-related behaviors to emerge, 

including enhanced alcohol intake in stressed males.  

Methods 

Subjects.  

42 adult male and female Long-Evans rats (Envigo) were used, approximately 10-11 

weeks old at the start of the experiment. Housing and handling procedures were the same as in 

Experiment 1. 

Experimental Timeline.  
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Male and female rats were equally divided into Stress and No Stress conditions. All 

subjects received exposure to the same battery of procedures as in Experiment 1 (Table 1-1), 

except subjects received no alcohol access prior to stress as described below. 

Apparatus and Procedures 

 The apparatus and procedures were identical to those used in Experiment 1, except during 

continuous access two-bottle choice (Days 1-14) both bottles contained only regular drinking 

water. Bottle locations were swapped daily and subjected weighed every other day to ensure that 

all handling and experiences remained the same. 

Tissue and Western blot analysis 

 Western blot analysis was performed as described in Experiment 1. 

Data analysis 

 Data analysis was performed as described in Experiment 1. 

Results  

Baseline anxiety prior to stress 

Baseline anxiety-related behavior was assessed using the light-dark transition test. While 

males showed numerically greater latency to enter the light compartment, less time spent in the 

light compartment and fewer entries into the light compartment as in Experiment 1, these 

differences were not significant (latency: F1,38=0.24, p=0.63; light time: F1,38=1.35, p=0.25; 

entries: F1,38=0.46, p=0.5; Figs 1-7A-C). Importantly, no baseline differences in anxiety-related 

behavior were observed between Stress and No Stress conditions (latency: F1,38=0.04, p=0.84; 

light time: F1,38=0.62, p=0.44; entries: F1,38=0.05, p=0.82). 
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Effects of stress on fear learning are not dependent on prior alcohol exposure 

Similar patterns of changes in fear learning were observed as in Experiment 1, indicating 

that these effects were not influenced by alcohol exposure prior to stress. During the 

generalization test (Context B) Stress subjects showed enhanced fear generalization compared to 

Figure 1-7. Experiment 2 pre-stress light-dark transition test results (Day 15). No significant 

differences were observed in latency to enter the light arena (A), time in the light arena (B) or 

entries into the light arena (C). Errors represent standard error of the mean. 
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No Stress controls (F1,38=51.84, p<0.001; Fig 1-8A), but no sex differences were observed (Sex: 

F1,38=0.11, p=0.74; Sex*Condition: F1,38=0.12, p=0.73).  

 When exposed to a completely novel context (Context C), no differences in baseline fear 

prior to the single footshock were observed (Stress: F1,38=3.34, p=0.08; Sex: F1,38=0.39, p=0.54; 

Sex*Stress: F1,38=0.04, p=0.84; Fig 1-8B). When returned to the fear conditioning context the 

following day, Stress subjects showed enhanced fear (F1,38=82.83, p<0.001; Fig 1-8C) but there 

was no difference between males and females (Sex: F1,38=0.04, p=0.85; Stress*Sex: F1,38=0.46, 

p=0.5). 

During fear extinction to Context C, Stress subjects again extinguished to the levels of No 

Stress controls, but no differences between males and females were observed (Session*Sex: 

F3,102=0.54, p=0.64; Session*Stress*Sex: F3,102 =1.06, p=0.0.37; Fig 1-8D). Stress subjects 

showed greater fear to Context D prior to white noise delivery (F1,38=13.7, p=0.001; Fig 1-8E) 

and when returned the following day (F1,38=14.33, p=0.001; Fig 1-8F). However, no differences 

between males and females were observed either prior to white noise exposure (Sex: F1,38=1.39, 

p=0.25; Sex*Condition: F1,38=0.77, p=0.39) or during the context test the following day (Sex: 

F1,38=1.97, p=0.17; Sex*Condition: F1,38=1.07, p=0.31). 
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Figure 1-8. Experiment 2 fear learning results. A. Stress subjects show greater fear generalization to a 

context that shared some features with the stress context (Day 17). B. No difference in baseline fear to 

novel context prior to single footshock (Day 18). C. Stress subjects show elevated fear to SEFL 

context (Day 19). D. No differences between males and females were observed in extinction of fear to 

SEFL context (Days 23-27). E. Stress subjects show some fear generalization to novel context prior to 

acoustic stimulus delivery (Day 28). F. Stress subjects show elevated fear to context paired with 

acoustic stimulus (Day 29). **p<0.01, ***p<0.001. Error bars represent standard error of the mean. 
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Stress increases anxiety-related behavior in the absence of alcohol exposure 

Stress produced similar changes in anxiety-related behavior as observed in Experiment 1. 

Stress decreased exploratory behavior during the Open Field Test as indicated by a significant 

Minute*Condition interaction (F11,418=1.91, p=0.04; Fig 1-9A), with follow-up simple main 

effects revealing reduced locomotion in Stress subjects at multiple timepoints (ps<0.05). While 

females showed more exploratory behavior compared to males (F1,38=6.48, p=0.02), no 

interaction between stress exposure and sex was observed (F1,38=1.78, p=0.19). No differences in 

time spent in Zone 4 were observed (Minute*Condition*Sex: F8,289=1.49, p=0.17; Fig 1-9B).   

Anxiety was also assessed using the elevated plus maze and light-dark transition test. 

However, no differences were observed in time spent in the open arms of the elevated plus maze 

(Stress: F1,34=2.79, p=0.1; Sex: F1,34=0.15, p=0.7; Stress*Sex: F1,34=0.01, p=0.99; Fig 1-9C). 4 

subjects fell off the maze and were excluded from the analysis of this task. Similarly, no 

differences were observed in the latency to enter the light compartment of the light-dark 

transitions test (Stress: F1,38=2.72, p=0.11; Sex: F1,38=0.48, p=0.49; Stress*Sex: F1,38=0.01, 

p=0.99; Fig 1-9D), time spent in the light compartment (Stress: F1,38=3.14, p=0.09; Sex: 

F1,38=0.06, p=0.81; Stress*Sex: F1,38=0.34, p=0.56; Fig 1-9E) or entries into the light 

compartment (Stress: F1,38=0.78, p=0.38; Sex: F1,38=1.33, p=0.26; Stress*Sex: F1,38=56, p=0.46; 

Fig 1-9F).  
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Figure 1-9. Experiment 2 anxiety test results. A. During open field test (Day 20) Stress subjects show 

reduced locomotion compared to No Stress subjects at minutes 3 and 8. B. No differences in time 

spent in Zone 4 of open field. C. No differences in time spent in open arms of elevated plus maze 

(Day 21). D-F. Results of light-dark transition test following stress (Day 22). No differences in 

latency to enter the light arena (D), time in the light arena (E) or number of entries into the light arena 

(F). *p<0.05. Error bars represent standard error of the mean. 
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Alcohol access prior to stress does not prevent stress-induced changes in alcohol intake 

The absence of stress-induced increases in alcohol intake in Experiment 1 were unexpected 

given that we have previously shown increased alcohol intake in male Long-Evans rats following 

the same acute stressor (Meyer et al, 2013). One potential explanation is that alcohol access prior 

to stress had prevented any stress-induced enhancement, as establishment of drinking habits prior 

to stress exposure can prevent changes in alcohol intake following stress (Meyer et al, 2013). If 

this was the case, then we would expect to see increased alcohol intake in Stress subjects in 

Experiment 2. However, following stress exposure no differences were observed on either 

alcohol consumption (Stress: F1,38=1.08, p=0.31; Stress*Sex: F1,38=1.45, p=0.24; Fig 1-10A), 

alcohol preference (Stress: F1,38=1.22, p=0.28; Stress*Sex: F1,38=0.78, p=0.38; Fig 1-10B), or 

number of binge-like days (Stress: F1,38=0.4, p=0.53; Stress*Sex: F1,38=3, p=0.09). This indicates 

that the lack of a stress-induced increase in alcohol intake in Experiment 1 was not due to 

alcohol exposure prior to stress. 

 

Figure 1-10. Experiment 2 intermittent access 2-bottle choice results (Days 38-96). A. No effects of 

stress exposure or sex in alcohol consumption (10% EtOH w/v) in subjects not exposed to alcohol 

prior to stress. B. No effects of stress exposure or sex in alcohol preference in subjects not exposed to 

alcohol prior to stress. Error bars represent standard error of the mean. 
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Changes in GluA1 in males following stress exposure 

GluA1 levels within the BLA were measured after 2 months of intermittent access 2-bottle 

choice, with Western blot plates set up to compare the effects of stress within males and females. 

We again saw an effect of stress exposure in males, with Stress males showing marginally 

elevated GluA1 compared to No Stress males (t20=2.03, p=0.06; Fig 1-11B). In contrast, no 

effects of stress exposure were observed in females (t20=0.11, p=0.92; Fig 1-11A).  

 

 

 Collectively, Experiment 2 indicates that the unexpected results of Experiment 1 were not 

influenced by pre-stress alcohol access. We generally observed similar effects of stress exposure 

in alcohol-naïve subjects as were observed in Experiment 1, with no interaction between stress 

and sex on most measures of fear or anxiety-related behavior. While we hypothesized that a lack 

of pre-stress alcohol access would enable stress to alter subsequent alcohol intake, no such 

Figure 1-11. Experiment 2 Western blot results showing ratio of GluA1 to total protein at 123 KDa 

within the BLA. A. No differences in GluA1 between Stress and No Stress females. B. Stress males 

show marginally elevated GluA1 compared to No Stress males. #p<0.10. Error bars represent standard 

error of the mean. 
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effects were observed. We also replicated the finding that stress exposure altered BLA GluA1 

levels in males but not females, although the direction of this change was reversed.  

Experiment 3: Effects of environmental enrichment and stress on alcohol intake 

Experiment 3 further investigated findings that emerged from Experiments 1 and 2.  In 

particular, Experiments 1 and 2 produced no evidence of stress-induced changes in voluntary 

alcohol intake for either females or males despite previous reports showing increased alcohol 

drinking following stress exposure in males. In Experiment 3 we therefore tested the possibility 

that the additional behavioral testing between stress exposure and alcohol access may have 

attenuated the ability of stress to impact alcohol drinking.  

Methods 

Subjects 

 Experiment 3 used 34 male Long-Evans rats (Envigo) approximately 10-11 weeks old at 

the start of the experiment. Housing and handling procedures were the same as described in 

Experiments 1 and 2. 

Experimental Timeline 

Subjects were divided into Stress and No Stress conditions. Both groups were further 

divided into Enrichment and No Enrichment conditions. Subjects in the Enrichment condition 

received a battery of fear learning and anxiety assessments following stress exposure as outlined 

in Table 1-2, while subjects in the No Enrichment remained in their home cages between the 

SEFL test and alcohol access.  
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Apparatus and Procedures. 

Stress-enhanced fear learning. All fear conditioning and extinction took place in three sets of 

four identical fear conditioning chambers housed in sound-attenuating shells (Med Associates 

Inc). Context A (stress context) contained flat grid floors, was lit by a white house light, and was 

scented with 50% Windex solution. Ventilation fans provided background noise. Context B (fear 

conditioning context) contained a black triangular insert and floors composed of staggered grid 

bars, and was scented with 1% acetic acid. Each set of grids was wired to a shock generator and 

scrambler. Stimulus delivery was controlled and freezing automatically scored using 

VideoFreeze software (Med Associates Inc). 

All subjects were first transported to Context A in their homecages where they received a 

stressor consisting of either 15 1-sec, 1-mA unsignalled footshocks randomly distributed over 90 

minutes (Stress condition) or received equivalent context exposure without footshock (No Stress 

condition). The next day subjects were transported to Context B in a black plastic tub divided 

into 4 quadrants. Following a 3-minute baseline period, all subjects received a single 1-sec, 1-

mA footshock and were removed 30 seconds later. Subjects were returned to Context B the 

Table 1-2. Timeline for Experiment 3. 
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following day for 8 minutes to assess fear to the fear conditioning context. Fear was measured 

via freezing. 

Battery of additional tests. Subjects in the Enrichment condition underwent the open field test, 

the elevated plus maze and the light-dark transition test as described in Experiment 1. Following, 

Enrichment subjects underwent fear conditioning to a novel aversive acoustic stimulus as 

described in Experiment 1. Each day subjects in the No Enrichment condition were briefly 

handled and otherwise remained in their homecage.  

Intermittent-access two-bottle choice. All subjects underwent 59 days of voluntary alcohol 

access as described in Experiment 1. 

Data analysis 

Data were analyzed using IBM SPSS Statistical Software. Results of tasks with a single 

dependent variable were analyzed using either 1-way ANOVA (comparing effect of Stress 

within the Enrichment condition) or 2-way ANOVA (Stress as the first factor and Enrichment as 

the second factor). Tasks using repeated measures were analyzed using mixed-model ANOVA. 

Violations of sphericity corrected for using the Greenhouse-Geisser correction. Data were plotted 

using GraphPad Prism. 

Results 

Results of SEFL procedure 

While Meyer et al (2013) demonstrated increased alcohol intake following stress, in 

Experiments 1 and 2 we failed to replicate this finding. We therefore investigated other potential 

differences in experimental procedures that could account for this discrepancy. One notable 
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difference is that in Experiments 1 and 2 subjects received an extensive battery of behavioral 

tests in between stress exposure and alcohol access, while Meyer et al 2013 did not include any 

additional testing between the SEFL Test and alcohol access. This additional testing could act as 

form of environmental enrichment, which has been shown to attenuate the effects of stress 

(Francis et al, 2002). Experiment 3 tested whether a history of behavioral testing between the 

SEFL procedure and alcohol access could alter the ability of stress to influence alcohol intake. 

We first ensured that there were no pre-existing differences in SEFL between the 

Enrichment and No Enrichment groups. While Stress subjects showed some generalization from 

the stress context to the fear conditioning context (F1,30=43.12, p<0.001; Fig 1-12A), there were 

no differences between Enrichment and No Enrichment groups (Enrichment: F1,30=2.04, p=0.16; 

Stress*Enrichment: F1,30=1.74, p=0.2). Stress subjects showed a dramatic enhancement in 

freezing to the fear conditioning context (F1,30=494.62, p<0.001; Fig 1-12B) while no differences 

were observed between Enrichment and No Enrichment groups (Enrichment: F1,30=0.56, p=0.46; 

Stress*Enrichment: F1,30=0.16, p=0.70).

 

Figure 1-12. Experiment 3 SEFL Results. A. Stress subjects showed elevated fear to a novel context 

prior to footshock exposure (Day 2). B. Stress subjects show elevated fear to SEFL context (Day 3). 

***p<0.001. Error bars represent standard error of the mean. 
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Stress increases anxiety on the open field test 

Following the SEFL procedure, subjects in the Enrichment group received an additional 

battery of fear learning and anxiety assessments. As seen in Experiments 1 and 2, stress exposure 

reduced exploratory behavior during the open field test as indicated by a Minute*Stress 

interaction (F11,165=3.76, p<0.001; Fig 1-13A). Follow-up simple main effects revealed that 

Stress subjects showed reduced exploratory behavior at multiple timepoints throughout the 12-

minute task (ps<0.05-0.001). No significant differences between groups were seen in time spent 

in Zone 4 (Stress: F1,15=0.29, p=0.6; Stress*Minute: F11,165=0.92, p=0.52; Fig 1-13B). However, 

stress exposure did appear to cause an exaggerated location preference as was observed in 

Experiment 1. Among subjects that initially preferred Zone 1, Stress subjects showed less time in 

Zone 4 compared to No Stress subjects at multiple timepoints (F11,66=1.99, p=0.04; Fig 1-13C). 

In contrast, no significant effect of stress exposure was observed in Zone 4-preferring animals 

(F1,7=3.87, p=0.09; Fig 1-13D).  
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Anxiety was also assessed by the elevated plus maze and light-dark transition test. 

However, as with Experiments 1 and 2 no effects of Stress exposure were observed on time spent 

on the open arms of the elevated plus maze (F1,15=0.01, p=0.92; Fig 1-14A). Similarly, on the 

Figure 1-13. Experiment 3 open field test results from subjects in the Enrichment condition (Day 4). 

A. Stress subjects show reduced locomotion at multiple timepoints. B. No differences between Stress 

and No Stress subjects in time spent in Zone 4 of the open field test. C. Among subjects that initially 

preferred Zone 1, Stress subjects show reduced time in Zone 4 prior to light onset (minutes 3 and 4) 

and following light termination (minute 9). D. Among subjects that initially preferred Zone 4, no 

differences in time spent in Zone 4 were observed. *p<0.05, **p<0.01, ***p<0.001. Error bars 

represent standard error of the mean.   
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light-dark transition test no differences were observed in latency to enter the light compartment  

(F1,15=0.06, p=0.81; Fig 1-14B), time in the light compartment (F1,15=0.12, p=0.74; Fig 1-14C) or 

entries into the light compartment (F1,15=0.04, p=0.84; Fig 1-14D). 

 

Figure 1-14. Experiment 3 results of elevated plus maze and light-dark transition test. A. No effects 

of stress exposure on time spent in the open arms of the elevated plus maze (Day 5). B-D. Results of 

light-dark transition test (Day 6). No effects of stress exposure on latency to enter the light arena (B), 

time spent in the light arena (C) or number of entries into the light arena (D). Error bars represent 

standard error of the mean. 
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 Stress increases fear to an aversive acoustic stimulus 

Following tests of anxiety-like behavior, the Enrichment group also underwent fear 

conditioning to an aversive acoustic stimulus in a novel context. Replicating the effects seen in 

Experiments 1 and 2, Stress subjects showed elevated fear to the novel context both prior to 

(F1,15=19.98, p<0.001; Fig 1-15A) and following stimulus exposure (F1,15=50.48, p<0.001; Fig 1-

15B).    

 

 

Stress and behavioral testing may interact to alter alcohol intake   

Following completion of fear and anxiety testing, all subjects received two months of 

intermittent access 2-bottle choice. No significant effects of either stress exposure or enrichment 

were observed in either alcohol consumption (Stress: F1,30=1.7, p=0.20; Enrichment: F1,30=2.18, 

Figure 1-15. Experiment 3 acoustic stimulus results. A. Stress subjects showed elevated fear to the 

novel context prior to acoustic stimulus delivery (Day 7). B. Stress subjects show elevated fear to the 

acoustic stimulus context the following day (Day 8). ***p<0.001. Error bars represent standard error 

of the mean. 
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p=0.15; Fig 1-16A), alcohol preference (Stress: F1,30=0.26, p=0.62; Enrichment: F1,30=0.43, 

p=0.52; Fig 1-16B) or number of binge-like days (Stress: F1,30=2.47, p=0.13; Enrichment: 

F1,30=3.79, p=0.06). While we hypothesized that enrichment could influence the ability of stress 

to alter alcohol intake, no significant interaction was observed on either alcohol consumption 

(F1,30=0.83, p=0.37), alcohol preference (F1,30=1.16, p=0.29) or number of binge-like days 

(F1,30=1.88, p=0.18). However, inspection of the data revealed that there was a general trend 

towards elevated alcohol intake in the subjects that had undergone both stress and enrichment 

relative to the other three groups.  

 

 

 Experiments 1 and 2 showed no evidence of stress-induced changes in alcohol drinking 

despite previous reports of increased alcohol drinking following stress exposure in males (Meyer 

et al., 2013). As environmental enrichment has been shown to attenuate the effects of stress 

Figure 1-16. Experiment 3 intermittent access 2-bottle choice results (Days 16-74). A. Stress-

Enrichment subjects show numerically elevated alcohol consumption (10% EtOH w/v) compared to 

other groups, but no significant effects of stress or enrichment were observed. B. Stress-Enrichment 

subjects show numerically elevated alcohol preference compared to other groups, but no significant 

effects of stress or enrichment were observed. Error bars represent standard error of the mean. 
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exposure, Experiment 3 investigated whether behavioral testing functioned as a form of 

enrichment to prevent the effects of stress on alcohol intake. These results indicate that stress 

exposure and additional behavioral testing may interact to alter alcohol intake. Specifically, 

subjects that received both stress and additional testing showed numerically elevated alcohol 

intake, suggesting that additional testing instead functioned as an additional source of stress. 

Discussion 

Rodent models of stress exposure that recapitulate features of PTSD are a valuable tool for 

understanding the biological mechanisms of this disorder, yet much of the research in this field 

has been conducted exclusively in males despite the fact that women are twice as likely to 

develop PTSD compared to men (Kessler et al., 2017; Kessler et al., 1995). In these experiments 

we investigated potential sex differences in the responses of male and female rats to the SEFL 

procedure, looking both at fear learning and a constellation of other behavioral changes relevant 

to PTSD symptomology. We further examined sex differences in the effects of stress on GluA1 

levels within the BLA.  

Stress produces similar changes in fear learning, generalization and extinction across sexes 

Women show higher rates of PTSD compared to men even when controlling for trauma 

type (Breslau et al., 1997; Kessler et al., 2017; Kessler et al., 1995). Furthermore, women with 

PTSD show stronger fear conditioning and fear generalization compared to men (Gamwell et al., 

2015; Inslicht et al., 2013). We therefore hypothesized that female rats would show more fear 

during the SEFL test, as well as elevated fear generalization and impaired fear extinction. 

However, in Experiments 1 and 2 we found that while stress exposure produced a robust 

enhancement in fear learning to a novel context there were no differences between males and 



63 

 

females, nor did differences in emerge during fear extinction to the SEFL context. Similarly, no 

sex differences were observed in fear generalization or in fear to a context associated with a 

novel aversive stimulus. While it has been suggested that female rats express fear in a manner 

other than freezing such as darting and rearing (Choy et al., 2012; Gruene et al., 2015), we found 

no evidence of such behaviors in either males or females.  

Alcohol exposure during early life and adolescence has been reported to disrupt fear 

learning in rats (Bergstrom et al., 2006; Hamilton et al., 2011; Weitemier & Ryabinin, 2003). 

Given that females showed elevated baseline alcohol intake in Experiment 1, one possibility was 

that the lack of a sex difference in fear learning was due to females receiving more alcohol 

exposure. We tested this possibility in Experiment 2, exposing male and female subjects to the 

same battery of assessments as used in Experiment 1 with the exception that no alcohol was 

provided prior to stress. However, we again observed no differences in fear learning, 

generalization or extinction between males and females. These results suggest that the lack of 

sex differences in fear learning were not influenced by alcohol exposure.  

An additional explanation for the lack of sex differences in fear-related behavior is the 

intensity of the stressor used. The 15-footshock stress used in SEFL experiments produces 

exceptionally robust, reliable enhancements in fear learning that can last for at least 90 days (Rau 

& Fanselow, 2009). Some rodent models of stress exposure have been reported to produce both 

“susceptible” groups that show behavioral changes following stress and “resilient” groups that do 

not (Covington et al., 2010; Jeong et al., 2020; Ritov et al., 2016). However, the fear-enhancing 

ability of the SEFL model is such that we have never had to apply such separation criterion to 

subjects exposed to the 15-footshock stress (Perusini et al., 2016; Rau et al., 2005; Rau & 

Fanselow, 2009). It is therefore plausible sex differences in stress susceptibility exist but were 
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obscured by the nature of the stressor used. Utilizing the uniquely quantifiable nature of the 

SEFL procedure by testing the effects of a less intense stressor (e.g. 4 footshocks instead of the 

standard 15) may be more effective for revealing differences in stress susceptibility. 

Males and females differ in anxiety-related behavior 

While no sex differences in fear-related behavior were found, we did observe differences 

in anxiety-related behavior between males and females. Previous studies have found evidence of 

more locomotion and less anxiety-like behavior in female rats (Johnston & File, 1991; Scholl et 

al., 2019; Zimmerberg & Farley, 1993). Similarly, in Experiments 1 and 2 we demonstrated that 

females show less anxiety-related behavior both prior to and following stress, although stress 

exposure produced similar reductions in general exploratory behavior across both sexes during 

the open field test.  

We did observe that stress exposure differentially impacted the response of males and 

females to an anxiogenic light stimulus. In Experiment 1, both Stress and No Stress females 

showed similar avoidance of the brightest zone following light onset, which is in agreement with 

a previous report from our laboratory showing that footshock exposure does not impact light 

avoidance on this task in females (Godsil et al., 2005). However, Experiments 1 and 3 indicated 

that stress-exposed males possess exaggerated preferences for specific locations within the arena 

and are unwilling to move from those locations even when they become aversive. This may 

reflect reduced behavioral flexibility in males, as stress exposure has previously been shown to 

impair performance on assessment of flexibility such as reversal learning and set-shifting as well 

as fear extinction (Holmes & Wellman, 2009; Izquierdo et al., 2006). Interestingly, acute stress 

has been shown to disrupt cognitive flexibility in men but not women (Sheilds et al., 2016). 
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Stress exposure did not influence voluntary alcohol intake 

A significant challenge in treating PTSD is the high levels of comorbidity between PTSD 

and alcohol abuse (Kessler et al., 1995). Because alcohol abuse occurs more frequently in men 

than in women, we anticipated that males would show a greater increase in alcohol intake 

following stress compared to females. However, in Experiments 1 and 2 we did not observe any 

effects of stress on alcohol intake in either males or females. This was surprising given previous 

evidence of increased alcohol intake following SEFL (Meyer et al., 2013). We hypothesized that 

the results of Experiment 1 could be explained by the fact that these subjects received alcohol 

exposure prior to stress, as establishment of drinking habits prior to stress have been shown to 

prevent stress-induced increases in alcohol intake (Meyer et al., 2013). However, in Experiment 

2 we still failed to see an effect of stress despite these subjects being alcohol-naïve prior to stress. 

In Experiment 3, we further explored aspects of our experimental design that may have masked 

the effects of stress on alcohol drinking.  

Another potential explanation for the discrepancy between the results of Experiments 1 and 

2 and that of Meyer et al (2013) was the extensive battery of behavioral testing subjects received 

in between stress and intermittent access 2-bottle choice. It is conceivable that the additional 

testing functioned as a form of environmental enrichment, which has been shown to attenuate the 

effects of stress (Francis et al., 2002; Solinas et al., 2008). However, the results of Experiment 3 

indicated that this was not the case. Instead, we saw a trend towards increased alcohol intake in 

subjects that had received both stress and additional testing. It is possible that rather than acting 

as enrichment, the additional testing instead served as an additional form of stress that allowed 

the emergence of a stress-induced increase in alcohol intake. Since all subjects in Experiments 1 
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and 2 received this additional testing, it is possible that the lack of a difference was not due to no 

effects of stress but rather all subjects showing stress-induced elevations in drinking.  

It is worth noting that despite alcohol abuse occurring more frequently in men compared to 

women, rodent studies frequently report more alcohol drinking in females compared to males 

(Lancaster et al., 1996; Priddy et al., 2017). Accordingly, in Experiment 1 we observed greater 

alcohol drinking in females both before and after stress. This discrepancy between human 

epidemiology findings and the rodent literature may be a reminder that alcohol use is influenced 

by environmental as well as biological factors.  

Stress influences BLA GluA1 levels in males but not females 

While males and females generally showed similar changes in fear and anxiety following 

stress, one question that remains is whether the biological changes that underlie such behaviors 

are the same. It is likely that the fear sensitization demonstrated in both SEFL and PTSD patients 

is due to changes in the neural network that support fear conditioning, of which the basolateral 

amygdala (BLA) is a key component (Fendt & Fanselow, 1999). Fear memories are thought to 

be formed by the strengthening of synaptic inputs conveying sensory information to the BLA 

(Kim & Jung, 2006; Rogan et al., 1997). This occurs via long-term potentiation (LTP), which is 

typically triggered by Ca2+ influx through N-Methyl-D-aspartic acid (NMDA) glutamate 

receptors (Maren, 1999). However, we hypothesize that the availability of an alternative 

mechanism of synaptic strengthening may underlie the elevated fear learning observed in SEFL. 

We have previously observed increased protein levels of the AMPAR GluA1 subunit within the 

BLA of male rats following stress (Perusini et al., 2016). While AMPA receptors typically exist 

as heteromers of GluA1 and GluA2, with the GluA2 subunit rendering the receptor impermeable 
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to Ca2+ entry, increased GluA1 levels can result in the formation of GluA1-only receptors that 

allow Ca2+ entry and could thus enable an alternative form of LTP (Hollmann et al., 1991; 

Wright & Vissel, 2012) This leads to the possibility that stress exposure increases Ca2+-

permeable AMPA receptor levels, which could augment canonical BLA plasticity.  

In Experiments 1 and 2 we observed altered GluA1 levels within the BLA of stress-

exposed males. Curiously, while GluA1 levels were elevated as expected in Experiment 2 they 

were decreased in Experiment 1. One potential explanation is that GluA1 levels were altered by 

the extensive behavioral testing in between stress exposure and tissue collection. Many types of 

learning experiences have been shown to produce transient increases in GluA1-containing 

AMPA receptors at the synapse, although these increases are typically followed by the insertion 

of GluA2-containing AMPA receptors (Matsuo et al., 2008; Wright & Vissel, 2012). Alcohol 

access has also been shown to increase GluA1 phosphorylation within the amygdala (Agoglia et 

al., 2015; McGinn et al., 2016), a process required for the trafficking of AMPA receptors to the 

synapse (Lee et al., 2010). This suggest that perhaps the two months of voluntary alcohol access 

prior to tissue collection further impacted BLA GluA1 levels.  

In contrast to the effects on males, among females we observed no effects of stress 

exposure on BLA GluA1 levels in either Experiment 1 or Experiment 2. One possibility is that 

the aforementioned complications obscured any effects of stress, although why this would occur 

differently in males compared to females is unclear. Alternatively, it is possible that females do 

not in fact show altered GluA1 levels following stress and instead rely on an entirely different 

mechanism. There is evidence of differences in GluA1 and GluA2 expression between males and 

females. Females have been reported to show increased GluA1 in the nucleus accumbens (NAc) 
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and hippocampus and increased GluA2 within the ventral tegmental area (VTA) (Castro-Zavala 

et al., 2020; Katsouli et al., 2014).  

There is also evidence that stress differentially impacts GluA1 in males compared to 

females. Many of the studies that have reported changes in BLA GluA1 expression, trafficking 

and phosphorylation following stress exposure were conducted in males only (Caudal et al., 

2010; Hubert et al., 2014; Perusini et al., 2016). Among studies that do include both males and 

females, early life stress combined with cocaine exposure has been shown to increase the ratio of 

GluA1 to GluA2 in the NAc in males but not in females (Castro-Zavala et al., 2020), while early 

life stress decreases BLA GluA2 levels in males but not females (Guadagno et al., 2020). While 

it is unclear whether these changes in protein are supported by corresponding changes in 

transcription of gria1 and gria2, which encode GluA1 and GluA2 respectively, social stress has 

been reported to alter BLA gria2 levels in male but not female hamsters (McCann et al., 2018). 

Lastly, contextual fear conditioning is impaired in GluA1-knockout male mice, but not in 

GluA1-knockout female mice (Dachtler et al., 2011). Collectively, these results indicate that 

while males and females show comparable levels of fear enhancement following stress, the 

mechanisms through which fear memories are formed and impacted by stress may be very 

different. 

 Comparison of results with PTSD epidemiology 

 Given the higher prevalence of PTSD among women, we hypothesized that the SEFL 

procedure would produce greater changes in fear and anxiety behavior among. Contrary to these 

expectations, we found no sex differences on either fear learning, fear generalization or fear 

extinction. While this may be surprising from a human epidemiology viewpoint, these results are 
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in fact in agreement with rodent studies that have investigated sex differences in fear learning 

(Dalla & Shors, 2009). Several studies investigating fear learning to discrete tone CSs have 

reported that fear levels in females are comparable (Graham et al., 2009; Markus & Zecevic, 

1997) or reduced (Pryce et al., 1999) compared to that of males. Studies of contextual fear 

conditioning have typically reported less context fear in females compared to males, which may 

reflect differences in hippocampal processing of contextual stimuli in females (Daviu et al., 

2014; Maren et al., 1994; Markus & Zecevic, 1997; Poulos et al., 2015). Although we did not 

find significant sex differences on any measures of fear behavior, inspection of the data does 

indicate that females overall showed slightly lower levels of freezing compared to males.  

Similarly, the small number of studies that do evaluate sex differences in fear learning 

following stress exposure rarely find more pronounced effects in females compared to males 

(Shansky, 2015). Previous studies have reported either no sex differences in fear learning 

(Poulos et al., 2015) or found that stress exposure enhances fear learning and impairs fear 

extinction in males but not females (Baran et al., 2009; Keller et al., 2015; Wood & Shors, 

1998). Collectively, the results of our current experiments corroborate previous reports showing 

comparable or reduced freezing in females compared to males across fear acquisition and 

extinction procedures. 

While males and females showed similar effects of stress on fear and anxiety in the 

present experiments, this does not mean that the biological mechanisms that support these 

behaviors are the same. As mentioned above, stress exposure was associated with altered GluA1 

in males but not females suggesting that stress-enhanced fear learning may be supported 

different mechanisms. Sex differences have also been reported in the hypothalamus-pituitary-

adrenal (HPA) axis, which governs the stress response. The HPA axis involves the cascading 
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release of endocrine signals that ultimately results in the release of corticosterone, the primary 

stress hormone in rodents (Smith & Vale, 2006). Females show a stronger HPA axis response to 

stress compared to males as indicated by greater production and release corticosterone and other 

stress hormones (Heck & Handa, 2019). HPA axis activity is terminated by the binding of 

corticosterone onto glucocorticoid receptors (GRs) in the hippocampus and hypothalamus. 

Evidence suggests that this negative feedback is weaker in females compared to males, as 

females require longer for corticosterone levels to return to baseline following stress termination 

and loss of GRs within forebrain regions including the hippocampus causes HPA axis 

dysregulation in males but not females (Heck & Handa, 2019; Solomon et al., 2012). These 

differences are thought to be due in part to the activity of gonadal hormones, with HPA axis 

activity varying along with the estrous cycle of female rodents (Viau & Meaney, 1991).     

Collectively, these findings indicate that while the behavioral results of the SEFL 

procedure do not precisely reflect the epidemiology of PTSD observed in humans, this procedure 

will still be valuable for probing the biological mechanisms that support these behaviors. In 

particular, it is likely that interactions between gonadal hormones and HPA axis activity may 

mediate the differences in stress susceptibility between men and women.  

Limitations 

 One limitation of this study was that for each experiment all testing was done within the 

same subjects and counterbalancing the order of each test was not feasible owing to the large 

battery of tests used. While efforts were made to conduct the task in increasing order of stress 

severity (apart from stress exposure itself), it is possible that performance was influenced by the 

animals’ history of testing. For example, anxiety tests are particularly sensitive to novelty and 
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there is evidence that exposure on one anxiety test can influence performance on others 

(McIlwain et al., 2001; Rodgers & Shepherd, 1993). In future studies it will be informative to 

replicate and explore specific results in the absence of additional testing, such as the differential 

effects of stress on responses to an anxiogenic light stimulus during the open field test. Similarly, 

given the intriguing sex-specific effects of stress exposure on GluA1 levels within the BLA, 

follow-up studies will be necessary to investigate whether these effects reflect a genuine sex 

difference or are an artifact of the testing procedures. Lastly, while the results of Experiment 3 

suggest that stress and a history of behavioral testing may interact to influence alcohol intake, the 

relatively small number of subjects meant that our ability to find significant effects was 

underpowered. In future studies it will be worth replicating this effect with a larger sample size. 

Conclusion 

In these experiments we show a detailed characterization of sex differences in fear, anxiety 

and alcohol intake following an intense acute stressor. We found that despite the higher rates of 

PTSD among women compared to men, male and female rats showed similar changes in fear 

learning following stress exposure. Sex differences were observed in anxiety-related behavior, 

with females showing more exploratory behavior and stress-exposed males showing a blunted 

response to an anxiogenic stimulus. We further found evidence that behavioral testing and stress 

exposure may interact to enhance alcohol intake. Lastly, we found that stress altered BLA GluA1 

levels in males but not females despite producing similar behavioral changes, suggesting that 

these animals may show similar behaviors via different mechanisms.       
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Abstract 

Post-traumatic stress disorder (PTSD) can develop after exposure to traumatic events and 

severely impacts the quality of life. PTSD is frequently comorbid with substance use disorders, 

with alcoholism being particularly common. However, not everyone who experiences trauma 

develops PTSD and the factors that render individuals susceptible or resilient to the effects of 

stress are unknown although gender appears to play an important role. Rodent models of stress 

exposure such as stress-enhanced fear learning (SEFL) recapitulate some aspects of PTSD 

symptomology, making them an invaluable tool for studying this disorder. This study examined 

whether exposure to a modified version of the SEFL procedure (4 footshocks instead of the 

standard 15 over 90 minutes) would reveal both susceptible and resilient subjects. Following 

stress exposure, distinct susceptible and resilient groups emerged that differed in fear learning 

and anxiety-related behavior as well as voluntary alcohol intake. Some aspects of stress 

susceptibility manifested differently in males compared to females, with susceptibility associated 

with increased alcohol intake in males and increased baseline anxiety in females.   
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Introduction 

Post-traumatic stress disorder (PTSD) may develop after exposure to traumatic events and 

severely impacts the quality of life. PTSD patients experience a number of debilitating symptoms 

including hypervigilance and avoidance of stimuli reminiscent of the trauma (APA, 2013). PTSD 

is also often co-morbid with drug abuse, with alcohol abuse being the most common (Kessler et 

al., 1995; Mills et al., 2006; Perkonigg et al., 2000). Despite the high burden of this disorder, its 

mechanisms are not fully understood and currently available treatments such as exposure therapy 

are not always effective (Craske et al., 2008; Hembree et al., 2003; Milad et al., 2009) 

A critical question is why some individuals develop the disorder following trauma while 

others do not. It has been estimated that while approximately one third of the population will 

experience a trauma during their lifetime, only 10-20% of these individuals will develop PTSD 

with women twice as likely to develop the disorder compared to men (Brunello et al., 2001; 

Kessler et al., 1995; Kessler et al, 2017). Furthermore, not all PTSD patients display the same 

types or intensity of symptoms, and neuroimaging studies suggest that different categories of 

symptoms may be supported by different neural mechanisms (Lanius et al., 2006; Lanius et al., 

2002; Lanius et al., 2001). Determining the factors that promote susceptibility or resilience to 

developing the disorder is therefore crucial for understanding the disorder and developing more 

effective, targeted treatments. 

Animal models that capture some of the behavioral symptoms of PTSD are a powerful tool 

to study the mechanisms of this disorder. One characteristic of PTSD is an exaggerated response 

to mild stressors that are reminiscent of the original trauma, leading to inappropriate fear 

responses (Bremner et al., 1995; Dykman et al., 1997). Our laboratory has developed a rodent 

model of stress exposure termed stress-enhanced fear learning (SEFL) that uses aspects of 
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Pavlovian fear conditioning to capture this exaggerated fear response. In standard Pavlovian fear 

conditioning, a neutral conditional stimulus (CS), such as a discrete cue or a context, is paired 

with an aversive unconditional stimulus (US), such as a footshock. Following the formation of a 

CS-US association, the CS will elicit a fear response. In the SEFL model, animals are exposed to 

an intense acute stressor (typically 15 unsignaled footshocks) in a distinct context, followed by a 

mild fear conditioning event (a single footshock) in a different conditioning context (Rau et al., 

2005). Following stress exposure animals show exaggerated fear to the fear conditioning context. 

This enhancement of fear learning is the defining feature of the SEFL model and reflects a 

nonassociative sensitization of the fear learning process as it is not prevented by amnesia for, or 

extinction of, fear to the stress context (Long & Fanselow, 2012; Poulos et al., 2014; Rau et al., 

2005). Additionally, the acute stress will also enhance future fear learning to an auditory 

stimulus paired with shock even though there are no auditory stimuli present during stress 

(Pennington et al., 2017). 

While enhanced fear learning is the key feature of the SEFL model, this procedure 

produces a number of other behavioral changes reflective of PTSD symptoms including extreme 

fear of stimuli associated with the original stressor, increased anxiety-related behavior, increased 

startle reactivity, and altered glucocorticoid signaling (Meyer et al., 2013; Pennington et al., 

2017; Perusini et al., 2016; Poulos et al., 2015). Importantly, the SEFL model produces a long-

lasting increase in voluntary alcohol intake, reflecting the comorbidity between PTSD and 

substance abuse (Meyer et al., 2013). 

 While a number of stress exposure models have been used to study PTSD, these models 

often consist of unquantifiable stressors whose parameters cannot be quantitatively manipulated 

such as social defeat stress, predator odor, or combinations of multiple stressors (Cohen et al., 
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2006; Golden et al., 2011; Willner et al., 1987). In addition, few studies have examined the 

responses of males and females to the same stressor despite the fact that women are twice as 

likely to develop PTSD compared to men after adjusting for stress severity (Goldstein et al., 

2016; Kessler et al., 1995). The stressor typically used in our experiments (15 unsignaled 

footshocks over 90 minutes) produces a robust enhancement in fear learning in both males and 

females that is advantageous for studying the mechanisms of this enhancement but may obscure 

individual differences that promote susceptibility versus resilience to the effects of stress. 

However, this stressor is uniquely quantifiable such that stress severity can be readily 

manipulated by changing the number or amplitude of footshocks. By reducing the stressor 

severity to 4 footshocks, we sought to uncover both susceptible and resilient groups and 

determine whether females show increased stress sensitivity. 

Many studies investigating stress susceptibility rely on post-hoc methods such as 

quantifying the behavioral outcome of interest in the data set under study (e.g. increased freezing 

or reduced social interaction) and defining the 20-30% of subjects at one extreme as susceptible 

and the 20-30% at the other extreme as resilient (Colucci et al., 2020; Covington et al., 2010; 

Jeong et al., 2020; Ritov et al., 2016). These methods of classification are limited as they are 

based just on the current sample and similar procedures are rarely applied to unstressed controls. 

We aimed to improve upon existing methods of classification by establishing an a priori 

criterion based on prior sampling of a large population of subjects showing a normal fear 

response.  

In the following experiments we tested the hypothesis that using a novel a priori 

classification criterion would reveal both susceptible and resilient populations following a 

reduced 4-footshock stressor. We further hypothesized that susceptible subjects would 
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demonstrate a constellation of behavioral differences relevant to PTSD symptomology. We 

found that using a reduced-severity stressor produced distinct susceptible and resilient groups 

that differed on several measures of fear, anxiety, and alcohol-related behaviors. We further 

found that while males and females did not differ in rates of stress susceptibility, susceptible 

males and females showed different patterns of alcohol consumption and anxiety-related 

behavior.     

Experiment 1: Characterization of distinct susceptible and resilient populations following 

stress exposure 

In Experiment 1 we evaluated performance on a battery of fear, anxiety and alcohol 

assessments prior to and following stress. We hypothesized that distinct susceptible and resilient 

populations would emerge that differ on multiple aspects of PTSD-related behavior, and that 

males and females might show different clusters of behavioral changes. 

Methods 

Animals 

66 adult male and female Long-Evans rats (Envigo, Indianapolis, IN, USA) were used, 

approximately 10-11 weeks old at the start of the experiment. Animals were individually housed 

under a 12-hour light/dark cycle. Food and water were available ad libitum in the home cage, and 

during intermittent access two-bottle choice enrichment in the form of paper twists was provided. 

Animals were handled daily for 60 seconds each day for 1 week prior to the start of the 

experiment. The UCLA Institutional Animal Care and Use Committee approved all procedures 

involving animals. 

Establishment of “Susceptible” versus “Resilient” classification criterion 
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In the standard SEFL procedure, rats are first exposed to a stressor consisting of 15 

unsignaled 1-sec, 1-mA footshocks or receive equivalent context exposure without footshock. 

Subjects then receive a mild fear conditioning event consisting of a single footshock in a novel 

context. During the critical test of the SEFL procedure, termed the SEFL test, subjects are 

returned to the fear conditioning context for 8 minutes during which fear is assessed via freezing. 

The key feature of SEFL is that stress-exposed subjects show enhanced fear to the fear 

conditioning context relative to unstressed controls.  

To determine an a priori criterion for classifying whether performance on the SEFL test 

deviated from that of unstressed controls, we compiled SEFL test scores from a large number of 

unstressed control subjects (n=182), drawing from published and unpublished SEFL experiments 

previously run in our laboratory. These data were pooled over several years, but all experiments 

used male and/or female young adult Long-Evans rats (approximately 9-12 weeks old) and the 

same training parameters including number and intensity of footshock.  

Subjects were classified as “Susceptible” if they showed performance on the SEFL test that 

was at least two standard deviations above the means of unstressed controls, which based on this 

dataset, was 58% freezing (Mean=18.8%, SD=19.6%). Subjects that showed less than 58% 

freezing during the SEFL test were classified as “Resilient”.  Nearly all unstressed control 

subjects (94.0%) met the Resilient criterion (distribution of SEFL Test scores shown in Fig 2-

1A). Conversely, the same analysis performed on subjects exposed to the standard 15-shock 

stress (n=130) revealed that the majority of stressed subjects (79.2%) met the Susceptible 

criterion (Mean=74.5%, SD=22%, distribution of SEFL Test scores shown in Fig 2-1B). This 

classification criterion was therefore used to determine whether the 4-footshock stress would 

produce both Susceptible and Resilient populations (experimental timeline shown in Table 2-1).  
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Given that PTSD is more common in 

women than in men, we evaluated whether the 

susceptibility cutoff would differ if calculated 

separately for males and females 

(Supplementary Methods). We found no 

differences in the distribution of SEFL Test 

scores between unstressed males and females 

(Fig 2-7A-B), or in males and females exposed 

to the standard 15-footshock stress (Fig 2-7C-

D). Importantly, we found that the 

susceptibility criterion remained the same when calculated separately for males and females 

(Supplementary Methods). It has been reported that female rats express fear via darting behavior, 

but to our knowledge this has only been reported during auditory fear conditioning (Gruene et al, 

2015). Videos were screened for darting, but we did not observe any darting behavior in either 

males or females during the SEFL Test.   

Our approach focused on determining a criterion for susceptibility, i.e. identifying the 

population of subjects that show unusually high levels of fear. An alternative approach would be 

to determine the criterion for resilience, i.e. identifying stress-exposed subjects that show 

unusually low levels of fear. We performed a similar analysis to consider this alternative that was 

based on the 15 footshock-exposed subjects, but determined that this approach did not perform 

as well (Supplementary Materials). 

Assessments of baseline alcohol consumption and anxiety-related behavior 

Table 2-1. Timeline for Experiment 1. 
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Continuous access two-bottle choice (2BC) drinking procedure. All fluids were presented in 

250-ml drinking bottles with low-leak drinking spouts (Ancare) accessible through the top of the 

home cage. Rats had access to one bottle containing 10% EtOH (w/v) and one bottle containing 

regular drinking water. Rats received continuous access to both bottles for two weeks, which in 

contrast to intermittent access produces relatively low levels of alcohol consumption (Brancato et 

al., 2016; Wise, 1973). Bottles were weighed daily except Sundays and locations were alternated 

daily to control for side preferences. Rats were weighed every other day to calculate the grams of 

solution consumed per kilogram of body weight in each 24-hour session (g/kg/24 hrs).  

Light-dark transition test. The light-dark transition test is a classic test of anxiety-related 

behavior in rodents (Bourin & Hascoët, 2003; Crawley & Goodwin, 1980). The apparatus 

consisted of a Plexiglas arena (100 cm x 40 cm x 30 cm). The arena was divided into a light 

compartment with white walls and floors (75 cm x 40 cm x 30 cm) and a dark compartment with 

black walls and floors (25 cm x 40 cm x 30 cm), with a 10 cm x 10 cm opening allowing 

movement between the two compartments. The room was dimly lit by a lamp in the corner of the 

room. Each session was recorded using an overhead camera and behavior automatically tracked 

using EthoVision software (Noldus, Wageningen, Netherlands). Subjects were individually 

placed in the dark compartment of the light-dark transition test apparatus and allowed to freely 

move between the dark and light compartments for 10 minutes. Anxiety-related behavior was 

scored by the latency to enter the light compartment, the total time spent in the light 

compartment and the number of entries into the light compartment.  

Unlike many rodent tests of anxiety-related behavior, previous reports indicate that the 

light-dark transition test can be reliably conducted multiple times within the same subject (Ballaz 

et al., 2007; Banasikowski et al., 2015; Onaivi & Martin, 1989). The light-dark transition test 
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was therefore run both prior to and following stress exposure while all other assessments of 

anxiety-related behavior were run only following stress exposure.  

Fear conditioning 

Stress-enhanced fear learning. All fear conditioning took place in four sets of four identical 

fear conditioning chambers housed in sound-attenuating shells (Med Associates Inc, St. Albans, 

VT, USA). Context A (stress context) contained flat grid floors, was lit by a white house light 

and scented with 50% Windex solution. Ventilation fans provided background noise. Context B 

(generalization context) was identical to Context A except the grid floors were made of 

alternating thick and thin bars and chambers were scented with 1:30 Simple Green solution. 

Context C (mild fear conditioning context) contained a black triangular insert and floors 

composed of grid bars at alternating vertical heights and was scented with 1% acetic acid. Each 

set of grids was wired to a shock generator and scrambler. Sessions were recorded by near-

infrared cameras and freezing was automatically scored using VideoFreeze software (Med 

Associates Inc). 

Subjects were first transported to Context A in their homecages where they received an 

acute stressor consisting of 4 1-sec, 1-mA unsignalled footshocks randomly distributed over 90 

min. One day later, fear generalization was assessed by exposing subjects to a novel context that 

shared some features with the original stress context (Context B) for 8 minutes without 

footshock. The next day subjects were transported to Context C in a black plastic tub divided 

into 4 quadrants. Following a 3-minute baseline period, all subjects received a single 1-sec, 1-

mA footshock and were removed 30 seconds later. All subjects were returned to Context C the 
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following day for 8 minutes to assess fear to the mild fear conditioning context. Freezing served 

as our index of fear conditioning. 

Fear extinction. To assess fear extinction to the mild fear conditioning context (Context C), 

subjects received 5 days of extinction training, in which they were exposed to Context C for 30 

minutes per day without footshock delivery. Extinction across sessions was measured by 

freezing during the first 5 minutes of each session. To account for differences in initial fear 

levels, extinction was also measured by the number of sessions required for each subject to reach 

50% of their freezing on the first day of extinction. Subjects that did not reach this criterion were 

given a score of 5. 

Aversive acoustic stimulus. Context D (white noise context) contained a curved white plastic 

wall and white plastic floor inserts and was scented with 1:30 Simple Green solution. Acoustic 

stimuli were delivered using Goldwood GT-1005 wide dispersion piezo tweeters mounted to the 

wall of the chambers and connected to an amplifier. Following a three-minute baseline period, all 

subjects received a 100-msec, 110-dB burst of white noise and were removed 30 seconds later. 

The next day subjects were returned to Context D for 8 minutes to assess fear to the context.  

Assessments of anxiety-related behavior following stress 

Open field test. This task utilized a modified version of the open field test, a classic test of 

anxiety-related behavior in rodents (Godsil et al., 2005; Godsil & Fanselow, 2004). The 

apparatus consisted of a clear plastic container (78 cm x 39 cm x 30 cm) divided into 4 equal-

sized zones (19.5 cm x 39 cm). Three LED lamps were located around each end of the apparatus, 

one lamp located against the center of each short wall and one lamp located against the ends of 

each long wall. Turning on the lamps on one end created a light gradient across the apparatus, 
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with Zone 1 the brightest (2160 Lux) and Zone 4 the dimmest (260 Lux). The illuminated side of 

the apparatus was counterbalanced across subjects. The room was lit by a red light throughout 

the session, and each session was recorded using an overhead camera and behavior automatically 

tracked using EthoVision software (Noldus). 

Subjects were individually placed in the open field apparatus for 12 minutes and allowed to 

roam freely. During the first 4 minutes, the apparatus was lit only by a red light. During minutes 

5-8, the lamps around one side of the apparatus were illuminated creating a light gradient across 

the floor. During minutes 9-12, the lamps were turned off. To assess anxiety-related behavior, 

general exploratory behavior was measured throughout the session and by the amount of time 

spent in Zone 4, indicating avoidance of the lights. 

Elevated plus maze. The elevated plus maze is another classic rodent test of anxiety-related 

behavior (Rodgers & Dalvi, 1997). The apparatus consisted of a plus-shaped maze with each arm 

measuring 40 cm x 12.5 cm that was elevated 60 cm above the ground. The closed arms had 

black Plexiglas walls (17.5 cm), while the open arms did not. The room was lit by a red light 

throughout the session, and each session was recorded using an overhead camera and behavior 

automatically tracked using EthoVision software (Noldus). 

Subjects were placed in the center of the maze and allowed to freely explore for 6 minutes. 

Anxiety-related behavior was measured by the amount of time spent in the open arms of the 

maze, with decreased time indicating increased anxiety. 14 subjects (6 females and 8 males) fell 

off of the maze and were excluded from analysis of this task. 

Intermittent access two-bottle choice (2BC) drinking paradigm 
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Subjects received 59 days of intermittent access 2-bottle choice as described previously 

(Meyer et al., 2013), which has been shown to produce escalating levels of alcohol consumption 

(Simms et al., 2008; Wise, 1973). During this time subjects were given access to one bottle of 

10% ethanol (EtOH, w/v) and one bottle of regular drinking water on Mondays, Wednesdays and 

Fridays. Drinking bottles were weighed at the beginning and end of each 24-hour drinking 

session and rats were weighed at the end of each session. Bottle locations were alternated each 

session. At the end of each session the bottle containing alcohol was replaced with a bottle 

containing drinking water until the start of the next session. 

Data analysis 

To evaluate whether Susceptible and Resilient subjects differed on fear, anxiety and 

alcohol consumption-related behavior, performance on each individual measure was analyzed 

using IBM SPSS Statistics Software. Tasks with a single dependent variable were analyzed with 

2-way ANOVA with Resilience as the first factor and Sex as the second factor. Tasks with 

repeated measures were analyzed using mixed-model ANOVA. Significant interactions were 

interpreted using simple main effects. Violations of sphericity in mixed-model ANOVA were 

addressed by adjusting the degrees of freedom (dfs) using the Greenhouse-Geisser correction. 

Data were plotted using GraphPad Prism 

Analysis of whether baseline anxiety levels predicted post-stress task performance was 

performed using R 3.6.3 (R Core Team, 2020), the mosaic package (Pruim et al., 2017) and the 

psych package (Revelle, 2019). Principal component analysis was first performed to compute a 

single measure of baseline anxiety from the 3 measures of anxiety-related behavior from the 

light-dark transition test (entries, light time, latency). Backwards regression was then performed 
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to predict each post-stress measure from the principal component analysis variable, sex and the 

interaction term resampling 1000 times for each test. If the interaction term did not explain a 

significant proportion of variance it was removed from the analysis. Principal component 

analysis was also performed to compute a single measure of anxiety from the second light-dark 

transition test conducted following stress. 

Results 

4-shock stress produces distinct Susceptible and Resilient populations 

Applying our a priori classification criterion to the results from previous studies indicated 

that unstressed control subjects are predominantly classified as Resilient, while subjects exposed 

to the standard 15-footshock stress are mainly classified as Susceptible (Figs 2-1A-B). In 

contrast, the presently used 4-shock stress produced a pronounced bimodal distribution, with 

56.8% of subjects classified as Resilient and 43.2% classified as Susceptible (Fig 2-1C).  

To verify that the differences between these groups during the SEFL test reflected 

differences in fear learning, rather than generalization of fear from the stress context, we 

examined freezing in the fear conditioning context prior to footshock delivery. No differences in 

baseline fear were observed between Susceptible and Resilient subjects (Resilience: F1,40=3.18, 

p=0.08; Sex: F1,40=1.75, p=0.19; Resilience*Sex: F1,40=1.69, p=0.20; Fig 2-1D).    

We next examined whether females were more likely to be classified as Susceptible 

compared to males. SEFL test performance did not differ between males and females (Sex: 

F1,40=0.17, p=0.69; Sex*Resilience: F1,40=1.24, p=0.27; Fig 2-1E; Fig 2-7E-F). While slightly 

fewer females were classified as Susceptible compared to males (Females: 36%; Males: 50%; 

Fig 2-1F), a chi-square test revealed no sex differences in the number of subjects classified as 
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Susceptible (X2(1,N=44)=0.83, p=0.36). These results indicate that the 4-footshock stress can be 

used to reveal distinct Susceptible and Resilient populations, although males and females do not 

appear to differ in stress susceptibility. Performance of Susceptible and Resilient subjects on the 

battery of tasks used in this experiment compared to unstressed controls is shown in Table 2-3 

(Supplementary Materials).  

 

Figure 2-1. Stress-enhanced fear learning following different levels of stress. A. Distribution of SEFL 

test scores in unstressed controls (n=182 drawn from previous published and unpublished 

experiments). Tick marks indicate center of 10% bins. B. Distribution of SEFL test scores in subjects 

exposed to standard 15-footshock stress (n=130) drawn from previous published and unpublished 

experiments). C. Distribution of SEFL test scores in subjects exposed to 4-footshock stress in the 

present experiment (n=44). D. Susceptible and Resilient subjects do not differ in baseline fear during 

the three minutes prior to footshock delivery (Day 18).  E. No differences between males and females 

were observed during the SEFL test (Day 19). F. Proportion of subjects classified as Susceptible or 

Resilient. Error bars represent standard error of the mean. 
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Susceptible subjects show increased fear generalization following stress exposure 

To fully characterize the differences between Susceptible and Resilient subjects we first 

assessed whether these subjects differed on other aspects of fear learning that are relevant to 

PTSD symptomology. Following stress exposure but prior to receiving the single footshock, fear 

generalization was assessed by exposing subjects to a novel context that shared some features 

with the original stress context. Susceptible subjects showed increased fear generalization 

compared to Resilient subjects, (F1,40=15.74, p<0.001; Fig 2-2A), though there were no 

differences between males and females (Sex: F1,40=1.60, p=0.21; Sex*Resilience: F1,40=2.96, 

p=0.09).  

During fear extinction to the fear conditioning context, significant differences between 

Susceptible and Resilient subjects were observed (Session*Resilience: F2.06,82.41=4.64, p=0.012, 

dfs adjusted using Greenhouse-Geisser correction; Fig 2-2B), with Susceptible subjects showing 

elevated freezing during all sessions (ps<0.01-0.001). To compare extinction rates between 

groups in a manner to compensate for the initial differences in freezing levels, we measured the 

number of extinction sessions required to reach 50% of initial freezing levels displayed on the 

first day of extinction. Results indicated that Susceptible subjects may show impaired fear 

extinction as they required a greater number of sessions to reach this criterion (F1,40=11.82, 

p=0.001; Fig 2-2C). Males and females did not differ during extinction (Sex: F1,40=0.02, p=0.90; 

Resilience*Sex: F1,40=1.13, p=0.29) or in the number of sessions required to reach criterion (Sex: 

F1,40=0.12, p=0.73; Sex*Resilience: F1,40=0.001, p=0.99). 

Susceptible subjects show increased fear to an aversive acoustic stimulus  
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While Susceptible subjects showed increased fear to a stimulus reminiscent of the original 

stress, it was unknown whether these subjects would show similarly enhanced fear to a novel 

aversive stimulus. Subjects were placed in a novel context (Context D) in which they received an 

aversive acoustic stimulus consisting of a 110-dB, 100-ms burst of white noise. Susceptible 

subjects showed greater fear to the white noise context (F1,40=27.77, p<0.001; Fig 2-2E), 

although no differences between males and females were observed (Sex: F1,40=0.41, p=0.53; 

Sex*Resilience: F1,40=0.48, p=0.49). However, Susceptible subjects also showed increased 

freezing prior to stimulus delivery (F1,40=14.79, p<0.001; Fig 2-2D), suggesting that the elevated 

fear seen during test could potentially be due to fear generalization.  
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Susceptible subjects show increased anxiety-related behavior following stress  

We have previously shown that stress exposure increases anxiety-related behavior 

(Perusini et al., 2016). We therefore examined whether Susceptible subjects showed heightened 

anxiety using a battery of behavioral tasks following stress exposure. Susceptible subjects 

showed increased anxiety-related behavior as indicated by reduced exploratory behavior during 

the open field test (F1,40=12.43, p=0.001; Fig 2-3A) and decreased entries into the light 

compartment during the light-dark transition test (F1,40=10.86, p=0.002; Fig 2-3D). Numerical 

differences were also observed in time spent in the light compartment (F1,40=2.94, p=0.09; Fig 

3E), and latency to enter the light compartment (F1,40=3.16, p=0.08; Fig 2-3F), but these effects 

fell short of statistical significance.  

Analysis of time spent in Zone 4 of the open field test revealed a strong trend towards an 

interaction between time, sex, and stress susceptibility (F5.88,235.15=1.97, p=0.07, dfs adjusted 

using Greenhouse-Geisser correction; Fig 2-3B). Female subjects showed light avoidance with 

no observed effects of Resilience (F1,20=0.27, p=0.61) or Resilience by Minute interaction 

(F4.79,95.78=0.83, p=0.53, dfs adjusted using Greenhouse-Geisser correction). In contrast, 

Susceptible males showed reduced time spent in Zone 4 during and after light onset as indicated 

by a significant Resilience by Minute interaction (F5.02,100.38=2.43, p=0.04, dfs adjusted using 

Figure 2-2. Susceptible and Resilient subjects differ on multiple aspects of fear learning. A. 

Susceptible subjects show increased fear generalization during the generalization test (Day 17). B. 

Susceptible subjects show increased fear throughout fear extinction (Days 23-27). Data points show 

freezing during the first 5 minutes of each session. C. Susceptible subjects require more sessions to 

reach 50% of the initial freezing levels on the first day of extinction. D. Susceptible subjects show 

increased baseline fear during the three minutes prior to acoustic stimulus delivery (Day 28). E. 

Susceptible subjects show increased fear to acoustic stimulus context (Day 29). **p<0.01, 

***p<0.001. Error bars represent standard error of the mean. 
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Greenhouse-Geisser correction). These results suggest that stress susceptibility is uniquely 

associated with a blunted response to light onset in males.  

Time spent in the open arms of the elevated plus maze was also analyzed as a measure of 

anxiety-related behavior. However, no effects of sex or resilience were observed (Resilience: 

F1,35=2.71, p=0.11; Sex: F1,35=2.66, p=0.11; Sex*Resilience: F1,35=1.57, p=0.22; Fig 2-3C). 

Lastly, we took advantage of the fact that the light-dark transition test had been used prior to and 

following stress to test the possibility that stress exposure differentially altered performance in 

Susceptible versus Resilient subjects. However, no interactions between stress exposure and 

resilience were observed on number of entries into the light arena (F1,40=1.69, p=0.2; Fig 2-8A), 

time in the light arena (F1,40=0.07, p=0.8; Fig 2-8B) or latency to enter the light arena (F1,40=1.58, 

p=0.22; Fig 2-8C).  
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Figure 2-3. Susceptible subjects show increased anxiety-like behavior following stress exposure. A. 

Susceptible subjects show decreased locomotion during the open field test (Day 20). Dotted lines 

indicate transitions from lights off to on (first line) and lights on to off (second line). B. Susceptible 

males show a blunted response to light onset in comparison to Resilient males. C. No differences in 

time spent in the open arms of the elevated plus maze (Day 21).  D-F. Results of the light-dark 

transition test (Day 22). Susceptible subjects show reduced entries into the light compartment (D), 

marginally decreased time in the light compartment (E) and marginally increased latency to enter the 

light compartment (F). **p<0.01. Error bars represent standard error of the mean. 
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Susceptible subjects show increased alcohol consumption in the absence of pre-stress alcohol 

exposure 

Susceptibility did not appear to alter alcohol consumption following stress in subjects that 

had also been exposed to alcohol prior to stress. Differences between males and females emerged 

across presentations in alcohol consumption, with females showing increased consumption 

(F7.68,307.19=3.76, p<0.001, dfs adjusted using Greenhouse-Geisser correction; Fig 2-4B). 

However, no difference in alcohol preference was observed (F7.61,304.57=1.43, p=0.19, dfs 

adjusted using Greenhouse-Geisser correction; Fig 2-4A). There were no differences between 

Susceptible and Resilient subjects in either alcohol consumption (Resilience: F1,40=0.12, p=0.73; 

Sex*Resilience: F1,40=1.88, p=0.18) or alcohol preference (Resilience: F1,40=0.17, p=0.69; 

Sex*Resilience: F1,40=1.44, p=0.24). 

Previous work indicates that while stress increases alcohol consumption, this effect is 

blocked if rats had established drinking habits via intermittent EtOH exposure prior to stress 

(Meyer et al., 2013). This suggests that alcohol access prior to stress exposure may have blunted 

potential differences between Susceptible and Resilient subjects. To address this possibility, a 

separate group of subjects received identical treatment except both bottles during continuous 

alcohol access prior to stress contained only drinking water.  

A significant interaction between sex and resilience was observed in alcohol preference 

following stress exposure (F1,18=7.18, p=0.02; Fig 2-4C). Susceptible males showed increased 

alcohol preference compared to Resilient males (F1,18=10.20, p=0.005), while no differences 

were observed in females (F1,18=0.41, p=0.53). A similar trend was seen in alcohol consumption 

(F1,18=3.69, p=0.07; Fig 2-4D). Susceptible males showed increased alcohol consumption 
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compared to Resilient males (F1,18=5.95, p=0.03) while no difference was observed in females 

(F1,18=0.1, p=0.76). These results indicate that in the absence of prior alcohol exposure, stress 

susceptibility is associated with increased alcohol intake in males but not in females. 

 

 

Figure 2-4. Results of intermittent 2-bottle choice following stress exposure (Days 30-86). A-B. 

Results of subject exposed to alcohol (10% EtOH w/v) prior to stress exposure. No differences were 

observed in alcohol preference (A), although females showed increased consumption compared to 

males (B). C-D. Results of subjects not exposed to alcohol prior to stress exposure. In comparison to 

Resilient males, Susceptible males showed increased alcohol preference (C) and alcohol consumption 

(D). Error bars represent standard error of the mean. 
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Baseline anxiety is predictive of susceptibility to SEFL in females 

Baseline levels of EtOH consumption and anxiety were retrospectively evaluated as 

potential predictors of susceptibility to stress. EtOH consumption prior to stress did not appear to 

be a predictor of stress susceptibility as Susceptible and Resilient subjects did not differ on either 

alcohol preference (F1,39=0.20, p=0.66; Fig 2-5A) or alcohol consumption (F1,39=0.07, p=0.79; 

Fig 2-5B). 

In contrast, baseline anxiety was predictive of stress susceptibility in females but not in 

males. Performance on the light-dark transition test revealed significant interactions between sex 

and susceptibility on entries into the light compartment (F1,40=7.21, p=0.01; Fig 2-5C) and time 

spent in the light compartment (F1,40=8.77, p=0.005; Fig 2-5D). Follow-up simple main effects 

revealed that Susceptible females made fewer entries (p=0.002) and spent less time in the light 

compartment (p=0.001) compared to Resilient females. In contrast, Susceptible and Resilient 

males did not differ on either measure (entries: p=0.62; light time: p=0.58). While Susceptible 

females also showed numerically increased latency to enter the light compartment, this 

difference was not significant (F1,40=2.24, p=0.14; Fig 2-5E).  
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Baseline anxiety predicts several fear and anxiety-related behaviors following stress 

Given that baseline anxiety was predictive of subsequent performance on the SEFL test, 

and that Susceptible subjects showed a constellation of behavioral changes relevant to PTSD 

symptomology, we next looked at whether baseline anxiety predicted post-stress behaviors.  

Figure 2-5. Baseline levels of alcohol drinking (10% EtOH w/v) and anxiety-like behavior. A-B. No 

differences in alcohol preference (A) or alcohol consumption (B) during continuous 2-bottle choice 

(Days 1-14). C-E. Susceptible females show increased anxiety on the light-dark transition test (Day 

15) compared to Resilient females. Susceptible females showed reduced entries into the light 

compartment (C) and decreased time in the light compartment (D), though no significant difference in 

latency to enter the light compartment (E). **p<0.01. Error bars represent standard error of the mean. 
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 Baseline anxiety predicted fear learning-related behavior in a sex-specific manner. 

Backward regression was performed to determine whether baseline anxiety levels predicted key 

measures of fear learning. Baseline anxiety, sex, and their interaction explained a significant 

amount of variance in performance on the SEFL Test (F3,40=2.85, p=0.049, R2=0.18). The 

interaction term was found to be significant (β=18.55, p<0.05), and follow-up correlations 

indicated that baseline anxiety in females was correlated with fear during the SEFL Test in 

females (r=-0.59, n=22, p=0.004) but not in males (r=0.15, n=22, p=0.51). 

This regression model also explained a significant amount of variance in the number of 

extinction sessions required to reduce fear by 50% (F3,40=4.29, p=0.01, R2=0.24). The interaction 

term was again significant (β =1.28, p<0.01) with lower anxiety associated with slower 

extinction in males (r=0.66, n=22, p=0.001) while there was no relationship between baseline 

anxiety and extinction in females (r=-0.20, n=22, p=0.38). However, this regression model was 

insufficient to explain a significant amount of variance in fear to the generalization context 

(F3,40=0.98, p=0.41, R2=0.07) or the white noise context test (F3,40=1.91, p=0.14, R2=0.13). 

In contrast to the effect on fear learning, baseline anxiety generally predicted post-stress 

anxiety in a sex-independent manner. Baseline anxiety and sex explained a significant amount of 

variance in average locomotion during the open field test (F2,41=4.65, p=0.02, R2=0.19) and the 

performance on the light-dark transition test (F2,41=8.06, p=0.001, R2=0.28), though not the 

elevated plus maze (F2,36=2.39, p=0.11, R2=0.12). Baseline anxiety was found to significantly 

predict performance during the open field test (β =0.73, p<0.05) and the light-dark transition test 

following stress (β =0.56, p<0.001). These findings indicate that despite the large battery of 

behavioral assays used, we were able to obtain relatively stable assessments of anxiety in each 

animal. 
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Experiment 2: Enhancement of fear to a novel aversive stimulus following extinction of 

fear generalization 

Experiment 1 revealed that susceptible subjects showed a constellation of behavioral 

changes relevant to PTSD symptomology, including enhanced fear learning to a novel aversive 

acoustic stimulus. However, interpretation of this particular result was complicated by the fact 

that susceptible subjects showed increased fear prior to the acoustic stimulus, indicating some 

degree of fear generalization to the acoustic stimulus context. Thus, it was possible that the 

elevated fear following the acoustic stimulus reflected fear generalization, rather than an 

enhancement of learning to a novel stimulus. In Experiment 2 we tested the hypothesis that 

following extinction of fear generalization to the novel context, susceptible subjects would show 

enhanced fear learning to the acoustic stimulus. 

Methods 

Animals 

To assess whether susceptible subjects showed enhanced fear to a novel aversive 

stimulus, 45 adult male and female Long-Evans rats (Envigo) approximately 10-11 weeks old at 

the start of the experiment were used. Animals were individually housed under a 12-hour 

light/dark cycle. Food and water were available ad libitum in the home cage. Animals were 

handled daily for 60 seconds each day for 1 week prior to the start of the experiment. The 

Chancellor’s Animal Research Committee at UCLA approved all procedures involving animals. 

Stress-enhanced fear learning 

Training took place in two sets of four identical fear conditioning chambers housed in 

sound-attenuating shells Med Associates Inc). Context A (stress context) contained flat grid 
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floors, was lit by a white house light and scented with 50% Windex solution. Ventilation fans 

provided background noise. Context B (fear conditioning context) contained a black triangular 

insert and floors composed of vertically alternating grid bars, was lit by a near-infrared light and 

scented with 1% acetic acid. Each set of grids was wired to a shock generator and scrambler. 

Stimulus delivery was controlled and freezing automatically scored using VideoFreeze software 

(Med Associates Inc). 

Subjects were first transported to Context A in their homecages where they received a 

stressor consisting of 4 1-sec, 1-mA unsignalled footshocks (Fig 2-6A). Fear to the stress context 

was assessed by returning subjects to Context A the following day for 8 minutes without 

footshock. The next day subjects were transported to Context B in a black plastic tub divided 

into 4 quadrants. Following a 3-minute baseline period, all subjects received a single 1-sec, 1-

mA footshock and were removed 30 seconds later. All subjects were returned to Context B the 

following day for 8 minutes to assess freezing to the fear conditioning context. 

Fear extinction and aversive acoustic stimulus 

Acoustic stimuli were presented in a third set of four identical fear conditioning 

chambers. Context C contained a curved white plastic wall and white plastic floor inserts and 

was scented with 1:30 Simple Green solution. Acoustic stimuli were delivered using Goldwood 

GT-1005 wide dispersion piezo tweeters mounted to the wall of the chambers and connected to 

an amplifier. 

Subjects first underwent 4 days of extinction training to reduce differences in baseline 

fear to Context C. Subjects were exposed to Context C for 30 minutes per day without footshock 

delivery. Fear extinction was measured by freezing during the first 5 minutes of each session. 
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Training occurred the day after completion of fear extinction when no differences were observed 

between Susceptible and Resilient groups. Following a three-minute baseline period, all subjects 

received a 100-msec, 110-dB burst of white noise and were removed 30 seconds later. One day 

later subjects were returned to Context D for 8 minutes to assess fear to the context. 

Results 

SEFL results 

Fear to the stress context was evaluated one day after stress exposure. Susceptible and 

Resilient subjects did not differ in fear to Context A (F1,41=0.99, p=0.33; Fig 2-6B). Freezing 

scores were relatively low in both groups, possibly due to within-session extinction caused by 

the long inter-stimulus interval during footshock delivery. Susceptible and Resilient did not 

differ in baseline fear to Context B (F1,41=1.38, p=0.25; Fig 2-6C). During the SEFL test, we 

found that while distinct Susceptible and Resilient groups again emerged there were no 

differences in freezing between males and females (F1,41=0.01, p=0.94; Fig 2-6D).  

Aversive acoustic stimulus results  

To eliminate baseline differences in fear to Context C, subjects received 4 days of fear 

extinction. A Session by Resilience interaction was observed (F3,123=3.13, p=0.03; Fig 2-6E). 

While Susceptible subjects initially showed increased fear to acoustic stimulus context (p<0.05), 

by the final extinction session they extinguished to the level of Resilient subjects (p>0.05). 

On the day of acoustic stimulus delivery, Susceptible and Resilient subjects did not differ 

in fear during the three minutes prior to stimulus onset (F1,41=0.31, p=0.58; Fig 2-6F). 

Importantly, Susceptible subjects showed significantly elevated fear to the context the following 
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day (F1,41=5.12, p=0.03; Fig 6G). These results verify that Susceptible subjects show increased 

fear to a context paired with a novel aversive stimulus. 

  

Figure 2-6. Experiment 2 results. A. Experiment timeline. B. Susceptible and Resilient subjects do 

not differ in fear to stress context (Day 2). C. No differences in fear during the 3 minutes prior to 

footshock delivery (Day 3). D. No sex differences during SEFL Test (Day 4). E. Extinction (Days 5-

8). Data points show freezing during the first 5 minutes of each session. F. No differences in fear prior 

to acoustic stimulus delivery (Day 9). G. Susceptible subjects show increased fear to acoustic stimulus 

context (Day 10). *p<0.05, **p<0.01. Error bars represent standard error of the mean. 
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Discussion 

One of the challenges in understanding and treating PTSD is understanding why some 

individuals develop the disorder following trauma exposure while others do not. While several 

rodent models of stress exposure have been developed to study PTSD, a need remains for models 

that can probe the individual variability in responses to stress in both male and female subjects 

(Richter-Levin et al., 2019; Shansky, 2015). Here we demonstrate that a modified version of the 

stress-enhanced fear learning (SEFL) procedure can be used to study the factors that promote 

susceptibility versus resilience to the effects of stress. Following exposure to an acute stressor 

consisting of 4 footshocks over 90 minutes, distinct populations emerge with approximately 60% 

of subjects classified as Resilient and 40% as Susceptible.  

While subjects were classified based on their performance on the SEFL test, these subjects 

showed alterations in a variety of behaviors relevant to PTSD symptomology, summarized in 

Table 2-2. 43% of the rats exceeded our classification criterion following the 4-shock stress, 

while 79% passed the criterion when 15 shocks were administered. This indicates that the 

magnitude of the stressful event is one important factor in determining whether PTSD-like 

symptomatology will develop following trauma. However, given the bimodal split in the 4-shock 

condition, other pre-existing factors are also important determinants of post-stress reactivity. In 

females, prestress anxiety is correlated with which subjects will develop these post-stress 

symptoms. The current procedures and measures may provide a useful tool for probing these 

individual differences. 

A key feature of PTSD is exaggerated responses to mild stressors that are reminiscent of 

the original trauma, which is captured by the SEFL test (Bremner et al., 1995; Dykman et al., 

1997; Rau et al., 2005). However, PTSD is also characterized by several other changes in fear 
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behavior. Overgeneralization of fear from the original trauma situation to safe situations is 

believed to play a key role in PTSD symptomology, and PTSD patients show increased fear 

generalization from shock-paired cues to safe cues (Kaczkurkin et al., 2017). Here we 

demonstrate that addition to showing exaggerated fear to both shock and aversive acoustic 

stimuli, Susceptible subjects show increased generalization to a novel context.  

 

 

Impaired fear suppression is also believed to play an important role in the maintenance of 

PTSD. Exposure therapy, a common treatment for PTSD, is a form of extinction learning in that 

subjects are repeatedly exposed to fear or anxiety-producing stimuli in a safe environment 

(Craske et al., 2008). However, one challenge in treating this disorder is that exposure therapy is 

Table 2-2. Summary of results indicating distinct Susceptible phenotypes. Results were observed in 

both males and females unless otherwise indicated.  
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often ineffective, and subjects show impaired fear extinction in laboratory settings (Craske et al., 

2008; Hembree et al., 2003; Milad et al., 2009). Our results indicate that Susceptible subjects 

also demonstrate this impairment in fear extinction, though it should be noted that directly 

comparing extinction rates across Susceptible and Resilient subjects is complicated by the fact 

that these groups differ in initial freezing levels prior to extinction. To address this issue, we 

examined the number of extinction sessions needed to suppress freezing to 50% of the initial 

level of freezing at the start of the extinction session.  Using this measure, we still found that 

susceptible rats took longer to extinguish than rats classified as resilient. 

One key aspect of the SEFL procedure is that it can be readily performed in both males and 

females, while models of stress exposure such as social defeat stress are limited to males (Berton 

et al., 2006; Golden et al., 2011). Given that women are twice as likely to develop PTSD 

compared to men even when controlling for trauma type (Kessler et al., 1995; Breslau et al, 

1998; Kessler et al, 2017), we anticipated that a greater proportion of females would be classified 

as Susceptible compared to males. However, we found no differences in the rates of 

susceptibility in males compared to females, suggesting that biological differences alone may be 

insufficient to explain the disparity in rates of PTSD across genders.    

While we found no sex differences in overall rates of stress susceptibility, we did observe 

sex-specific differences in its behavioral manifestation. During the Open Field Test, both 

Susceptible and Resilient females retreated from the light which is in agreement with a previous 

report indicating that footshock exposure does not impact light avoidance on this task in female 

rats (Godsil et al., 2005). In contrast, Resilient males also showed light avoidance while 

Susceptible males showed no change in time spent in Zone 4 following light onset.  
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A major challenge in treating PTSD is the high levels of comorbidity between PTSD and 

alcohol abuse (Kessler et al., 1995; Mills et al., 2006; Perkonigg et al., 2000).  Notably, rates of 

alcohol abuse are higher in men than in women, as are rates of comorbidity between PTSD and 

alcohol abuse (Kessler et al., 1995). Mirroring this pattern, we found that stress susceptibility 

impacted alcohol consumption in a sex-specific manner with susceptibility associated with 

increased alcohol consumption in males but not in females. Examination of the results indicates 

that both Susceptible and Resilient females appear to show elevated levels of alcohol intake 

compared to Resilient males, which corresponds with previous reports that females show 

elevated alcohol drinking compared to males (Lancaster et al, 1996; Priddy et al, 2017). Lastly, 

substance use disorders (SUDs) are more likely to follow than precede PTSD (McFarlane, 1998), 

which was supported by our finding that no differences in alcohol consumption were observed in 

Susceptible subjects prior to stress exposure.   

Identifying the underlying factors that promote stress susceptibility is critical for 

understanding why some individuals are at risk for developing PTSD. This procedure offers a 

powerful tool for directly probing the contribution of proposed risk factors to the development of 

PTSD-related behaviors. Preexisting anxiety disorders, which are also more common in women 

than in men, have been shown to increase the risk for subsequent PTSD (Breslau et al., 1997; 

Kessler et al., 2005; McLean et al., 2011). In support of this, we found that pre-stress anxiety 

levels were predictive of future stress susceptibility in females, but not in males. Increased 

activation of the hypothalamus-pituitary-adrenal (HPA) axis in females has been hypothesized to 

underlie the elevated rates of PTSD and anxiety disorders in women and contribute to stress 

susceptibility (Kudielka & Wüst, 2010; Rao & Androulakis, 2017). It is therefore plausible that 

increased baseline anxiety in Susceptible females was reflective of uniquely high levels of HPA 
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axis activation in these subjects. Interestingly, a recent study reported that baseline anxiety was 

not associated with stress susceptibility as assessed by changes in social behavior and fear 

extinction following stress exposure (Colucci et al., 2020). However, this study employed only 

male rats, highlighting the need for stress exposure models that can be employed in both males 

and females.  

Within female rodents, estrous cycle has been reported to alter fear conditioning and 

extinction (Milad et al, 2009b; Cushman et al, 2014). We did not collect estrous cycle data in the 

present experiments as this would require additional handling of the females for cytology sample 

collection that cannot be adequately controlled for in male rats (Hubscher et al, 2005). However, 

given that baseline anxiety-related behavior was uniquely predictive of stress susceptibility in 

females, it will be worthwhile to evaluate the potential role of estrous cycle in future studies. 

  An additional limitation of this study is the use of a single classification criterion to 

determine whether subjects were susceptible or resilient, while PTSD diagnosis includes 

symptoms not necessarily related to trauma-related memories (APA, 2013). However, one 

strength of our present criterion is that it allowed us to utilize the decades of research using the 

SEFL model to establish an a priori criterion for stress susceptibility, rather than relying on post-

hoc classification. Given our findings that Susceptible subjects showed a variety of changes in 

PTSD-related behaviors, in future studies it will be worth incorporating such measures to 

identify “PTSD-like” animals, and to investigate whether different groups of subjects show 

changes in specific types of behaviors, e.g. high-fear animals versus high-anxiety animals. 

The SEFL effect lasts a minimum of 3 months and may very well be permanent (Rau et al., 

2005; Rau & Fanselow, 2009). An interesting, albeit speculative, question is why does stress 
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produce such long-lasting and pronounced PTSD symptomatology? One possible answer is that 

it represents a functional adaptation that helps promote survival in a dangerous world. Another is 

that it is a fully pathological state. Such pathology might occur because while fear is an 

adaptation to short term emergencies such as predation (Bolles, 1970), prolonged stress pushes 

this system into overdrive with detrimental results. Some insight into this issue may be provided 

by the sex differences we observed. Previously, we reported that with the standard 15-shock 

procedure the overall levels of SEFL were not different between sexes (Poulos et al., 2015). In 

this current experiment the 4-shock stressor produced no sex differences in the overall level of 

SEFL or in the proportion of each sex exhibiting the phenotype. However, there were sex 

differences in the factors that predicted stress susceptibility. These sex differences suggest that 

while the levels of SEFL susceptibility and magnitude are equivalent between sexes, the 

mechanisms through which animals reach that level may differ. That the same levels and 

proportions are obtained via different mechanisms suggests that there is convergent evolution 

toward these levels. Such convergent evolution is consistent with the hypothesis that PTSD is an 

adaptation to dangerous environments. 

Conclusion 

 In conclusion, here we demonstrate that a modified version of the stress-enhanced fear 

learning procedure can be used to produce distinct susceptible and resilient populations that 

exhibit a constellation of behaviors relevant to PTSD symptomology in both males and females. 

We show that while some aspects of stress susceptibility are shared across sexes, other aspects 

including the ability of baseline anxiety to predict future susceptibility manifest differently in 

males and females. This procedure is a valuable tool for probing the biological mechanisms that 

support stress resilience.  
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Supplementary Materials 

Distribution of SEFL Test scores in males versus females 

We investigated whether there were any sex differences in the distribution of SEFL test 

scores among the unstressed controls or among subjects exposed to the 15-shock stress. The 

Kolmogorov-Smirnov test was used to compare the distributions of scores of No Stress males 

(n=137, Mean=18.6%, SD=19.7%) and No Stress females (n=45, Mean=18.9%, SD=19.6%), and 

to compare the distribution of 15-Shock males (n=98, Mean=75.5%, SD=22.4%) and 15-Shock 

females (n=32, Mean=71.4%, SD=20.4%). We found no sex differences in either the No Stress 

condition (D=0.18, p=0.22; Figs 2-7A-B) or in the 15-footshock condition (D=0.22, p=0.19; Figs 

2-7C-D). We further found that the susceptibility cutoff was the same when calculated separately 

for females (58%) and males (58%). We performed a similar analysis on the subjects from the 

current experiment that were exposed to the 4-footshock stress. SEFL Test scores from females 

(n=22, Mean=54.8, SD=23.6) and males (n=22, Mean=61.9, SD=27.4) are plotted in Figures 2-

7E-F. No difference in these distributions was observed (D=0.23, p=0.63).  

Evaluation of resilience criterion based on subjects exposed 15-shock stress   

Our criterion for classifying subjects as “Susceptible” or “Resilient” was based on 

identifying individuals that showed abnormally high levels of fear compared to that of unstressed 

controls. Given that some individuals experience trauma but do not go on to develop PTSD, an 

alternative approach would be to determine a cutoff for resilience based on the performance of 

stress-exposed subjects. To address this possibility, we compiled the SEFL test scores obtained 

from subjects exposed to the standard 15-footshock stress (n=130). We classified subjects as 

“Resilient” if they showed performance on the SEFL test that was at least two standard deviations 
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below the means of subjects exposed to the standard 15-footshock stress, which based on this 

dataset was 30.5% freezing.  

We found that this alternative approach did not perform as well for several reasons. First, 

while only a small proportion of people who experience trauma go on to develop PTSD, this 

criterion would result in 86.4% of subjects exposed to the 4-footshock stress being classified as 

“Susceptible”. Second, the 58% criterion corresponds to the separation within the bimodal 

distribution that was observed in the 4-footshock subjects, while the 30.5% criterion does not (Fig 

2-1C). Thus, we determined that the 58% criterion based on the unstressed controls was most 

appropriate.    

Fear, anxiety, and alcohol intake in Resilient and Susceptible subjects compared to No Stress 

subjects 

To illustrate how performance of Susceptible and Resilient animals compared to that of 

unstressed controls on the battery of fear, anxiety and alcohol intake assessments used in this 

experiment, 62 adult male and female Long-Evans rats (Envigo) concurrently received identical 

treatment to as those described in Methods, but on Day 16 of the procedure received 90 minutes 

of context exposure without footshock. 42 subjects received alcohol prior to stress, while 20 

subjects did not. Means and standard deviations for each task for Resilient, Susceptible and No 

Stress groups are shown in Table 2-3. For tasks involving repeated measures, the average value 

across all time points was computed. 
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Figure 2-7. Distribution of SEFL Test scores in males versus females following different levels 

of stress. A-B.  Distribution of SEFL test scores in (A) unstressed females (n=45) and (B) 

unstressed males (n=137). No differences were observed in the distribution of scores (statistic). 

C-D. Distribution of SEFL test scores in (C) females exposed to standard 15-footshock stress 

(n=32) and (D) males exposed to standard 15-footshock stress (n=98). No differences were 

observed in the distribution of scores (statistic). E-F.  Distribution of SEFL test scores in females 

exposed to 4-footshock stress (n=22) and males exposed to 4-footshock stress (n=22). No 

differences were observed in the distribution of scores (statistic). Tick marks indicate center of 

10% bins.   
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Figure 2-8. Performance on light-dark transition test prior to and following stress. No 

interactions between stress exposure and resilience were observed on (A) number of entries into 

the light compartment, (B) time spent in the light arena or (C) latency to enter the light arena. 

Each line represents an individual subject. 
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Task 

 Resilient 

Mean(SD) 

Susceptible 

Mean(SD) 

No Stress 

Mean(SD) 

Pre-stress    

 CA 2-BC (EtOH consumption, mg/kg) 1.7(1.0) 1.8(1.7) 1.7(1.2) 

 CA 2-BC (EtOH preference) 20.8(12.2) 13.1(13.4) 16.5(10.9) 

 Light-dark transition test (entries)    

      Females 7.5(3.3) 2.6(2.3) 6.5(3.2) 

      Males 3.7(4.2) 4.5(3.3) 4(3.5) 

 Light-dark transition test (light time, sec)    

      Females 220(107.3) 62.8(92.1) 178.8(108.8) 

      Males 79.3(108.7) 102.7(81.1) 94.1(88.4) 

 Light-dark transition test (latency, sec)    

      Females 92.1(173.3) 221(238.5) 143.4(179.2) 

      Males 308.4(243.2) 233.6(240.2) 293.5(241) 

     

Fear measures    

 Generalization test (%freezing) 5.7(6.9) 27.4(25.2) 1.9(1.4) 

 SEFL Test (%freezing) 38.5(10.9) 84.4(11.5) 18.2(15.6) 

 Extinction (final session %freezing) 7.6(8.8) 29.9(28.4) 5.3(7.3) 

 Extinction (trials to 50%) 2.1(1.1) 3.4(1.4) 2.5(1.7) 

 Acoustic stimulus test (%freezing) 19.2(15.8) 49.1(21.6) 7.8(8.9) 

     

Anxiety measures    

 Open field test (velocity, cm/sec) 7.5(1.8) 5.2(2.3) 7.3(1.8) 

 Elevated plus maze (open arms time, sec) 62.9(42.7) 43(24.9) 47.8(35.1) 

 Light-dark transition test (entries) 6.2(3.7) 2.8(2.8) 6(4.4) 

 Light-dark transition test (light time, sec) 141.6(104.4) 88.4(113.2) 136.1(112.2) 

 Light-dark transition test (latency, sec) 128.1(213) 252.8(298.2) 176(243.4) 

     

Alcohol intake    

 IA 2-BC (EtOH consumption, mg/kg)    

      Females 4.3(1) 4.1(0.9) 4.3(0.8) 

      Males 2.8(1.3) 4.5(1.3) 4.2(1.5) 

 IA 2-BC (EtOH preference)    

      Females 61.6(12.6) 55.7(15) 61.4(13.4) 

      Males 47.2(19.4) 75.4(11.8) 73.3(24.8) 

 

Table 2-3. Comparison of Susceptible and Resilient subjects with No Stress subjects run through 

the same procedures. Intermittent access 2-bottle choice (IA 2-BC) measures are from subjects 

that did not receive alcohol prior to stress. All other measures are from subjects that did receive 

alcohol prior to stress.    
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The role of Ca2+-permeable AMPA receptors in stress-enhanced fear learning 
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Abstract 

Improper regulation of fear plays a key role in the development and symptomology of 

post-traumatic stress disorder (PTSD). In particular, PTSD patients show an exaggerated ability 

to form new fear memories. Stress-enhanced fear learning (SEFL) is a rodent model of stress 

exposure that captures this sensitization of fear learning, but the mechanisms that support this 

change are unclear. α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors 

typically contain a GluA2 subunit which renders them impermeable to Ca2+ entry, which is 

critical for activating the molecular machinery that underlies associative learning. However, 

Ca2+-permeable AMPA receptors (CP-AMPARs) are entirely composed of GluA1 subunits and 

lack a GluA2 subunit, allowing Ca2+ entry and thereby offering an alternative mechanism for 

long-term potentiation to occur. We investigated the potential role of CP-AMPARs in supporting 

enhanced fear learning following stress. We found that viral-mediated overexpression of the 

GluA1 subunit of the AMPA receptor within the basolateral amygdala (BLA) was insufficient to 

enhance fear learning to a single footshock in the absence of stress exposure. We further tested 

the effects of targeted genetic deletion of the GluA2 subunit in the BLA of floxed GluA2 mice. 

We found that GluA2 deletion was also insufficient to enhance fear learning in the absence of 

any prior stress. However, when mice were exposed to an additional footshock in a novel 

context, GluA2 deletion caused increased fear learning and anxiety in male mice but not females. 

These findings suggest that CP-AMPARs within the BLA may support enhancements in fear 

learning following stress in males but not in females. 
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Introduction 

The ability to form and store fear memories is crucial for survival. While this ability 

enables us to learn about and respond to threats, excessive levels of fear can have adverse effects 

on mental health and well-being. One characteristic of post-traumatic stress disorder (PTSD) is 

an exaggerated response to mild stressors that are reminiscent of the original trauma, leading to 

inappropriate fear responses (Bremner et al., 1995; Dykman et al., 1997). The increased arousal 

and avoidance of trauma-related stimuli that characterizes PTSD can lead to exhaustion, sleep 

disturbances, and a constricted lifestyle (Eberly & Engdahl, 1991).    

 Our laboratory has established a rodent model of stress exposure termed stress-enhanced 

fear learning (SEFL) that uses aspects of Pavlovian fear conditioning to capture this exaggerated 

fear response (Long & Fanselow, 2012; Perusini et al., 2016; Rau et al., 2005; Rau & Fanselow, 

2009). In standard Pavlovian fear conditioning a neutral conditional stimulus (CS), such as a 

context, is paired with an aversive unconditional stimulus (US), such as a footshock. Following 

the formation of a CS-US association, the CS will elicit a fear response. In the SEFL model, 

animals are exposed to an intense acute stressor (typically 10-15 unsignaled footshocks) in a 

distinct context, followed by a single footshock in a different context. Following stress exposure 

animals show exaggerated fear to the single footshock context. This enhancement of fear 

learning is the defining feature of the SEFL model and appears to reflect a nonassociative 

sensitization of the fear learning process. Previous studies from our laboratory show that 

extinction of fear to the stress context does not mitigate SEFL (Long & Fanselow, 2012), and 

manipulations that produce amnesia of the stress leave SEFL unaffected (Poulos et al., 2014; Rau 

et al., 2005), indicating that SEFL is not simply due to generalization of fear from the stress 

context to a novel context.  
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It is likely that the fear sensitization demonstrated in both SEFL and PTSD patients is due 

to changes in the neural network that support fear conditioning. The basolateral amygdala (BLA) 

is a key component of this network (Fendt & Fanselow, 1999). During fear conditioning, sensory 

information converges onto pyramidal neurons of the BLA. While the inputs carrying 

information about the neutral stimulus are initially too weak to activate the BLA, during fear 

conditioning these connections become strengthened such that presentations of the previously 

neutral stimulus acquire the ability to activate the BLA (Kim & Jung, 2006; Rogan et al., 1997). 

This synaptic strengthening occurs via long-term potentiation (LTP), a process typically 

triggered by Ca2+ influx through N-methyl-D-aspartate (NMDA) glutamate receptors (Maren, 

1999). Consequently, blockade of NDMA receptors during conditioning prevents the acquisition 

of fear (Fanselow & Kim, 1994; Kim et al., 1992). However, increasing evidence suggests that 

these BLA connections can be strengthened though an alternative, NMDA receptor-independent 

process. 

α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors are 

ionotropic glutamate receptors that mediate fast excitatory transmission within the central 

nervous system (Lee et al., 2003; Malinow, 2003). The majority of AMPA receptors typically 

exist as heteromers of GluA1 and GluA2 or GluA2 and GluA3, with the GluA2 subunit 

rendering the ion channel impermeable to Ca2+ entry (Plant et al., 2006; Wenthold et al., 1996). 

However, increases in GluA1 levels have been shown to result in the formation of AMPA 

receptors composed entirely of GluA1 subunits that lack the GluA2 subunit (Hollmann et al., 

1991; Wiltgen et al., 2010). These Ca2+-permeable AMPA receptors (CP-AMPARs) allow Ca2+ 

entry, and electrophysiological analyses of mice with a deletion of the GluA2 subunit in the CA1 

region of the hippocampus have revealed that these mice exhibit a form of LTP that is dependent 
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on CP-AMPARs and independent of NMDA receptors (Wiltgen et al., 2010).  Furthermore, we 

have previously observed increased levels of GluA1 protein in the BLA following SEFL, and 

corticosterone synthesis inhibition prevents both this increase in GluA1 and the behavioral 

changes associated with SEFL (Perusini et al., 2016).  

These previous findings lead to the possibility that stress-induced increases in BLA 

GluA1 levels lead to increased formation of CP-AMPARs, which in turn augment canonical 

BLA plasticity and ultimately enhance fear learning. The experiments conducted here were 

designed to test this possibility. 

More specifically, in the following experiments we tested the hypothesis that promoting 

CP-AMPAR formation by increasing the ratio of GluA1 to GluA2 subunits within the BLA is 

sufficient to enhance fear learning in the absence of stress. In Experiment 1, we tested whether 

increasing the expression of GluA1 within the BLA is sufficient to enhance fear learning. In 

Experiments 2 and 3, we verified that floxed GluA2 mice demonstrate SEFL (Experiment 2) and 

tested whether targeted genetic deletion of GluA2 within the BLA of these mice is sufficient to 

enhance fear learning (Experiment 3).  

Experiment 1: Effects of GluA1 overexpression on fear learning in the absence of stress. 

 Our general hypothesis is that increases in GluA1 levels within the BLA support 

enhancements in fear learning following stress. In Experiment 1 we specifically tested the 

hypothesis that overexpressing GluA1 using a herpes simplex virus (HSV) viral vector within the 

BLA would be sufficient to enhance fear learning in the absence of stress. 

Materials and Methods 
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Subjects  

31 naïve adult male C57Bl/6J mice (The Jackson Laboratory, Bar Harbor, ME, USA) 

approximately 8 weeks old at the start of the experiment were used. Mice were randomly 

assigned to GluA1 or GFP conditions. Animals were individually housed under a 12-hour 

light/dark cycle. Environmental enrichment in the form of nesting material was provided. Food 

and water were available ad libitum in the home cage. Animals were handled daily for 60 

seconds each day for 1 week prior to the start of the experiment. The UCLA Institutional Animal 

Care and Use Committee approved all procedures involving animals.  

Apparatus 

All fear conditioning took place in four identical fear conditioning chambers housed in 

sound-attenuating shells (Med-Associates Inc, St. Albans, VT). Each chamber contained grid 

floors composed of stainless steel bars wired to a shock generator and scrambler. Chambers were 

cleaned and scented with 50% Windex between each session and ventilation fans provided 

background noise. Shock delivery was controlled and freezing automatically scored using 

VideoFreeze software (Med Associates Inc, St. Albans, VT, USA).   

Surgical procedures  

Following anesthesia induction with isoflurane and administration of the analgesic 

carprofen (5 mg/kg, s.c.), the skull was exposed and holes were drilled above the injection site. 

10 ul Hamilton syringes were loaded with either HSV-GluA1-GFP (GluA1 condition) or HSV-

GFP control virus (GFP condition) and lowered to the following BLA coordinates relative to 

bregma: AP=−1.7 mm, ML=±3.25 mm, DV=−4.75 mm. 0.3 l of virus was infused at a rate of 
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0.1 l/min and injectors were left in place for 10 mins before being raised. The incision site was 

closed with sterile nylon sutures. Animals were given an additional injection of carprofen (5 

mg/kg, s.c.) 24 hours after surgery and maintained on the antibiotic Enroflox for five days 

following surgery. Behavioral testing began after 3 days of recovery from surgery.      

Behavioral testing procedures.  

On day 1, subjects were individually loaded into fear conditioning chambers. Following a 

three-minute baseline period, subjects received a single 2-sec, 0.4-mA footshock and were 

removed two minutes later. The next day, subjects were returned to the conditioning chamber for 

8 minutes to assess context fear. Fear was assessed via freezing, a reliably and ethologically 

valid measure of fear in rodents (Fanselow & Bolles, 1979). Shock reactivity was measured by 

activity during footshock presentation. 

Immunohistochemistry.  

Immediately following behavioral testing, subjects were euthanized via isoflurane 

overdose. Brains were extracted and fixed in 4% paraformaldehyde at 4°C for 24 hours, followed 

by 24 hours in escalating doses of 10%, 20% and 30% sucrose in 1X PBS. Brains were frozen 

and sectioned in 40 µm slices. Slices containing the BLA across the anterior-posterior axis were 

collected in 1X PBS. The immunohistochemistry protocol to stain for GluA1 protein is as 

follows. Slices were first washed 3 times in 1X PBS. Slices were then blocked in 5% natural goat 

serum and 0.3% Triton X-100 in 1X PBS for one hour and incubated in primary antibody 

overnight at 4°C (Abcam Rabbit Anti-Glutamate Receptor 1 Antibody, #ab31232, diluted 1:1000 

in blocking solution). Slices were then was three times in 1X PBS and incubated in secondary 
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antibody for 2 hours at room temperature (Goat Anti-Rabbit IgG Alexa Fluor 568 #ab175471, 

1:500 dilution in blocking solution). Slices were washed three times in 1X PBS, mounted onto 

microscope slides and coverslipped using Vectashield with DAPI (Vector Laboratories, 

Burlingame, CA, USA). Slices were imaged at 10x magnification with a Keyence BZ-X710 

fluorescent microscope. The spread of viral expression was measured by GFP expression, and 

subjects without expression within the BLA or substantial expression outside the BLA were 

excluded. The BLA was traced using the Paxinos and Franklin mouse brain atlas, and the 

number of GluA1-positive and DAPI-stained cells were counted using ImageJ software.   

Data Analysis  

Data were analyzed using IBM SPSS Statistics software. Each measure was analyzed 

using one-way ANOVA with virus condition (GluA1 or GFP) as the independent variable. Data 

were plotted using GraphPad Prism and diagrams of viral expression were created using Adobe 

Illustrator. 

Results 

Fear conditioning (Day 1) 

All subjects showed minimal fear during the 3-minute period prior to footshock delivery 

on day 1, which did not differ between groups (F1,20=0.79, p=0.39; Fig 3-1A). Groups did not 

differ in either reactivity to the footshock itself (F1,20=0.1, p=0.76; Fig 3-1B), or in freezing 

during the 2-minute period following footshock delivery (F1,20=1.10, p=0.31; Fig 3-1C).  

Context test (Day 2) 
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 When returned to the fear conditioning context one day after training, both groups 

showed low levels of fear that did not differ from each other (F1,20=1.25, p=0.28; Fig 3-1D), 

indicating that GluA1 overexpression was insufficient to enhance fear learning in the absence of 

stress.  

 

  

 

 

 

 

 

 

 

 

Histology and immunohistochemistry 

Figure 3-1. Experiment 1 fear conditioning results. A. No differences in 3-minute baseline fear prior 

to footshock (Day 1). B. No differences in shock reactivity (Day 1). C. No differences in 30-second 

period immediately following footshock (Day 1). D. No differences in fear during 8-minute context 

test (Day 2). Error bars represent standard error of the mean. 



134 

 

Following behavioral testing, GluA1 overexpression was verified using 

immunohistochemistry and accurate viral placement was verified using GFP expression (Figs 3-

2A-B). 9 animals were excluded due to inaccurate virus placement or tissue damage. Increased 

expression of GluA1 within the BLA was verified by comparing the number of GluA1-positive 

neurons to the total number of DAPI-labeled cells. GluA1 subjects showed an increased ratio of 

GluA1-positive to DAPI-labeled cells relative to GFP controls, indicating that the GluA1 virus 

successfully increased GluA1 expression (F1,20=13.76, p=0.001; Fig 3-2A). It should be noted 

that relatively little GluA1 immunofluorescence was observed among control subjects, which is 

comparable to previous observations in our laboratory (Pennington et al., 2020). The spread of 

GFP expression is illustrated in Fig 3-2B (coronal section diagrams based on Paxinos and 

Franklin mouse brain atlas). Representative images from GFP and GluA1 mice are shown in Figs 

3-2C-J.  

Collectively, these results indicate that GluA1 overexpression within the BLA was 

insufficient to enhance fear learning in the absence of stress. However, there were a few 

limitations to the experimental approach that may have hindered our ability to detect any changes 

in fear learning. First, while viral overexpression of GluA1 did produce a significant increase in 

GluA1 immunofluorescence, it is not clear that this increase was sufficient to drive the 

production of CP-AMPARs. Second, the short-acting nature of HSVs limited our ability to probe 

further behavioral changes that may have arisen as a result of this manipulation. In subsequent 

experiments we utilized a more long-lasting manipulation, the targeted genetic deletion of GluA2 

subunits within the BLA, to promote the formation of CP-AMPARs, and then tested the effects 

of the longer-lasting manipulation on fear learning.  
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Figure 3-2. Experiment 1 histology results. A. Ratio of GluA1-positive cells to DAPI-positive cells 

within the BLA. B. Spread of GFP expression in coronal sections. Each layer represents maximal GFP 

expression from an individual animal. Distance from bregma (mm) is shown. C-J. Representative 

images of DAPI-labeled cells (C-D), GluA1 staining (E-F), GFP expression (G-H) and overlay (I-J). 

Images taken at 10x magnification. **p<0.01. Error bars represent standard error of the mean.   
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Experiment 2: Stress-enhanced fear learning in floxed GluA2 mice 

To further test the potential role of CP-AMPARs within the BLA in supporting stress-enhanced 

fear learning, we aimed to test whether promoting the formation of these receptors through the 

deletion of GluA2 subunits would be sufficient to enhance fear learning. The first step in this test 

was to verify that floxed GluA2 mice demonstrate SEFL.  Experiment 2, therefore, hypothesized 

that that stress produces a robust enhancement in fear learning among floxed GluA2 mice. 

Materials and Methods 

Subjects 

Floxed GluA2 mice on a 129S6 background were generated as described in Wiltgen et al 

(2010) and bred in-house. In these mice infusion of a Cre-expressing virus causes a permanent 

deletion of the gria2 gene that encodes the GluA2 subunit of the AMPA receptor. 22 mice (10 

females and 12 males) approximately 10 weeks old at the start of the experiment were assigned 

to Stress and No Stress conditions. Animals were individually housed under a 12 hour light/dark 

cycle. Environmental enrichment in the form of nesting material was provided. Food and water 

were available ad libitum in the home cage. Animals were handled daily for 60 seconds each day 

for 1 week prior to the start of the experiment. The UCLA Institutional Animal Care and Use 

Committee approved all procedures involving animals. 

Apparatus 

All fear conditioning took place in two sets of four identical fear conditioning chambers 

housed in sound-attenuating shells (Med Associates Inc). Each set of chambers served as a 

distinct context which were differentiated by floor texture, shape, lighting and odor. Context A 



137 

 

(stress context) contained flat grid floors, was lit by a white house light and scented with 50% 

Windex solution. Ventilation fans provided background noise. Context B (fear conditioning 

context) contained a curved white plastic wall and floors composed of staggered grid bars and 

was scented with 1% acetic acid. All grid floors were wired to shock generators and scramblers. 

Shock delivery was controlled and freezing automatically scored using VideoFreeze software 

(Med Associates Inc). The open field apparatus consisted of a 60 cm x 60 cm arena with gray 

plastic walls and white Plexiglas floor, divided into four 30 cm x 30 cm quadrants. The room 

was dimly lit by a lamp in the corner of the room and a white noise generator provided 

background noise. Activity was recorded and automatically scored using EthoVision software 

(Noldus, Wageningen, Netherlands).   

Behavioral testing procedures 

On day 1, subjects were transported to Context A in their home cages. Stress condition 

subjects received either 10 unsignalled 1-sec, 1-mA footshocks over 60 minutes (6 minute 

average ISI), while No Stress subjects received equivalent context exposure without footshock. 

The following day subjects were returned to Context A for 8 minutes to assess fear to the stress 

context. Fear was assessed via freezing, a reliably and ethologically valid measure of fear in 

rodents (Fanselow & Bolles, 1979). On day 3, subjects were transported to Context B in clean, 

empty cages. Following a three-minute baseline period, all subjects received a single 2-sec, 1-

mA footshock and were removed 30 sec later. Shock reactivity was measured by total activity 

during footshock presentation. Subjects were returned to Context B one day after conditioning 

for 8 minutes to assess whether stress exposure enhanced fear learning to a subsequent mild 

stressor.  
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Previous findings from our laboratory indicate that the SEFL procedure produces 

increased anxiety in addition to enhanced fear learning (Perusini et al., 2016). One day after 

completion of the SEFL procedure, anxiety was assessed using the open field test, a classic test 

of anxiety in rodents (Walsh & Cummins, 1976). Four mice were run at a time, with one mouse 

placed in each quadrant of the open field arena and allowed to freely explore for 10 minutes. 

Anxiety was assessed by the amount of exploratory behavior and the time spent in the center of 

the open field arena.  

Data Analysis  

Data were analyzed using IBM SPSS Statistics software. Each measure was analyzed 

using 2-way ANOVA with condition (Stress versus No Stress) as the first factor and sex (males 

versus female) as the second factor. Data were plotted using GraphPad Prism. 

Results 

SEFL procedure 

When returned to Context A on day 2, Stress mice showed greater fear compared to No 

Stress controls (F1,18=192.79, p<0.001; Fig 3-3A), indicating successful acquisition of fear to the 

stress context. No effects of Sex (F1,18=1.87, p=0.19), or Stress*Sex interaction (F1,18=1.45, 

p=0.24) were observed. 

Generalization from Context A to Context B was assessed by freezing during the 3-

minute baseline period prior to footshock delivery. All groups showed minimal levels of fear that 

were not affected by Condition (F1,18=3.93, p=0.06; Fig 3-3B). No effects of Sex (F1,18=0.03, 

p=0.86) or Stress*Sex interaction (F1,18=0.38, p=0.55) were observed. This ensured that any 
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subsequent differences in fear learning would reflect changes in fear learning and not simply 

generalization of fear from the stress context. 

Stress subjects showed decreased shock reactivity compared to No Stress controls 

(F1,18=5.46, p=0.03; Fig 3-3C), but there was no effect of Sex (F1,18=3.19, p=0.09) or 

Condition*Sex interaction (F1,18=0.48, p=0.5). Despite showing reduced reactivity to the 

footshock, Stress subjects showed marginally greater freezing immediately following footshock 

delivery (F1,18=3.43, p=0.08; Fig 3-3D). There was no effect of Sex (F1,18=1.13, p=0.3), or 

Group*Sex interaction (F1,18=0.1, p=0.75).  

When returned to Context B to assess the ability of stress exposure to enhance fear 

learning, Stress subjects showed increased fear compared to No Stress controls (F1,18=42.12, 

p<0.001; Fig 3-3E) indicating that stress exposure did indeed enhance fear learning. No effects 

of Sex (F1,18=0.11, p=0.75) or Stress*Sex interaction (F1,18=0.09, p=0.77) were observed.   



140 

 

 

 

Open field test 

 On the final day of testing, anxiety was measured using the open field test. Stress 

subjects showed reduced exploratory behavior compared to No Stress controls (F1,18=5.11, 

p=0.04; Fig 3-4A), though there was no effect of Sex (F1,18=1.93, p=0.18) or Condition*Sex 

interaction (F1,18=0.001, p=0.99). Consistent with previous observations, stress exposure did not 

impact time spent in the center of the open field apparatus (F1,18=1.2, p=0.29; Fig 3-4B). No 

Figure 3-3. Experiment 2 SEFL results. A. Stress subjects show increased fear to stress context test 

(Day 2). B. No differences in baseline fear during the 3-minutes prior to footshock delivery were 

observed (Day 3). C. Stress subjects showed reduced shock reactivity to the single footshock (Day 3). 

D. No differences in fear immediately following footshock delivery were observed (Day 3). E. Stress 

subjects show increased fear to single footshock context (Day 4). *p<0.05. ***p<0.001. Error bars 

represent standard error of the mean.  
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effects of Sex (F1,18=1.19, p=0.29) or Condition*Sex interaction (F1,18=0.8, p=0.38) were 

observed.  

Collectively, these results indicate that floxed GluA2 mice demonstrate the same 

behavioral changes following stress that have previously been observed in rats and C57Bl/6 

mice.  Thus, this experiment confirmed that floxed GluA2 mice demonstrate SEFL. 

 

 

Experiment 3: Impact of BLA GluA2 deletion on fear learning 

 In Experiment 2 we demonstrated SEFL in floxed GluA2 mice. In Experiment 3 we 

tested the hypothesis that promoting the formation of CP-AMPARs by genetic deletion of the 

GluA2 subunit using a Cre-expressing adeno-associated virus (AAV) would be sufficient to 

enhance fear learning in the absence of stress. 

Materials and Methods 

Figure 3-4. Experiment 2 open field test results (Day 5). A. Stress subjects show reduced exploratory 

behavior compared to No Stress controls. B. No differences in time spent in the center of the open 

field test were observed. *p<0.05. Error bars represent standard error of the mean. 
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Subjects  

Floxed GluA2 mice on a 129S6 background were generated as described previously 

(Wiltgen et al., 2010) and bred in-house. 60 mice (31 females and 29 males) approximately 9-10 

weeks old at the start of the experiment were assigned to either Cre or GFP control virus 

conditions. Animals were individually housed under a 12 hour light/dark cycle. Food and water 

were available ad libitum in the home cage. Animals were handled daily for 60 seconds for 1 

week prior to the start of the experiment. The Chancellor’s Animal Research Committee at 

UCLA approved all procedures involving animals. 

Apparatus 

All fear conditioning took place in two sets of four identical fear conditioning chambers 

housed in sound-attenuating shells (Med Associates Inc). Each set of chambers served as a 

distinct context which were differentiated by floor texture, shape, lighting and odor. Context A 

contained a curved white plastic wall and floors composed of staggered grid bars, was lit by a 

near-infrared light and scented with 1% acetic acid. Context B contained flat grid floors, was lit 

by a white house light and scented with 50% Windex solution. Ventilation fans provided 

background noise. All grid floors were wired to shock generators and scramblers. Shock delivery 

was controlled and freezing automatically scored using VideoFreeze software (Med Associates 

Inc). The open field apparatus consisted of a 60 cm x 60 cm arena with gray plastic walls and 

white Plexiglas floor, divided into four 30 cm x 30 cm quadrants. The room was dimly lit by a 

lamp in the corner of the room and a white noise generator provided background noise. Activity 

was recorded and automatically scored using EthoVision software (Noldus). 
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Surgical procedures 

Following anesthesia induction with isoflurane and administration of the analgesic 

carprofen (5 mg/kg, s.c.), the skull was exposed and holes were drilled above the injection site. 

10 µl Hamilton syringes were loaded with either AAV2-hSyn-GFP-CRE (Cre condition) or 

AAV2-hSyn-GFP control virus (GFP condition; UNC Vector Core) and lowered to the following 

BLA coordinates relative to bregma: AP=−1.7 mm, ML=±3.25 mm, DV=−4.75 mm. 0.3 µl of 

virus was infused at a rate of 0.1 µl/min and injectors were left in place for 10 mins before being 

raised. The incision site was closed with sterile nylon sutures. Animals were given an additional 

injection of carprofen (5 mg/kg, s.c.) 24 hours after surgery and maintained on the antibiotic 

enroflox for five days following surgery. Behavioral testing began after at least 4 weeks of 

recovery surgery to allow for sufficient viral expression. 

Behavioral testing procedures 

Context A fear conditioning (Days 1-2). Subjects were transported to Context A in their home 

cages. Following a 3-minute baseline period, all subjects received a single 2-sec, 1-mA 

footshock and were removed 30 seconds later. Fear was assessed via freezing and shock 

reactivity was measured by activity during footshock presentation. The next day subjects were 

returned to Context A for 8 minutes to test whether GluA2 deletion was sufficient to enhance 

fear learning in the absence of stress. 

Context B fear conditioning (Days 3-4). To test whether a combination of GluA2 deletion and 

a prior fear learning event would be sufficient to enhance subsequent fear learning, all subjects 

received a second mild stressor in a novel context. Subjects were transported to Context B in 
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clean, empty cages. Following a three-minute baseline period, all subjects received a single 2-

sec, 1-mA footshock and were removed 30 sec later. The next day subjects were returned to 

Context B for 8 minutes to assess whether GluA2 deletion combined with a prior fear learning 

experience would be sufficient to enhance fear learning to a second mild stressor.  

Open field test (Day 5). The open field test was used to determine whether GluA2 deletion 

could promote increased anxiety in the absence of stress. Four mice were run at a time, with one 

mouse placed in each quadrant of the open field arena and allowed to freely explore for 10 

minutes. Anxiety was assessed by the amount of exploratory behavior and the time spent in the 

center of the open field arena. 

Histology and immunohistochemistry  

Following behavioral testing, viral placement was assessed by GFP expression and 

GluA2 deletion was verified using immunohistochemistry. One day after behavioral testing, 

subjects were euthanized via isoflurane overdose. Brains were extracted and fixed in 4% 

paraformaldehyde at 4°C for 24 hours, followed by 24 hours in 15% sucrose and 30% sucrose in 

1X PBS. Brains were frozen and sectioned in 40 µm slices. Slices containing the BLA were 

collected in 1X PBS. The immunohistochemistry protocol to stain for GluA2 protein is as 

follows. Slices were first washed 3 times in 1X PBS. Slices were then blocked in 5% natural goat 

serum and 0.3% Triton X-100 in 1X PBS for one hour and incubated in primary antibody 

overnight at 4°C (Millipore Sigma Rabbit Anti-GluA2 antibody #AB1768-I, diluted 1:1000 in 

blocking solution). Slices were then washed three times in 1X PBS and incubated in secondary 

antibody for 2 hours at room temperature (Goat Anti-Rabbit IgG Alexa Fluor 568 #ab175471, 

1:500 dilution in blocking solution). Slices were washed three times in 1X PBS, mounted onto 
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microscope slides and coverslipped using Vectashield with DAPI (Vector Labs). Slices were 

imaged with a Keyence BZ-X710 fluorescent microscope. The spread of viral expression was 

measured by GFP expression imaged at 4x magnification, and subjects without expression within 

the BLA or expression outside the BLA were excluded. To quantify GluA2 staining, slices were 

imaged at 20x magnification. The BLA was traced using the Paxinos and Franklin mouse brain 

atlas, and the number of GluA2-positive and DAPI-stained cells were counted using ImageJ 

software. 

Data Analysis  

Data were analyzed using IBM SPSS Statistics software. The effects of virus on males 

and females for each measure were analyzed using the Mann-Whitney U Test. Data were plotted 

using GraphPad Prism and diagrams of viral expression were created using Adobe Illustrator.   

Results 

Context A fear conditioning 

 To assess whether GluA2 deletion would produce enhanced fear learning in the absence 

of stress, subjects received a single footshock in Context A. During the 3-minute period prior to 

the single footshock, there were no effects of virus on either females (U=30, n1=12, n2=8, 

p=0.18; Fig 3-5A) or males (U=36.5, n1=10, n2=8, p=0.76). Shock reactivity during the single 

footshock was also not affected in either females (U=30, n1=12, n2=8, p=0.18; Fig 3-5B) or 

males (U=36, n1=10, n2=8, p=0.76). Freezing during the 30-second period following footshock 

was not affected in either females (U=58, n1=12, n2=8, p=0.47; Fig 3-5C) or males (U=41, 

n1=10, n2=8, p=1). One day after conditioning subjects were returned to Context A for 8 minutes 
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to assess fear to the context. Virus type did not impact context fear in either females (U=57, 

n1=12, n2=8, p=0.52; Fig 3-5D) or males (U=26.5, n1=10, n2=8, p=0.24). GluA2 deletion within 

the BLA was therefore insufficient to enhance fear learning in the absence of stress exposure 

 

 

Figure 3-5. Experiment 3 Context A fear conditioning results (Days 1-2). A. No differences in 

baseline fear prior to footshock (Day 1). B. No differences in shock reactivity during footshock (Day 

1). C. No differences in fear during the 30 seconds immediately following footshock (Day 1). D. No 

differences during 8-minute context test (Day 2). Error bars represent standard error of the mean.  
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Context B fear conditioning 

 To assess the possibility that GluA2 deletion combined with a prior history of mild stress 

exposure would enhance fear learning, subjects received a second fear conditioning in a novel 

context. Prior to footshock exposure, Cre males showed a small but significant elevation in 

baseline fear compared to GFP males (U=16, n1=10, n2=8, p=0.03; Fig 3-6A) while no baseline 

differences were observed in females (U=27, n1=12, n2=8, p=0.12). No differences in shock 

reactivity were observed in females (U=57, n1=12, n2=8, p=0.52; Fig 3-6B) or males (U=53, 

n1=10, n2=8, p=0.27). During the 30-second period immediately following footshock Cre males 

again showed a significant elevation in freezing compared to GFP males (U=16, n1=10, n2=8, 

p=0.03; Fig 3-6C), while no differences were observed in females (U=40, n1=12, n2=8, p=0.57). 

 Subjects were returned to Context B one day after conditioning for 8 minutes to assess 

context fear. Cre males showed marginally greater freezing compared to GFP males (U=19, 

n1=10, n2=8, p=0.07; Fig 3-6D), while no differences were observed in females (U=48, n1=12, 

n2=8, p=1). These results indicate that while GluA2 deletion alone was insufficient to enhance 

fear learning, GluA2 deletion combined with previous experience of a mild stressor (the single 

footshock in Context A) was sufficient to enhance subsequent fear learning in male mice, but not 

females.  
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Open field test 

 As the SEFL procedure has been shown to increase anxiety-related behavior, we next 

investigated whether GluA2 deletion impacted performance on the open field test. Cre males 

Figure 3-6. Experiment 3 Context B fear conditioning results (Days 3-4). A. Increased baseline fear 

prior to footshock in Cre males compared to GFP males (Day 3). B. No differences in shock reactivity 

(Day 3). C. Cre males showed increased freezing immediately following footshock delivery (Day 3). 

D. Cre males showed marginally greater freezing when returned to Context B the following day (Day 

4). #p<0.1, *p<0.05. Error bars represent standard error of the mean.   
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showed marginally decreased locomotion compared to GFP males (U=61.5, n1=10, n2=8, 

p=0.06; Fig 3-7A) while no differences were observed in females (U=51, n1=12, n2=8, p=0.85). 

No differences in time spent in the center of the open field were observed in either males (U=33, 

n1=10, n2=8, p=0.57; Fig 3-7B) or females (U=39, n1=12, n2=8, p=0.52).  

 

 

Histology 

Following behavioral testing, GluA2 deletion was verified using immunohistochemistry 

and accurate viral placement was verified using GFP expression. 20 animals were excluded due 

to inaccurate virus placement or poor viral expression. Decreased expression of GluA2 within 

the BLA was verified by comparing the number of GluA2-positive neurons to the total number 

of DAPI-labeled cells within a subset of subjects (Fig 3-8A). Cre subjects showed a decreased 

Figure 3-7. Experiment 3 open field test results (Day 5). A. Cre males show marginally decreased 

exploratory behavior compared to GFP males. B. No differences in time spent in the center of the open 

field. #p<0.1. Error bars represent standard error of the mean. 
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ratio of GluA2-positive to DAPI-labeled cells relative to GFP controls, indicating that the Cre 

virus successfully decreased GluA2 expression in (U=25.5, n1=12, n2=13, p=0.003). The spread 

of GFP expression is illustrated in Fig 3-8B (coronal section diagrams based on Paxinos and 

Franklin mouse brain atlas). Representative images from GFP and Cre mice are shown in Figs 3-

8C-J.  

The results of Experiment 3 corroborate and extend the conclusions of Experiment 1. 

Promoting the formation of CP-AMPARs in the BLA through viral mediated GluA2 deletion 

was insufficient to enhance fear learning in the absence of any prior stress exposure. However, 

when exposed to an additional footshock in a novel context, GluA2 deletion produced elevated 

fear learning and increased anxiety on the open field test in males, but not females. These results 

indicate that GluA2 deletion paired with a relatively mild stressor may be sufficient to enhance 

fear learning, but this effect is limited to males. 
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Figure 3-8. Experiment 3 histology results. A. Ratio of GluA2-positive cells to DAPI-positive cells 

within the BLA. B. Spread of GFP expression in coronal sections. Each layer represents maximal GFP 

expression from an individual animal. Distance from bregma (mm) is shown. C-J. Representative 

images of DAPI-labeled cells (C-D), GluA2 staining (E-F), GFP expression (G-H) and overlay (I-J). 

Images taken at 20x magnification. **p<0.01. Error bars represent standard error of the mean.   
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Discussion 

 Sensitization of fear learning is a defining feature of PTSD (Bremner et al., 1995; 

Dykman et al., 1997), but the neural changes following stress that support this enhancement of 

fear learning remain unclear. In previous research, we showed that stress exposure causes a long-

lasting increase in GluA1 protein within the BLA, and that inhibition of corticosterone synthesis 

prevents both this elevation in GluA1 and the enhancement in fear learning (Perusini et al., 

2016). Given that increased GluA1 levels can lead to formation of CP-AMPARs that support an 

NMDAR-independent form of LTP (Hollmann et al., 1991; Wiltgen et al., 2010), we 

hypothesized that SEFL is supported by increased formation of CP-AMPARs within the BLA.  

 In the experiments reported here we investigated whether increasing the ratio of GluA1 to 

GluA2 subunits within the BLA is sufficient to enhance fear learning in the absence of stress. 

We first tested whether GluA1 overexpression enhances fear learning in the absence of stress. In 

Experiment 1 we infused an GluA1-expressing HSV into the BLA of C57Bl/6 mice. Contrary to 

our expectations, we found GluA1 overexpression did not appear to produce any changes in fear 

learning to a single footshock. However, owing to the short-acting nature of HSVs we had little 

opportunity to explore any additional behavioral effects of this manipulation, such as whether 

GluA1 overexpression would enhance susceptibility to a subsequent stressor. We therefore 

explored more long-lasting alternatives methods in the subsequent experiments. 

 Experiments 2 and 3 utilized floxed GluA2 mice which allowed for permanent targeted 

deletion of the GluA2 subunit through the infusion of a Cre-expressing virus. This approach 

allowed us to promote the formation of CP-AMPARs by limiting the availability of GluA2 

subunits within the BLA. The floxed GluA2 mice were generated on an 129S6 background, in 



153 

 

contrast to our previous SEFL studies that used C57Bl/6 mice (Pennington et al., 2020; 

Rajbhandari et al., 2018). Given the fact that substantial differences in fear learning between 

mouse strains have been reported (Balogh & Wehner, 2003; Smith et al., 2007; Stiedl et al., 

1999), and that 129S6 mice typically show higher freezing than C57Bl/6 mice (Smith et al., 

2007), we first verified that 129S6 mice would show enhanced fear learning following stress.  

 Experiment 2 demonstrated that these floxed GluA2 mice showed enhanced fear learning 

following stress. While the overall freezing levels in the floxed GluA2 mice were elevated 

compared to previous reports in C57Bl/6 mice (Pennington et al., 2020; Rajbhandari et al., 

2018), a strong SEFL effect was observed for both males and females, with no differences 

between males and females. These mice also displayed several other behaviors typically 

observed during SEFL, including high levels of fear to the stress context, decreased reactivity to 

the single footshock and decreased exploratory behavior during the open field test. 

 In Experiment 3, we investigated whether GluA2 deletion within the BLA would enhance 

fear learning in the absence of stress.  During the first fear conditioning event in Context A, there 

was no enhancement in freezing either during the 30 seconds immediately following the 

footshock or during the context test the following day. These results, combined with the lack of a 

fear learning enhancement following GluA1 overexpression in Experiment 1, indicated that 

increasing the ratio of GluA1 to GluA2 alone is insufficient to enhance fear learning in the 

absence of additional stress. 

Following exposure to a single footshock in Context A, we exposed subjects to a single 

footshock to a novel context (Context B). While no differences had been observed in Context A, 

GluA2 deletion appeared to impact fear to Context B in a sex-specific manner. In male subjects a 
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small but significant difference in baseline fear suggested that while no differences had been 

observed during the Context A test, GluA2 deletion had slightly enhanced fear generalization. 

Increased freezing was also observed both immediately following footshock delivery and during 

the context test the following day. Unlike the effects observed in males, no differences in 

freezing were observed in females at any time points. Similarly, GluA2 deletion was associated 

with reduced locomotion during the open field test in males but not females. While no 

differences were observed in time spent in the center of the open field, this corresponds with the 

results of Experiment 2 and other work from our laboratory indicating that SEFL reduces 

exploratory behavior but does not alter time spent in the center of the arena (Perusini et al., 

2016). Collectively, these results indicate that GluA2 deletion enhances fear learning and anxiety 

in males that have a history of prior footshock exposure, but not females.   

These sex-specific effects of GluA2 deletion are noteworthy since males and females 

showed similar performance during the SEFL procedure in Experiment 2. These results suggest 

that while males and females show comparable behavioral changes following stress, these 

changes may occur through different mechanisms.  Interestingly, previous studies have indicated 

that stress differentially impacts GluA1 and GluA2 levels in males and females. Early life stress 

combined with cocaine exposure has been shown to increase the ratio of GluA1 to GluA2 in the 

NAc in males but not in females (Castro-Zavala et al., 2020), while early life stress decreases 

BLA GluA2 levels in males but not females (Guadagno et al., 2020). There may also be sex 

differences in the role of GluA1 in fear conditioning, as contextual fear conditioning is impaired 

in GluA1-knockout male mice, but not in GluA1-knockout female mice (Dachtler et al., 2011). 

 The fact that GluA2 deletion impacts performance on a second fear conditioning event 

without impacting the first fear conditioning were unexpected but still support a role of CP-
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AMPARs in supporting enhanced fear learning following stress. Stress involves a host of 

physiological changes throughout the central nervous system, and the BLA is sensitive to the 

effects of multiple endocrine signals released during stress including glucocorticoids, 

norepinephrine and corticotropin-releasing factor (Roozendaal et al., 2009). It is therefore 

plausible that a single manipulation is unlikely to reproduce this host of effects. For example, we 

have previously observed that while corticosterone synthesis is necessary for SEFL, systemic 

corticosterone injections alone are insufficient to enhance fear learning in the absence of stress 

(Perusini et al., 2016).  

 Two-hit and multiple-hit accounts of stress susceptibility posit that stress-related 

disorders do not necessarily arise from a single experience. Instead, they may develop due the 

combined effects of factors including genetic predisposition and subsequent stress experiences 

(Daskalakis et al., 2013; Imanaka et al., 2006; Lesse et al., 2017; Maynard et al., 2001). We have 

previously shown that exposure to a single footshock does not enhance fear learning to a 

subsequent footshock in a novel context (Rau & Fanselow, 2009). It is therefore conceivable that 

the effects we observed in Experiment 3 reflected an increase in stress susceptibility caused by 

increased levels of CP-AMPARs combined with exposure to a mild, sub-threshold stressor (the 

single footshock in Context A).  

There were several limitations that must be acknowledged. First, we assumed that 

increasing the availability of GluA1 subunits relative to GluA2 subunits would result in the 

production of CP-AMPARs. However, we did not verify that this was in fact the case. It would 

be worth taking advantage of the fact that CP-AMPARs produce a distinct electrophysiological 

signature to verify that GluA1 overexpression and GluA2 deletion do indeed produce increases 
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in CP-AMPAR-mediated current (Wiltgen et al., 2010). While we observed no effects of GluA2 

deletion in females, both GFP and Cre-treated females showed relatively high freezing levels in 

Context B suggesting that perhaps differences were present but obscured by a ceiling effect. 

While Rau et al (2009) found that a single footshock is insufficient to enhance subsequent fear 

learning in rats, this may not be the case for this particular mouse strain as all groups appeared to 

show greater fear during the Context B test compared to the Context A test. In future studies it 

will be worthwhile to titrate the intensity of each stressor to ensure that any enhancements can be 

clearly observed in both males and females. Lastly, the effects of GluA2 deletion on freezing 

during the Context B test and locomotion during the open field test approached but did not quite 

reach statistical significance, likely due to the variability of behavior and the relatively small 

sample size. In future studies it will be important to replicate these effects in a larger cohort of 

subjects.  

Conclusion 

 In these experiments we investigated whether promoting the formation of CP-AMPARs 

in the BLA through manipulation of GluA1 and GluA2 subunit availability would be sufficient 

to enhance fear learning in the absence of stress. We found that neither GluA1 overexpression 

nor GluA2 deletion alone was sufficient to enhance fear learning to a single footshock 

(immediate effect). However, GluA2 deletion combined with a history of sub-threshold stress 

exposure appeared to enhance fear learning to a subsequent footshock in males but not females. 

These findings indicate that males and females may show similar behavioral changes following 

stress exposure that are supported by different biological mechanisms.   
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DISCUSSION 

Improper regulation of fear is a key feature of post-traumatic stress disorder (PTSD) 

(Bremner et al., 1995; Dykman et al., 1997), and the increased arousal and avoidance of trauma-

related stimuli that accompany PTSD can severely impact quality of life (Eberly & Engdahl, 

1991). PTSD is also highly comorbid with substance use disorders (SUDs), with alcohol abuse 

being the most common (Kessler et al., 1997; Kessler et al., 1995; Mills et al., 2006; Perkonigg 

et al., 2000). However, despite the burden of these disorders the mechanisms through which 

trauma alters fear learning remain elusive. Similarly, only a small percentage of people who 

experience trauma go on to develop PTSD but the factors that mediate stress susceptibility are 

unclear (Brunello et al., 2001; Kessler et al., 2017; Kessler et al., 1995). In this dissertation I 

developed a novel model of stress exposure to study the factors that promote stress susceptibility 

and resilience, and found that while males and females show similar changes in fear and anxiety-

related behaviors following stress exposure, these behavioral changes may be mediated by 

different biological mechanisms. 

Sex differences in stress reactivity 

One critical question is why PTSD and SUDs occur at such different rates in men and 

women. Although men are more likely than women to experience trauma, PTSD is twice as 

common in women than in men even when controlling for the type of trauma experienced 

(Breslau et al., 1997; Kessler et al., 2017; Kessler et al., 1995). Despite this fact, the vast 

majority of rodent studies investigating the effects of stress have been conducted exclusively in 

males. The first goal of this dissertation was to explore how males and females differ in stress 

reactivity and determine whether the increased prevalence of PTSD in women is captured by a 



162 

 

rodent model of stress exposure. I found that despite the increased prevalence of PTSD among 

women compared to men, male and female rodents generally showed comparable changes in fear 

and anxiety-related behavior following stress exposure.  

Sex differences in fear learning following stress 

Our laboratory developed a rodent model of stress exposure termed stress-enhanced fear 

learning (SEFL) that captures the exaggerated fear learning observed in PTSD patients (Perusini 

et al., 2016; Poulos et al., 2015; Rau et al., 2005; Rau & Fanselow, 2009). The key feature of the 

SEFL model is that following exposure to an intense acute stressor (15 unsignalled footshocks 

over 90 minutes for rats, 10 footshocks over 60 minutes for mice), subjects show sensitized fear 

learning to a single footshock presented in a novel context. This procedure also produces a 

number of additional changes relevant to PTSD symptomology including increased anxiety and 

alcohol drinking (Meyer et al., 2013; Perusini et al., 2016). However, as much of our work using 

this model has been conducted in males it was unknown whether females would show the same 

behavioral changes following stress.  

We first examined whether males and females differed in fear learning following stress 

exposure. Because women are more likely to develop PTSD and because women with PTSD 

show greater changes in fear learning under laboratory conditions (Gamwell et al., 2015; Inslicht 

et al., 2013), we hypothesized that females would show greater enhancements in fear learning 

compared to males, as well as increased fear generalization and impaired fear extinction. 

However, the results did not support this hypothesis. The magnitude of the SEFL effect did not 

differ in males and female rats following the standard 15-footshock stress (Figs 1-2 and 1-8), nor 

were differences in fear generalization or extinction observed between males and females (Figs 
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1-2 and 1-8). Similarly, no sex differences in fear learning were observed among floxed GluA2 

mice following the standard 10-footshock stress (Fig 3-3).  

While these effects appear to be at odds with epidemiological data from the human 

population, they are in agreement with a small but growing body of literature examining sex 

differences in rodent models of stress exposure. In the absence of stress exposure, female rodents 

tend to show comparable (Graham et al., 2009; Markus & Zecevic, 1997) or reduced (Pryce et 

al., 1999) fear learning to discrete tone CSs, while freezing during tests of contextual fear 

learning is often slightly lower in females (Daviu et al., 2014; Maren et al., 1994; Markus & 

Zecevic, 1997; Poulos et al., 2015). Similarly, stress exposure has been shown to either equally 

enhance fear learning in males and females (Poulos et al., 2015), or enhance fear learning and 

impair fear extinction in males but not females (Baran et al., 2009; Keller et al., 2015; Wood & 

Shors, 1998). 

Sex differences in anxiety-related behavior following stress 

While no sex differences in fear learning were observed, we did find evidence that males 

and females differed in anxiety-related behavior. Female rats showed decreased anxiety both 

prior to stress exposure as indicated by increased exploration of the light compartment of the 

light-dark transition test (Fig 1-1) and following stress exposure as indicated by increased 

locomotion during the open field test (Figs 1-3 and 1-9). While stress reduced general 

exploratory behavior during the open field test, the magnitude of this effect did not differ 

between males and females (Figs 1-3 and 1-9). These results are in agreement with other 

observations of reduced anxiety-like behaviors in female rodents (Johnston & File, 1991; Scholl 

et al., 2019; Zimmerberg & Farley, 1993). Interestingly, no sex differences were observed in the 
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performance of the floxed GluA2 mice on the open field test following stress (Fig 3-4), but this 

may be due to the fact that these mice were generated on an 129S6 background, which tend to 

show heightened fear and anxiety compared to other mouse strains (Curley et al., 2012; Smith et 

al., 2007; Stiedl et al., 1999).  

Stress exposure did differentially impact the response of males and females to an 

anxiogenic light stimulus. While both stressed and unstressed females showed avoidance of the 

light, this response appeared to be blunted in stressed males who showed no indications of 

avoiding the light stimulus (Fig 1-3). This effect appeared to be driven by males possessing an 

exaggerated preference for particular locations within the arena. Among the subjects that initially 

preferred Zone 1 (closest to the light), the unstressed males and both groups of females moved 

away from this location following light onset, spending increased time in Zone 4 (furthest from 

the lamps). Stressed males, however, spent significantly less time in Zone 4 compared to the 

other groups during and following light onset (Figs 1-3 and 1-13).  

One potential interpretation of this effect is that it reflects an impairment in cognitive 

flexibility. Stress has been shown to impair higher-order cognitive functions that allow animals 

to adapt to changes environmental demands, and such impairments are associated with many 

types of psychopathology (Holmes & Wellman, 2009). For example, stress exposure has been 

shown to impair performance on reversal learning and attentional set-shifting tasks, in which 

subjects must alter their behavior when reward-related contingencies are reversed (Bondi et al., 

2008; Hill et al., 2005; Szuran et al., 2000). It is conceivable that a similar phenomenon was 

observed during the open field test, in which stressed males showed an impaired ability to adapt 

to Zone 1 initially being the preferred location, then becoming aversive following light onset. 



165 

 

Interestingly, a recent study demonstrated that acute stress impairs performance on the 

Wisconsin Card Sorting Tasks, an assessment of cognitive flexibility, in men but not women 

(Shields et al., 2016) 

This resilience of females against this particular effect of stress, and the generally 

decreased anxiety observed in females, may seem counterintuitive given the increased 

prevalence of PTSD and anxiety disorders among women (Brunello et al., 2001; Kessler et al., 

2017; Kessler et al., 2005; Kessler et al., 1995). However, as in the realm of fear conditioning 

there is substantial evidence that female rodents generally show more activity and less anxiety-

like behavior on classic tests such as the open field and elevated plus maze (Beck & Luine, 2002; 

Bowman et al., 2009; Johnston & File, 1991). It has been proposed that since many of these 

classic tests were developed and validated exclusively in males, these tests do not accurately 

assess anxiety related behavior in females and are instead more reflective of general activity 

(Fernandes et al., 1999). However, results from these current studies and others demonstrating 

increased anxiety-related behaviors using these tasks following stress exposure in both males and 

females do not support such an explanation (Luine et al., 2017). 

An alternative explanation is the role of gonadal hormones. Estradiol, an endogenous 

estrogen, is synthesized in the ovaries and plays an important role in mediating stress and 

anxiety-related behavior (Heck & Handa, 2019). Estradiol has been shown to have anxiolytic 

effects on the open field test and elevated plus maze (Filova et al., 2015; Walf et al., 2008; Walf 

& Frye, 2007, 2010). Furthermore, female rats have shown reduced anxiety-like behavior during 

the proestrus phases of the estrous cycle, when estradiol levels are high, compared to during the 

diestrus phase, when estradiol levels are low (Marcondes et al., 2001; Mora et al., 1996; Walf & 
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Frye, 2007). It has therefore been proposed that the high circulating estradiol levels in female 

rodents reduce anxiety and support stress resilience (Luine et al., 2017). This will be discussed in 

greater detail below.  

Sex differences in alcohol drinking following stress 

 An important challenge in treating PTSD is the high rates of comorbidity between PTSD 

and SUDs, of which alcohol abuse is the most common (Kessler et al., 1997; Kessler et al., 1995; 

Mills et al., 2006; Perkonigg et al., 2000). Our laboratory has previously demonstrated that the 

SEFL procedure enhances voluntary alcohol consumption in male rats (Meyer et al., 2013), but it 

was unknown whether this procedure would produce a similar effect in females. Initially, while 

we found generally elevated alcohol drinking in females compared to males, we saw no effects 

of stress on alcohol drinking in either males or females when subjects had received continuous-

alcohol 2-bottle choice (CA 2-BC) access prior to stress (Fig 1-5). One potential explanation for 

this finding was that the alcohol exposure prior to stress had impaired the ability of stress 

exposure to produce any subsequent changes. Meyer et al (2013) demonstrated that intermittent-

access 2-bottle choice (IA 2-BC) prior to stress exposure prevents any further effects of stress on 

alcohol intake. We had anticipated that CA 2-BC was unlikely to have the same blunting effect, 

as this procedure results in relatively low drinking levels while IA 2-BC produces greater, 

escalating amounts of drinking (Brancato et al., 2016; Simms et al., 2008; Wise, 1973). When we 

tested this possibility, we found no effects of stress in subjects that received identical treatment 

except for receiving no alcohol prior to stress (Fig 1-10).  

These results implied that a different aspect of the testing procedure was impairing the 

ability of stress to alter subsequent alcohol drinking. The second major methodological 
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difference between the procedures used here and that of Meyer et al (2013) was the extensive 

battery of behavioral tests employed between stress and alcohol exposure. One possibility was 

that the additional testing across multiple contexts and apparatuses acted as a form of 

environmental enrichment, which has been shown to attenuate the effects of stress (Francis et al., 

2002; Solinas et al., 2008). To address this possibility, we compared alcohol drinking in stressed 

and unstressed males that had received either a battery of behavioral tests or remained in their 

homecage. The results, while inconclusive, suggested that the additional testing may instead 

have functioned as an additional source of stress as subjects that received both stress and testing 

showed slightly elevated alcohol intake compared to the other groups (Fig 1-16).  

One conclusion that can be drawn from this pattern of results is that the relationship 

between stress exposure and alcohol drinking in rodents is complex and heavily influenced by 

the surrounding environmental factors. Indeed, the results of studies investigating the effects of 

stress during adulthood on alcohol drinking have generally been mixed. While our laboratory and 

others have found increased alcohol intake following footshock stress exposure (Anisman & 

Waller, 1974; Füllgrabe et al., 2007; Kinney & Schmidt, 1979; Meyer et al., 2013; Vengeliene et 

al., 2003) other studies report either no change (Chester et al., 2008; Choca et al., 1977; Fidler & 

LoLordo, 1996) or decreased alcohol drinking (Champagne & Kirouac, 1987; Darnaudéry et al., 

2007) following stress. It has been suggested that this variability may be due to an array of 

factors, such as variations in testing procedure including the nature and intensity of the stressor, 

the predictability of footshock or the time between stress and alcohol access, as well as the 

animals’ perceptions of the stressor and its ability to mount an effective coping mechanism 

(Becker et al., 2011). More work is therefore needed to elucidate the factors that govern the 

influence of stress on alcohol drinking.  
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The SEFL model as a tool for studying stress susceptibility 

 The second main goal of this dissertation was to demonstrate that the SEFL model could 

be used as a tool for studying stress susceptibility. While approximately one third of the 

population will experience trauma at some point during their lifetime, only 10-20% of these 

individuals will go on to develop PTSD and the factors that promote stress susceptibility are 

poorly understood (Brunello et al., 2001; Kessler et al., 2017; Kessler et al., 1995). Animal 

models that capture some of the behavioral symptoms of PTSD offer a powerful tool to study the 

mechanisms of this disorder, yet there has been little investigation of the individual differences 

that may promote stress susceptibility versus resilience within these models (Richter-Levin et al., 

2019; Shansky, 2015). Furthermore, much of the work that has explored stress susceptibility and 

resilience has been limited to males. For example, the social defeat stress model is one of the 

most commonly used for studying stress susceptibility versus resilience, yet because females do 

not show the same type of aggression this procedure can only be used in males (Berton et al., 

2006; Golden et al., 2011).  

As the SEFL model has been shown to reliably enhance fear learning in both male and 

female rodents, in Chapter 2 I explored whether the SEFL model could be used to investigate 

stress susceptibility and resilience. I demonstrated that a reduced-intensity version of the SEFL 

procedure (4 footshocks instead of the standard 10-15) allowed the emergence of distinct 

susceptible and resilient populations that differed on a constellation of behaviors relevant to 

PTSD symptomology (Fig 2-1).  

Establishing a susceptibility criterion 
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The first challenge was to establish a criterion for classifying subjects as susceptible or 

resilient. Many studies investigating stress susceptibility rely on post-hoc methods such as 

quantifying the behavioral outcome of interest in the data set under study (e.g. increased freezing 

or reduced social interaction) and defining the 20-30% of subjects at one extreme as susceptible 

and the 20-30% at the other extreme as resilient (Colucci et al., 2020; Covington et al., 2010; 

Jeong et al., 2020; Ritov et al., 2016). These methods of classification are limited as they are 

based just on the current sample and similar procedures are rarely applied to unstressed controls. 

In Chapter 2 we improved upon these methods by establishing an a priori criterion based on 

prior sampling of a large population of subjects showing a normal fear response.  

We were able to take advantage of our many studies utilizing the SEFL procedure to 

compile SEFL test performance from a large number of unstressed control subjects. Subjects in 

the present experiments that showed freezing that was more than two standard deviations above 

the means of these unstressed controls during the SEFL test (58%) were classified as 

“Susceptible” while all other subjects were classified as “Resilient”. A pronounced bimodal 

distribution was observed among subjects exposed to the 4-footshock stress, with 43% of 

subjects exceeding our classification criterion (Fig 2-1). These results confirmed that this 

modified version of the SEFL procedure is effective at revealing distinct susceptible and resilient 

groups and serves as a valuable tool for studying the biological and behavioral differences 

between these groups. While we had hypothesized that females would be more likely to be 

classified as Susceptible compared to males, we found no sex differences in the proportion of 

subjects classified as Susceptible (Fig 2-1; Fig 2-7). While these results are contrary to the 

increased rates of PTSD observed in women compared to men, they reinforce the findings of 

Chapter 1 that male and female rats generally do not differ in fear learning.   
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Susceptible subjects showed changes in fear learning, generalization and extinction 

While Susceptible subjects were classified based on their performance during the SEFL 

test, they also differed on other aspects of fear learning. In addition to showing enhanced fear 

learning to a novel aversive stimulus (Fig 2-6), Susceptible subjects showed increased fear 

generalization and impaired fear extinction compared to Resilient subjects (Fig 2-2). These 

results are of significance given that the inability to suppress fear and the overgeneralization of 

fear from the original trauma to safe situations play a key role in PTSD symptomology and 

weaken the effectiveness of treatments like exposure therapy (Craske et al., 2008; Hembree et 

al., 2003; Kaczkurkin et al., 2017; Milad, Pitman, et al., 2009). Given that these different aspects 

of fear learning are all assessed via freezing, it is possible that they are each tapping into some 

more holistic aspect of each individual animal, i.e. high-freezing animals versus low-freezing 

animals. However, the consistency of behavior across these different tasks is noteworthy, and it 

is conceivable that multiple aspects of PTSD may also manifest from a common source. 

Anxiety-related behaviors are influenced by stress susceptibility and sex  

Susceptible subjects also showed changes in anxiety-related behavior which followed the 

patterns of effects caused by stress exposure observed in Chapter 1. Susceptible groups showed 

increased anxiety following stress as indicated by reduced exploratory behavior during the open 

field test and light-dark transition test, although the effects of stress susceptibility were not 

different in males and females (Fig 2-3). However, stress susceptibility did manifest differently 

in males and females in their response to the appearance of an anxiogenic light stimulus during 

the open field test. Mirroring the pattern of results observed in Chapter 1, Resilient males and 
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both groups of females showed avoidance of Zone 1 following light onset but this response was 

blunted in Susceptible males (Fig 2-3).  

Stress susceptibility associated with increased alcohol drinking in males but not females 

Stress susceptibility differentially impacted alcohol drinking in males and females. 

Among subjects that had not received alcohol prior to stress, Susceptible males showed elevated 

alcohol drinking following stress exposure compared to Resilient males, while no differences 

were observed in females (Fig 2-4). This finding reflects the fact that rates of alcohol abuse are 

higher among men than women, as are the proportion of men with PTSD that go on to develop 

SUDs (Kessler et al., 1995). It has long been proposed that the comorbidity between PTSD and 

SUDs is driven at least in part by a desire to self-medicate with drugs to alleviate PTSD 

symptoms, and the anxiolytic properties of alcohol are well known (McFarlane, 1998; 

Strahlendorf & Strahlendorf, 1983). Given the elevated anxiety in Susceptible males, it is 

conceivable that the increased alcohol drinking in this group is motivated by a drive to alleviate 

this anxious state. 

Baseline anxiety predicts stress susceptibility in females but not males 

This modified SEFL procedure offers a powerful tool for probing how pre-existing risk 

factors may contribute to the development of PTSD-related behaviors, and how these factors 

may differ between sexes. Preexisting anxiety disorders, which are also more common in women 

than in men, have been shown to increase the risk for subsequent PTSD (Breslau et al., 1997; 

Kessler et al., 2005; McLean et al., 2011). In support of this, we found that pre-stress anxiety 

levels were predictive of future stress susceptibility in females, but not in males (Fig 2-5). 
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Increased activation of the hypothalamus-pituitary-adrenal (HPA) axis in females has been 

hypothesized to underlie the elevated rates of PTSD and anxiety disorders in women and 

contribute to stress susceptibility (Kudielka & Wüst, 2010; Rao & Androulakis, 2017). It is 

therefore plausible that increased baseline anxiety in Susceptible females was reflective of 

uniquely high levels of HPA axis activation in these subjects, and that anxiolytic drug treatment 

prior to stress exposure might reduce rates of stress susceptibility in females. 

The role of Ca2+-permeable AMPA receptors in SEFL 

Ca2+-permeable AMPA receptors as an alternative source of long-term potentiation 

The final objective of this dissertation was to investigate the biological mechanisms that 

support changes in fear learning following SEFL. We have hypothesized that the likely locus of 

change in both SEFL and PTSD is the basolateral amygdala (BLA), the central component of the 

fear learning network which during fear conditioning receives converging sensory information 

about the conditional stimulus (CS) and aversive unconditional stimulus (US) (Fendt & 

Fanselow, 1999). PTSD patients show elevated amygdala activity in response to negative stimuli 

(Brohawn et al., 2010; Rauch et al., 2000; Shin et al., 2006). SEFL also appears to involve 

changes in BLA function, as this procedure has been shown to increase glucocorticoid receptors 

within the BLA and inactivation of the BLA during stress exposure prevents SEFL (Perusini et 

al., 2016; Poulos et al., 2014). However, the precise changes within the BLA that support the 

long-lasting enhancement in fear learning have remained elusive. 

We tested the possibility that augmented synaptic plasticity within the BLA might support 

these changes. α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors 
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mediate fast excitatory transmission within the central nervous system and are typically 

composed of GluA1 and GluA2 subunits or GluA2 and GlA3 subunits (Lee et al., 2003; 

Malinow, 2003). Because the GluA2 subunit renders the ion channel impermeable to CA2+, the 

induction of long-term potentiation relies on Ca2+ entry through N-methyl-D-aspartate receptors 

(NMDARs). In previous studies, we demonstrated that stress exposure causes a long-lasting 

increase in GluA1 protein within the BLA, and that inhibition of corticosterone synthesis 

prevents both this elevation in GluA1 and the enhancement in fear learning (Perusini et al., 

2016). Given that increased GluA1 levels can lead to formation of CA2+-permeable AMPA 

receptors (CP-AMPARs) that support an NMDAR-independent form of LTP (Hollmann et al., 

1991; Wiltgen et al., 2010), we hypothesized that SEFL is supported by increased formation of 

CP-AMPARs within the BLA. 

Ca2+-permeable AMPA receptors may support SEFL in males but not females 

In Chapter 1, we investigated potential sex differences in the effects of stress exposure on 

both behaviors relevant to PTSD and on GluA1 levels within the BLA. Interestingly, while no 

differences in fear learning were observed between males and females (Fig 1-2; Fig 1-8), we 

found that stress differentially impacted GluA1 levels across sexes. Stress exposure altered 

GluA1 levels within the BLA of male rats, decreasing GluA1 levels in subjects that received 

alcohol prior to stress (Fig 1-6) and increasing GluA1 levels in subjects that had not received 

alcohol prior to stress (Fig 1-11). The decrease in GluA1 was unexpected given that we have 

previously seen increased GluA1 following stress in males (Perusini et al., 2016), but could 

potentially be caused by the extensive battery of behavioral testing and alcohol access these 

subjects received following stress exposure, as both of these can impact GluA1 phosphorylation 
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and trafficking. In contrast, no effects of stress exposure on GluA1 levels in females were 

observed in either experiment (Fig 1-6; Fig 1-11) suggesting that stress-induced changes in 

GluA1 levels may be unique to males.  

In Chapter 3, we found further evidence that that CP-AMPARs support enhanced fear 

learning in males but not females. In floxed GluA2 mice, we observed no sex differences in 

performance during the SEFL procedure with both male and female mice showing robust 

enhancements in fear learning (Fig 3-3) and increased anxiety during the open field test (Fig 3-

4). Mirroring the effects observed in Chapter 1, these results indicated that stress produced 

similar changes in fear and anxiety-related behaviors in male and female mice.  

Neither GluA1 overexpression nor GluA2 deletion alone was sufficient to enhance fear 

learning in the absence of any other stress exposure in either males or females (Fig 3-1; Fig 3-5), 

indicating that the formation of CP-AMPARs alone may be insufficient to enhance fear learning. 

However, when subjects received a second footshock in a novel context, GluA2 deletion 

enhanced freezing to the novel context in males but not females (Fig 3-6). Similarly, GluA2 

deletion caused elevated anxiety on the open field test in males but not females (Fig 3-7). These 

findings indicate that increases in CP-AMPAR formation combined with prior mild stress 

exposure may enhance stress susceptibility in males, while the enhanced fear learning in females 

may be supported by a different mechanism.  

Potential mechanisms that support enhanced fear learning following stress in females 

Interactions between gonadal hormones and the HPA axis  
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These findings lead to an important question: what are the mechanisms that mediate 

stress susceptibility in females? One potential explanation lies in the interaction between the 

HPA axis and gonadal hormones. We demonstrated that baseline anxiety levels are uniquely 

predictive of future stress susceptibility in female rats but not in males (Fig 2-5). This suggests 

that among females, individual variability in HPA axis activity may play an important role in 

mediating stress susceptibility. Compared to males, female rodents show increased activation of 

the HPA axis under basal conditions and following stress exposure as indicated by increased 

levels of corticotropin releasing factor (CRF), adrenocorticotropin hormone (ACTH) and 

corticosterone (Babb et al., 2013; Bangasser et al., 2010; Handa et al., 1994; Heck & Handa, 

2019; Leśniewska, Miśkowiak, et al., 1990; Leśniewska, Nowak, et al., 1990; Viau et al., 2005). 

Binding of glucocorticoids in the hypothalamus and hippocampus play an important role in the 

termination of the stress response, and females have fewer glucocorticoid receptors in these 

regions suggesting reduced negative feedback of the HPA axis (MacLusky et al., 1996; Turner & 

Weaver, 1985). This increased HPA axis reactivity has been proposed to contribute to the 

increased rates of PTSD among women (Kudielka & Wüst, 2010; Rao & Androulakis, 2017).  

These differences in HPA axis activity are thought to be driven by gonadal hormones, 

which are primarily estrogens such as estradiol in females and androgens such as testosterone in 

males, although both are present in both sexes (Heck & Handa, 2019). In addition to playing an 

important role in development, gonadal hormones can also mediate HPA axis activity in 

adulthood. Estradiol levels fluctuate across the 4-day estrous cycle in female rodents, peaking 

during proestrus and rapidly declining during estrus. During proestrus when estradiol levels are 

high, female rodents show increased basal and stress-induced release of ACTH and 

corticosterone compared to estrus and diestrus phases when estradiol levels are low (Carey et al., 
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1995; Viau & Meaney, 1991). Similar effects have been seen in ovariectomized females, with 

estradiol treatment producing a similar sensitization of HPA axis activity (Carey et al., 1995; 

Herman et al., 2016). Estrogen receptors are expressed throughout key parts of the central 

nervous system that mediate HPA axis activity, including the paraventricular nucleus (PVN) of 

the hypothalamus and hippocampus where binding of estradiol may reduce the negative feedback 

of the HPA axis by glucocorticoids (Handa et al., 1994; Weiser & Handa, 2009). Thus, it has 

been suggested that increased estrogen levels in females lead to sensitization of the HPA axis, 

enhancing stress susceptibility.     

Effects of estrogens on fear and anxiety 

Paradoxically, while estradiol is associated with greater HPA axis activity it is also 

associated with reduced anxiety-like behavior (Luine et al., 2017). Estradiol has been shown to 

have anxiolytic effects on the open field test and elevated plus maze (Filova et al., 2015; Walf et 

al., 2008; Walf & Frye, 2007, 2010) and female rats tested at different stages of the estrous cycle 

show reduced anxiety-like behavior when estradiol levels are high compared when estradiol 

levels are low (Marcondes et al., 2001; Mora et al., 1996; Sayin et al., 2014; Walf & Frye, 2007).  

There is also evidence that low estrogen levels impair fear extinction. Female rats that 

underwent fear extinction during metestrus when estradiol levels are low showed impaired fear 

extinction recall compared to females extinguished during proestrus (Milad, Igoe, et al., 2009; 

Rey et al., 2014) and estrogen administration has been shown to enhance fear extinction (Zeidan 

et al., 2011). Similar results have been seen in humans, where women undergoing fear extinction 

during the high-estrogen phase of the menstrual cycle show enhanced fear extinction (Milad et 

al., 2010). This suggests that low estrogen levels in women may be a risk factor for developing 
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conditions like PTSD. In support of this possibility, low estrogen levels are associated with 

impaired fear extinction among women with PTSD (Glover et al., 2012) and suppression of 

estrogen levels through hormonal contraceptives has been shown to impair fear extinction 

(Graham & Milad, 2013). While the explanation for these contradictory results is unclear, they 

nevertheless suggest that interactions between gonadal hormones and the HPA axis may play an 

important role in mediating stress susceptibility in females. 

It is notable that in the literature, the effects of fear learning appear mixed on the surface 

but differences emerge when controlling for estrous cycle (Maeng & Milad, 2015). In the present 

studies of sex differences, we did not monitor estrus cycle because this would require additional 

handling of the female rats for collection of cytology samples which cannot be controlled for in 

male subjects (Hubscher et al., 2005). However, it is possible that in females the stage of the 

estrus cycle during stress exposure played an important role in stress susceptibility, especially 

given that the stress exposure occurred only a single day after baseline anxiety was assessed. It is 

important to note that while estrous cycle may be an important mediator of stress reactivity in 

females, there are likely other factors that play a similar role in males. If estrus cycle were 

causing females to effectively fluctuate around the means of the males, we would expect to see 

more variability in females compared to males but this not been observed either in the present 

studies or in previous work (Poulos et al., 2015).  

Conclusions 

 In conclusion, the findings of this dissertation indicate important sex differences in the 

mechanisms that underlie behavioral changes following stress exposure. Epidemiological data 

indicates that gender is an important mediator of stress susceptibility, as PTSD is more common 
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among women while SUDs are more prevalent among men. In these studies, we found that the 

15-footshock stress typically used in rat SEFL experiments generally produced similar changes 

in fear and anxiety behavior in male and female rats. Using a reduced-intensity stressor, we 

demonstrated that stress susceptibility manifests differently in male and female rats, with 

susceptible males showing increased alcohol drinking and susceptible females showing increased 

baseline anxiety. Lastly, we provided evidence that the similar enhancements in fear learning 

observed in males and females following stress exposure are supported by different neural 

mechanisms, with CP-AMPARs supporting enhanced fear learning in males but not females. 

Collectively, these findings highlight the importance of understanding how sex differences may 

contribute to stress reactivity and subsequent psychopathology. 
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