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ABSTRACT 

 

ABIGAIL BAIRD 

 

INVESTIGATING THE ROLE OF PREMORBID CHRONIC STRESS IN TBI RECOVERY IN 

MICE: A PILOT STUDY 

 

AUGUST 2023 

 

Traumatic brain injury (TBI) is a prominent cause of premature death, disability, and financial 

burden worldwide. Prolonged exposure to stress serves as a precursor to several mental health 

conditions that are known to complicate the process of recovery from TBI. Animal models offer 

unique utility to the study of this intersection of affective disorders and TBI. Thus, the purpose of 

this study was to ascertain the significance of premorbid stress exposure as a risk factor for 

functional and psychological deficits following TBI in mice. A Chronic Unpredictable Mild Stress 

protocol was employed to induce stress, then both the stressed and non-stressed mice were 

then randomly assigned to receive either an impact or sham surgery procedure. All mice were 

assessed for signs of functional recovery and underwent comprehensive behavior testing. 

Findings from this study indicated that exposure to stress contributed to variable behavior 

responses in both the acute (2 weeks) and post-acute (1 month) stages of TBI recovery. 

Further, differences in anxiety and depression-like behaviors were more pronounced among 

mice that sustained a moderate TBI, compared to a mild injury. Future research should continue 

to refine both the procedure for inducing concussion and mild TBI in mice, as well as the 

procedures for assessing the nuanced functional and behavioral recovery in this population to 

better understand vulnerability factors that contribute to prolonged recovery.  
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CHAPTER I 

INTRODUCTION 

Traumatic brain injury (TBI) occurs when a sudden external or accelerating force causes 

disruption in normal brain function (Maas et al., 2017). The severity and duration of subsequent 

impairment depends on the impact on the skull and underlying tissue, as well as the focalized or 

global location of injury and presenting neurological symptoms (Belanger et al., 2017). While 

many individuals who suffer TBIs experience a full recovery, some experience persistent 

neurological, cognitive, and emotional symptoms, and varying degrees of associated functional 

impairment (Roebuck-Spencer & Sherer, 2017). Several pre-morbid mechanisms have been 

studied for their contribution to poor recovery outcomes, including comorbid psychiatric and 

physical illness, pain, substance use, poor sleep, and stress (Belanger et al., 2017). This 

research aimed to elucidate the role of pre-injury stress, depression, and anxiety in TBI recovery 

using an animal model.  

Background  

TBIs represent a significant source of global disability and burden for individuals across 

the life span (Dewan et al., 2018; Nguyen et al., 2016). Causal mechanisms of head injury are 

vast, with the most common sources including transportation-related events, sports, and military 

combat (Belanger et al., 2017). Due to the unpredictable and often unpreventable nature of 

many TBI events, pathology and treatment remain the focus of research. Animal models provide 

significant utility in understanding TBI in humans. Various methods of injury have been 

developed and validated in mice to observe TBI pathology and outcomes in a safe and cost-

efficient manner (Ma et al., 2019). Additionally, animal models of TBI are particularly 

advantageous in their capacity to control for and observe pre-injury factors, which are otherwise 

studied through self-report in clinical populations. Questions regarding the contribution of pre-

existing conditions in TBI, therefore, may be addressed using animal models.  



2 

 

 

Research Problem 

Recent research indicates that any cognitive, functional, and behavioral deficits as a result 

of TBI are expected to resolve through rehabilitation and spontaneously, apart from some 

severe, focal injuries (Belanger et al., 2017). However, a prolonged recovery sequence marked 

by general malaise, neurological complaints, and psychiatric distress, previously referred to as 

postconcussive syndrome (PCS), has been uniquely observed among individuals sustaining 

concussion, mild TBI, and some moderate injuries (American Psychiatric Association [APA], 

2013; Carroll et al., 2014; McMahon et al., 2014). The heterogeneity of this prolonged recovery 

trajectory suggests that some individuals may possess a predisposed vulnerability to poor TBI 

outcomes.  

Aims and Objectives 

The purpose of this study was to examine the role of chronic, unpredictable stress in 

functional and behavioral recovery from TBI in mice. A chronic unpredictable mild stress 

(CUMS; Katz & Wykes, 1985) protocol was employed to induce stress in the experimental 

group. Stress-exposed and control mice were then randomly assigned to receive either an 

impact or sham surgery procedure. A measure of functional recovery and tests of behavior were 

used to investigate the overall impact of pre-injury stress on TBI outcomes. We hypothesized 

that mice exposed to stress and impact surgery would demonstrate poorer recovery on 

standardized functional and behavioral measures.  

Significance  

A more thorough understanding of the role of chronic stress in TBI outcomes has the 

potential to provide valuable insight into areas of intervention in rehabilitation. Importantly, 

individuals who are young or of advanced age, victims of assault, possess low socioeconomic 

status, and veterans are among the most vulnerable to both TBI and affective disorders, and 

thus have the most to gain from advancements in recovery research (Belanger et al., 2017). 
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The use of animal models allows for further exploration of the relationship between stress and 

TBI while protecting vulnerable populations. The CUMS model in particular has been 

established as an effective tool with translational utility to human models of anhedonia and 

apathy and has the potential to demonstrate the significance of chronic emotional distress in the 

recovery process (Antoniuk et al., 2019). Findings from this study may contribute to 

understanding the pathophysiology of TBI and the effects of stress, as well as identifying 

effective treatments for those who suffer from TBIs.  

Limitations of Animal Models 

Despite the advantages, animal models also possess shortcomings. Psychiatric conditions 

in humans are highly complex, and often manifest in a wide range of clinical presentations. It is 

because of this complexity that animal models will undoubtedly fall short of fully capturing the 

human experience (Planchez et al., 2019). Similarly, heterogeneity of outcomes following TBI is 

common in both human and animal models (Belanger et al., 2017; Fehily et al., 2019). As such, 

this study aimed to focus on specific, reproducible symptoms of anhedonia shared among 

several psychiatric disorders and pursue uniformity in impact administration in hopes of 

minimizing investigator-induced variability. 
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CHAPTER II 

LITERATURE REVIEW 

Introduction 

The increasing incidence of TBI produces significant and cumulative economic and 

social cost (Jassam et al., 2017; Maas et al., 2017). Certain environmental factors, such as 

stress, may indirectly exacerbate the impact of these injuries (Belanger et al., 2017). In order to 

treat and rehabilitate individuals who sustain TBIs, a thorough understanding of pre-injury risk 

factors and vulnerabilities is needed. The purpose of this study was to explore the relationship 

between premorbid exposure to stress and TBI recovery outcomes. First, current relevant 

literature related to TBI is reviewed, including a discussion of the prevalence, classification, 

treatments, and areas of future research. Next, literature related to chronic stress in humans 

and animals is discussed, focusing on the role of stress in TBI, as well as methods for inducing 

stress using animal models. The literature review concludes with a rationale for the proposed 

investigation.  

Translational Utility of Animal Models  

The following investigation utilized an animal model with the aim of understanding the 

relationship between stress and traumatic brain injury in humans. As such, a review of relevant 

literature related to the human experience of stress-induced psychopathology and TBI is 

covered in this section. The existing gaps in the literature concerning the human experiences of 

both stress and TBI serve as rationale for present and future exploration of this relationship in 

animal models. Further, animal models provide robust utility in the study of mechanisms, 

impairment, and rehabilitation of TBIs, as well as in the process of validating methods of clinical 

treatment prior to use in humans (Malkesman et al., 2013).  

The present study involved comparison of controls and a stress-induced phenotype in 

response to a single impact injury. The chosen method of stress-exposure was designed to 

produce behavioral manifestations of anhedonia, or anxiety, which are observable using several 
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established, face-valid behavior tests (Belzung & Lemoine, 2011; Katz & Baldrighi, 1982). 

These symptoms are prominent among diagnostic criteria for several mental health syndromes 

and disorders and provide this study with translational significance (Kotov et al., 2017, Latzman 

et al., 2020; Perkins et al., 2020). Additionally, because human and animal models of stress 

involve similar physiological and biological processes, animal models of stress possess 

mechanistic validity in their ability to consistently demonstrate the effects of a stress condition 

(Antoniuk et al., 2019). Additionally, the stress-induction method utilized in this study maintains 

predictive validity, as the protocol consistently reproduces similar responses using different 

animal models (Belzung & Lemoine, 2011). Thus, the proposed model of observing stress-

induced changes in TBI recovery in mice offers a unique contribution to TBI research in 

humans. 

Traumatic Brain Injury 

TBI is a prominent cause of premature death, disability, and financial burden worldwide 

(Dewan et al., 2018). The heterogeneous nature of injury pathology and clinical presentation 

creates challenges for establishing best practices in identification, diagnosis, and treatment. 

Review of the current literature related to TBI reveals significant gaps involving pre-injury risk 

and protective factors that may impact treatment success.  

Defining the Problem  

TBI involves a disruption in brain function or pathology due to insult or force (Maas et al., 

2017). Injuries are classified by type (i.e., penetrating or closed-head injury), length of alteration 

in consciousness, presence of pre- or post-traumatic amnesia, findings on imaging, and 

functional impairment (Belanger et al., 2017).  

Prevalence and Cost  

The global incidence rate of TBI is estimated at 69 million occurrences annually (Dewan 

et al., 2018). TBIs incur an estimated annual cost of $400 billion and represent a substantial 
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burden for families and health care systems globally (Jassam et al., 2017; Maas et al., 2017). In 

the United States alone, TBI-related events lead to approximately 56,000 deaths annually, with 

the highest rates of injury occurring among individuals over the age of 75 and under the age of 

24 (Taylor et al., 2017). Estimates of the cost of comprehensive medical services associated 

with a single TBI in the U.S. range from $9,000 to $103,667 (Dismuke et al., 2015). Thus, 

further understanding of the variation in TBI recovery trajectories may reduce the financial 

burden associated with TBI among individuals and healthcare systems.  

Severity Classification  

TBI severity is determined at the time of injury by evaluation of the following factors: 

alterations of consciousness (AOC) or loss of consciousness (LOC) measured by the Glasgow 

Coma Scale (GCS; Teasdale & Jennett, 1974), presence and severity of post-traumatic 

amnesia (PTA), presence of skull fracture, or evidence of intracranial lesion on neurological 

examination or neuroimaging (Belanger et al., 2017; Roebuck-Spencer & Sherer, 2017). 

Changes in consciousness are often assessed by neurological exam and may be quantified by 

the amount of time it takes for an individual to become responsive to the point of following 

simple commands (Roebuck-Spencer & Sherer, 2017). The GCS is a standardized instrument 

for classifying responsiveness in the first 24 hours following a TBI that can provide useful 

predictions related to recovery outcomes (Teasdale & Jennett, 1974). The GCS has a score 

range of 0 to 15, with 15 representing the mildest changes in consciousness. A score between 3 

and 5 on the GCS indicates a severe TBI, while a score between 9 and 12 classifies a moderate 

TBI (Roebuck-Spencer & Sherer, 2017). Individuals who score between 13 and 15 on the GCS 

are diagnosed with a mild TBI. Individuals may experience PTA, which involves memory loss 

due to an acute period of confusion or disorientation following a TBI wherein new memories 

cannot be formed (Roebuck-Spencer & Sherer, 2017). The length of PTA is another indicator of 
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injury severity and may last between 1 and 7 days in severe TBI (Roebuck-Spencer & Sherer, 

2017).   

The mechanism and location of injury can also contribute to TBI severity classification. 

Contact injuries, wherein the head is struck by a force, or the brain otherwise comes into contact 

with the skull, may cause scalp lacerations, skull fractures, contusions, and hematomas 

(Roebuck-Spencer & Sherer, 2017). Acceleration/deceleration injuries incurred from abrupt and 

forceful movement often contribute to more global strain on the brain and cause vascular injury 

or tearing, hematomas, and diffuse axonal injury (Roebuck-Spencer & Sherer, 2017). Some 

injuries may be classified as focal, or contained to a particular region of the brain, while others 

may demonstrate a more diffuse pattern through downstream neuropathological processes such 

as swelling, hypoxia, pressure, and infection (Roebuck-Spencer & Sherer, 2017).  

Although not fully understood, additional research suggests that TBI may provoke an 

underlying neurometabolic cascade wherein neuronal membrane regulators require increased 

metabolic fuel in the form of adenosine triphosphate (ATP), which subsequently increases 

glucose metabolism, decreases blood flow, and ultimately creates an energy crisis that renders 

the brain vulnerable to further injury or lasting symptoms (Giza & Hovda, 2001). Evidence of this 

pathophysiological response to injury can be seen in neuroimaging scans post-injury but may 

manifest in a wide array of clinical symptoms across injury type and severity (McCrea, 2008). 

This study sought to understand the role of environmental factors in combination with underlying 

pathophysiological recovery processes in mild and moderate head injuries.  

Moderate and Severe TBI  

Moderate and severe TBIs were estimated to compose approximately 15% of military 

service related TBIs in 2020 and between 10-30% of all TBIs in the United States annually 

(Belanger et al., 2017; U.S. Department of Defense, 2016). Classification of moderate TBI 

requires a GCS score between 9 and 12, 1 to 24 hours of PTA, and the individual must be able 
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to follow basic commands within 6 hours of the injury (Roebuck-Spencer & Sherer, 2017). The 

most common pathologies of moderate and severe head injuries involve intracranial tissue 

damage, either from skull penetration or secondary injury processes. Diffuse axonal injury (DAI) 

is the most severe form of TBI and involves a pattern of axon shearing, tissue tearing, and 

hemorrhage throughout the brain. The trajectory of recovery for individuals who experience the 

more severe forms of TBI often includes a period of coma or a vegetative state, followed by 

progress through a minimally conscious state and posttraumatic confusion before regaining full 

consciousness. Previous data indicate that people with severe TBIs may continue to recover, 

through rehabilitation and spontaneously, for up to 2 years (Roebuck-Spencer & Sherer, 2017). 

Persisting cognitive, motor, and psychological impairments may occur dependent on the primary 

location, severity, and mechanism of injury.  

Mild TBI and Concussion  

Mild TBI represents approximately 70-90% of all TBIs that occur in the United States 

annually, or nearly 1.36 million (Belanger et al., 2017). Mild TBI is often used synonymously with 

the term concussion in the literature; however, a concussion may also refer to an injury 

considered less serious than a mild TBI. Additionally, when an individual presents to a medical 

facility with a vague report of head injury or no one witnessed the event, the injury may be 

referred to as a possible mild TBI (Belanger et al., 2017). Diagnosis of a mild TBI is predicated 

on a GCS score above 13, LOC or AOC lasting 30 minutes or less, or a period of PTA that does 

not exceed 24 hours post-injury (American Congress of Rehabilitation Medicine, 1993). A mild 

TBI can be further classified as a complicated mild TBI when an individual satisfies the criteria 

for a mild TBI, but also demonstrates positive signs on a neurological exam or abnormal 

findings on neuroimaging. An estimated 80-99% of people who sustain mild TBIs are expected 

to progress to a full recovery within a few days, with a small number of injuries that require up to 

a year to recover (Belanger et al., 2017; Pundlik et al., 2020). Physical injuries that accompany 
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a TBI, as well as pre-injury chronic pain, sleep disorders, mood disorders, substance use 

disorders, and overall poor health status may complicate or prolong an individuals’ return to 

baseline function (Belanger et al., 2017). As mild forms of TBI are the most prominent and most 

often linked to prolonged symptoms, this study utilized an animal model of TBI that is generally 

consistent with mild, complicated mild, or moderate injuries.   

Populations of Interest  

Leading causes of TBI in the United States include falls, transportation-related 

accidents, assault, and other blows to the head by or against various objects (McCrea, 2008). 

Individuals who are of young or advanced age, male gender, black and indigenous person of 

color (BIPOC) identity, low socioeconomic status, or have a history of substance use disorders 

are more vulnerable to experiencing TBIs (Belanger et al., 2017). Research on the topic of mild 

TBI specifically has focused on injuries in sport and military contexts.  

Sport-related head injuries are most often referred to as concussions but share clinical 

presentation characteristics with mild TBI. Many athletes depend on their ability to return to play 

in order to pay for their education or earn a living and may therefore be less motivated to 

address a suspected injury with coaches and trainers (Belanger et al., 2017). Due to the high 

rates of under-reporting in athlete populations, the published annual incidence rate, between 

1.6-3.8 million, is likely an underestimate (Belanger et al., 2017; King et al., 2014). American 

football, ice hockey, and soccer players are at the highest risk for concussion. Progress in the 

research related to TBI and risk factors is needed to better advocate for athletes involved in 

ongoing and future litigation for sport concussion. 

Literature documenting the incidence of concussion and mild TBI in military populations 

is vast, earning classification as the “signature injury” among veterans (Belanger et al., 2017). 

Progress in medicine and protective equipment have contributed to fewer fatal TBIs and an 

increasing number of veterans living with head injuries sustained during combat (Boyle et al., 
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2014). A significant majority of mild TBIs acquired among members of the Army are due to blast 

exposure, which can be further classified by blast severity. While mild TBIs sustained by 

civilians are expected to recover fully in a short time with minimal persisting symptoms, similar 

injuries experienced by veterans may be complicated by environmental factors and exposure to 

forms of trauma that are unique to deployment (Carroll et al., 2004). A more thorough 

understanding of the interplay between emotional and physical trauma is needed to provide the 

highest standard of care to this uniquely vulnerable population of individuals.  

Factors Involved in Recovery and Treatment  

Interdisciplinary collaboration in treatment is common in TBI rehabilitation, and most often 

includes physicians, physical therapists, occupational therapists, speech therapists, and 

psychologists. The main goals in the acute stages of recovery are achieving medical stability 

and treating co-occurring physical injuries. Inpatient and outpatient rehabilitation services may 

follow medical stability and include therapies administered in a graded manner according to 

injury severity and individual patient needs (Pundlik et al., 2020).  

Physical Recovery  

Many events that result in head injury, such as motor vehicle accidents and assault, also 

pose a risk for other forms of physical injury. While injuries associated with TBI-causing events 

have not been extensively studied, severe comorbid physical injuries are associated with poorer 

outcomes and higher rates of disability (Carroll et al., 2004; Dunn et al., 2000). Additionally, 

comorbid pain is a significant predictor of persisting cognitive complaints and PCS symptoms 

among individuals with concussion and mild TBI (Belanger et al., 2017).  

Apart from the diagnostic indicators described, several other acute symptoms may follow 

injury and resolve proportionally to TBI severity. These symptoms include seizures, slurred 

speech, poor coordination, lethargy, vomiting, headache, dizziness, irritability or uncharacteristic 

emotionality, light sensitivity, tinnitus, and changes in concentration (McCrea, 2008). 
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Cognitive Recovery  

Cognitive deficits, particularly in attention, memory recall, executive functioning, and 

processing speed, are expected within the first few days following TBI (Carroll et al., 2004; 

Roebuck-Spencer & Sherer, 2017). Neuropsychological test performance generally indicates a 

full recovery of cognitive function between 3- and 12-months post-injury, with rare and more 

severe TBI cases requiring up to 24 months. Various focal injuries may cause persisting 

impairments in isolated functional areas such as vision perception or language. There is also 

literature to suggest that a history of moderate to severe TBI increases vulnerability for 

developing various dementias later in life (Roebuck-Spencer & Sherer, 2017). Multiple 

mechanisms have been proposed to explain the relationship between TBI and dementia, largely 

related to long-term effects of the neurometabolic cascade and the impact of injury on cognitive 

reserve (McCrea, 2008; Stern, 2009).  

Psychological Recovery  

An abundance of empirical support suggests that TBI is a risk factor for development of 

several psychiatric disorders (Belanger et al., 2017). Depressive disorders are the most 

common psychiatric comorbidity with TBI, particularly among those who sustain mild injuries. 

Individuals with pre-existing depressive symptoms prior to injury demonstrate poorer outcomes 

on measures of functional recovery and general mental health (Kumar et al., 2014). Prominent 

depressive symptoms in this population include somatic symptoms and stress, which may 

exacerbate post-injury anxiety and prolong recovery (Bay & Covassin, 2012; Belanger et al., 

2017). Further, co-occurring hormonal and inflammatory responses complicate the task of 

differentiating physical from emotional consequences of trauma (Shulman, 2020). Thus, animal 

models of TBI provide unique utility in research because objective measures of recovery are 

less impacted by this parallel physical and psychological experience of trauma.  
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Gaps in the Literature  

Recent media attention on TBIs has contributed to widespread misinformation about the 

expected course of recovery. More specifically, misconceptions about the expected course of 

concussion and mild TBI pose a unique risk affecting individuals, families, and communities. 

Individuals sustaining mild injuries showed a significant increase in PCS symptoms over time in 

a 3–12-month period (McMahon et al., 2014). Previous studies have addressed iatrogenic 

effects of TBI diagnosis: the observable changes in cognition, emotion, and behavior, which 

cannot be attributed to the injury itself, preceded by medical attention or diagnosis. Recent 

findings indicate that the specific terminology used to characterize the injury, such as using the 

label of concussion rather than mild TBI, can contribute to dramatically different recovery 

outcomes (Belanger et al., 2017). The impact of this slight change in language is consistent with 

additional research supporting a strong relationship between measured outcomes and patient 

beliefs about head injuries, self-concept, outcome expectations, and perceived injustice related 

to injury (Iverson et al., 2018; McMahon et al., 2014; Snell et al., 2013). Attribution errors may 

partially explain this relationship, as individuals may associate mild and common physiological 

symptoms, such as headaches or fatigue, to a previous head injury rather than to benign 

causes (Belanger et al., 2017). Taken together, the factors that may contribute to individual 

vulnerability to prolonged recovery following TBI have yet to be fully understood. This study 

aimed to provide supporting evidence to the literature that points to behavioral and emotional 

factors as a primary contributor to prolonged recovery from most mild and moderate TBIs. 

Chronic Stress 

Premorbid stress exposure is one area of particular interest in investigations of individual 

vulnerability to prolonged TBI recovery. The experience of chronic stress provokes similar 

neuropathological consequences to that of head injuries and may therefore represent a 

substantial risk factor for complications.  
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Defining the Problem  

Stress can be generally conceptualized as a physiological and behavioral response to 

an environmental threat (McEwan et al., 2012). An acute stressor, such as detection of life-

threatening danger, causes activation of the hypothalamic-pituitary-adrenal axis (HPA) and 

subsequent release of the primary stress hormone, cortisol (Campbell & Ehlert, 2012). Release 

of cortisol has downstream effects on the skeletomuscular system, preparing for “flight” via lung 

constriction, increased heart rate, muscle contraction, and increased cognitive vigilance 

(Campbell & Ehlert, 2012). This adaptive response to the environment and restoration of 

homeostasis is referred to as allostasis (McEwen, 2006). The immediacy of the body’s 

physiological response, which is seen in humans and animals, serves as a protective factor in 

adaptation (Sapolsky et al., 2000). However, forms of emotional trauma, abuse, significant life 

events, and other non-life-threatening circumstances in the environment can trigger the same 

physiological stress response (McEwen, 2006).  

Over time, recurrent events that are perceived as threatening may contribute to more 

chronic forms of stress and may lead to over-activation and inflammation of peripheral systems 

that maintain allostasis (McEwen, 2006). Chronic stress has been implicated in several 

debilitating illnesses such as depressive disorders, cancers, cardiovascular disease, and 

Alzheimer’s disease (Pavlides et al., 2002). Prolonged excitation of the stress response induces 

physiological and subsequent behavior changes such as sleep disturbance, appetite changes, 

reductions in physical activity, and substance use (McEwen, 2006). These symptoms trigger a 

behavioral cascade that increases and maintains overall negative affect and serves as a 

precursor to anxiety and depression (Watson & Clark, 1984).  

Prevalence, Cost, and Populations of Interest  

A survey of stress-related symptoms published in 2017 indicated that over 70% of 

people in the U.S. experience physical or psychological symptoms of stress, including fatigue, 
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headaches, GI distress, tension, irritability/anger, nervousness, and tearfulness. Estimates of 

the annual cost of stress-related health care and productivity in the U.S. approached nearly 

$300 billion in 2014 (American Psychological Association, 2017). Despite increasing levels of 

stress, about half of Americans surveyed reported using strategies for stress management, 

which included both healthy coping skills, such as exercise or meditation, as well as unhealthy 

coping skills, such as smoking (American Psychological Association, 2017). Reduced ability to 

cope with chronic stress contributes to rising levels of depression and anxiety disorders (Watson 

& Clark, 1984).  

In 2015, global estimates of the number of individuals living with a depressive disorder 

was over 300 million, serving as the largest source of disability around the world (World Health 

Organization, 2017). Depression is a cause of premature mortality due to suicide as well as its 

direct and indirect contribution to various comorbid illnesses (Üstün et al., 2004). The World 

Health Organization (2017) estimates the number of people with anxiety disorders to be close to 

264 million worldwide. Anxiety disorders may present differently across cultures, but often 

involve a recurrent course with associated impairment in education, role, income, and 

relationships (Baxter et al., 2013; Baxter et al., 2014; World Health Organization, 2017).  

Individuals in highly developed countries may be more vulnerable to anxiety and 

depressive disorders; however, attempts to compare incidence rates of anxiety and depression 

across cultures have been complicated by variation in symptom manifestation and diagnostic 

tools. In the United States, increased vulnerability for mental health-related disability and 

utilization of welfare services is most prominent among individuals who experience heightened 

distress and disparities in access to resources due to various and intersecting marginalized 

identities. Some of these contributing identity factors include sexual orientation and gender 

identity (Cambron et al., 2014; Cochran et al., 2003), race and ethnicity (Neighbors et al., 2007; 

Randle, 2021; Riolo et al., 2005), and socioeconomic status (Bassuk et al., 1998; Baum et al., 
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1999; Reiss, 2013). As such, understanding more about chronic stress, particularly that related 

to the experience of discrimination, can provide insight into preventative treatment and recovery 

from stress-induced psychiatric conditions among vulnerable populations.  

Stress and TBI  

The potentially detrimental effects of stress are particularly salient in recovery from TBI. 

As previously mentioned, many individuals report post-concussive symptoms and deficits long 

after the expected recovery trajectory (Kennedy et al., 2007). Comorbid stress, anxiety, and 

depressive disorders are a commonly studied mechanism for this prolonged period of deficit 

(Iverson, 2005). Studies of the relationship between chronic stress and TBI have shown higher 

levels of perceived stress and hypocortisolemia among individuals with poor psychological 

outcomes following mild-moderate TBI (Bay et al., 2009). Evidence suggests that greater pre- 

and post-injury psychological stress may account for functional impairment following mild TBI 

(Bay & Liberzon, 2009). Individuals presenting with persistent impairment beyond expected 

trajectories, previously diagnosed as PCS, often report vague cognitive, neurological, and 

emotional complaints. This impairment profile may progress to continued decline from baseline, 

under- and unemployment, and rumination on the injury as a part of one’s identity (Bay & 

Liberzon, 2009; Belanger et al., 2017). Recent research has also examined the phenomenon of 

cogniphobia following mild TBI, which is conceptualized as a stress-related avoidance response 

to cognitively stimulating activity (Silverberg et al., 2017). Cogniphobia may be a product of 

conditioning during acute TBI recovery phases, when individuals may see a drastic change in 

function and develop an aversion to activities that may further expose areas of weakness 

(Silverberg et al., 2017). Such self-imposed limitations of ability may contribute to overall 

disability following TBI. The degree of stress, both before and after injury undoubtedly plays a 

role in the recovery process.  
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Chronic Unpredictable Mild Stress Model (Katz & Wykes, 1985) 

While animal models necessarily fall short of providing robust generalizable data to 

human populations regarding complex psychological syndromes, they provide invaluable utility 

in exploring the mechanisms of behavioral sequelae and specific symptoms. CUMS (Katz & 

Baldrighi, 1982) is one of the most widely used methodologies for understanding how the effects 

of stress contribute to many mental health disorders. 

Background and Theoretical Framework  

The stress-diathesis hypothesis of depression suggests that, in addition to genetic 

predisposition, recurrent exposure to traumatic experiences helps to determine an individuals’ 

vulnerability to developing an affective disorder (Willner, 2017). Early versions of the CUMS 

protocol were developed using the stress-diathesis hypothesis and sought to recreate a chronic 

stress phenotype in rats and mice by administering a series of mild stress conditions over 

several weeks. Examples of such stress conditions included disturbance of the animals’ food 

and water schedule, introduction of unpleasant sounds or cage conditions, and exposure to the 

scent of a socially threatening animal (Antoniuk et al., 2019). Stressors are administered in an 

unstructured and variable manner to prevent the animal from adaptation or learning to predict 

incoming stimuli.  

The CUMS method offers a relevant proxy for the continuous pattern of distress and 

diminished stress management often endorsed by individuals who are diagnosed with affective 

disorders (Antoniuk et al., 2019; Nollet et al., 2013). The CUMS model has also been proven 

effective to induce comparable changes in atrophy of the cortex and limbic region, hippocampal 

neurogenesis, serotonin, noradrenergic activation, inflammation, gliosis, and HPA axis activity to 

clinical manifestations of major depressive disorder (MDD), as well as diagnostic indicators of 

behavioral apathy and anhedonia (Antoniuk et al., 2019; APA, 2013).  
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Validity and Reliability  

Recent meta-analysis of studies utilizing a CUMS protocol acknowledge its robust 

association with depression-like anhedonia, with marked heterogeneity observed with 

alterations in protocol (Antoniuk et al., 2019). Compared to other animal models of depression, 

including physical pain, learned helplessness, chronic social defeat, and chronic restraint, 

CUMS outcomes most effectively induce symptoms like anhedonia, reduced reward response, 

and changes in sleep (Song & Kim, 2021; Zhu et al., 2014).  

Several studies have validated the CUMS method using established animal behavior 

tests. The sucrose consumption test, forced swim test (FST), and tail suspension test (TST) are 

well-validated measures of depression-like behaviors in rodents, such as anhedonia and 

despair, which have repeatedly demonstrated the efficacy of the CUMS model for inducing a 

state of affective distress (Monleon et al., 1995; Steru et al., 1985; Willner et al., 1987; Zhu et 

al., 2014). The sucrose consumption test acclimates the animals to the taste of sucrose, a 

sweet additive to water, to test the animals’ pleasure-seeking behavior (Willner et al., 1987). 

The FST involves placing the animal in a small beaker of water to observe behavioral 

indications of despair (Porsolt et al., 1977; Porsolt et al., 1978). The TST provides similar data 

to the FST, wherein the animal is suspended by the tail to a rod and observed for attempts to 

right itself (Steru et al., 1985).  

Chronic unpredictable mild stress protocols have also elicited commensurate anxiety-like 

phenotypes to established behavior tests, such as the open field or dark-light box test, novelty-

suppressed feeding, and elevated plus maze (EPM; Katz et al., 1981; Zhu et al., 2014). The 

open field or dark-light box (DLB) test involves placing the animal in a contained area and 

observing the animals’ willingness to explore the open or well-lit areas compared to time spent 

in darker areas (Katz et al., 1981). Novelty-suppressed feeding utilizes a similar technique, but 

first deprives the animal of food for a short period to test the motivational impact of hunger in 
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exploring the open area (Li et al., 2010). The EPM involves placing the animal in a device with 

open and closed arms and observing the animals’ willingness to explore (Katz et al., 1981). The 

expected outcome of the CUMS protocol includes behavioral manifestations of symptoms such 

as despair, anhedonia, or anxiety.  

The Relationship Between Chronic Stress and TBI  

The impact of chronic unpredictable mild stress on functional and psychological recovery 

from TBI is not well understood. On occasion, stress induction protocols have been utilized 

concurrently with TBI or repeated mild TBI surgeries in rodents. Findings from these studies 

indicate that post-injury HPA axis abnormalities contribute to hyperactivity, which may serve as 

a protective factor against manifestations of affective disorders (Algamal et al., 2019; Patricia et 

al., 2021). Yet, other studies have observed greater anxiety and social behavior impairment, as 

well as increased corticosterone, axonal injury, and inflammation among mice who were 

exposed to both a stress condition and mild TBI compared to controls (Ojo et al., 2014). 

Impaired fear-inhibition circuitry due to stress exposure within the ventral medial prefrontal 

cortex has been studied as a potential mechanism in the development of post-injury PTSD, 

depression, and anxiety symptoms (Bryant, 2011). The present study aimed to contribute to the 

literature related to chronic stress and brain injury, with particular interest in the role of pre-injury 

stress in TBI recovery and post-injury anxiety- and depression-like behaviors. 

Gaps in the Literature 

Given the prominence of stress-related functional and psychological impairment 

following TBI, understanding factors of individual vulnerability or resilience was a priority of this 

study. Aspects of neurogenesis, glucocorticoid receptor availability, high concentration of 

corticosterone (CORT), mitochondrial dynamics, HPA-axis function, fatty acid metabolism, and 

inflammation have been studied as potential risk factors for vulnerability to stress in animals and 

humans (Aliev et al., 2020; King et al., 2001; Van Zuiden et al., 2011). Similar processes have 
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been implicated in TBI sequelae, including the proposed neurometabolic cascade and 

subsequent neuroinflammation, cell damage and axonal shearing (Belanger et al., 2017). Thus, 

chronic premorbid stress may pose a unique source of risk in TBI outcomes.  

Summary and Rationale for the Proposed Investigation 

TBIs represent a significant source of burden for individuals, families, and medical 

systems around the world. Previous history of TBI, particularly of a mild-moderate severity, 

increases individual vulnerability to persistent psychological and functional symptoms and 

subsequent development of a range of affective disorders (Belanger et al., 2017; Iverson, 2005; 

Kennedy et al., 2007). Chronic exposure to stress, manifested in increased allostatic load, is 

also a precursor to several mental health conditions, and may produce compounded 

complications in the process of TBI recovery (Bay & Liberzon, 2009; McEwen, 2006). Animal 

models offer unique utility to the study of this intersection of affective disorders and TBI 

(Antoniuk et al., 2019; Ma et al., 2019). Thus, the purpose of this study was to ascertain the 

significance of premorbid stress exposure as a risk factor for functional and psychological 

deficits following TBI in mice
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CHAPTER III 

METHODS 

Research Design 

This study involved a 2x2 repeated measures factorial design investigating the impact of 

pre-injury exposure to chronic stress on functional and behavioral outcomes following mild 

traumatic brain injury. Thus, the independent variables of this inquiry included two experimental 

conditions: 1) implementation of a chronic unpredictable mild stress protocol to induce a mixed 

anxiety- and depression-like phenotype (Antoniuk et al., 2019; Katz & Baldrighi, 1982; Song & 

Kim, 2021; Willner, 2017); and 2) controlled administration of a TBI, induced by impact surgery. 

The dependent variables included standardized measures of functional recovery, including the 

Neuro Severity Score (NSS; Flierl et al., 2009), in addition to established behavior tests to 

assess anxiety- and depression-like symptoms, including DLB, EPM, TST, and FST. The 

animals exposed to an extensive stress protocol were hypothesized to exhibit overall poorer 

outcomes following surgical procedures. Further, the compounding interaction of stress 

exposure and TBI was expected to produce the poorest recovery outcomes. All protocols were 

reviewed and approved by the Institutional Animal Care and Use Committee (IACUC) at Texas 

Woman’s University, which complies with the National Institutes of Health Guide for the Care 

and Use of Laboratory Animals (see Appendix A).  

Animals  

A total of 66, 8-week-old C57bl6 mice were used in all experiments. The mice were 

housed in cages of five and acclimated for 1 week prior to experimentation. The animals were 

maintained in an animal housing unit at a constant temperature with a 12-hour light/12-hour 

dark cycle and unlimited access to food and water. Following acclimation, an adjusted 4-week 

CUMS protocol was administered to half of the mice to delineate the healthy and stress 

condition groups. Following the CUMS protocol, the two groups were randomly assigned to one 
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of four groups: Non-CUMS Sham (NS [n = 15]; control with sham surgical procedures), CUMS 

Sham (CS [n = 15]; stress-exposed with sham surgical procedures), Non-CUMS TBI (NT [n = 

14]; control with impact surgery), and CUMS TBI (CT [n = 22]; stress-exposed with impact 

surgery; see Table 1).  

 

Table 1 

Experimental Design 

 
Variable 
 

Sham procedure (S) TBI procedure (T) 

 
Non-CUMS (N) 
 

 
NS (n = 15) 

 
NT (n = 14) 

 
CUMS (C) 
 

 
CS (n = 15) 

 

 
CT (n = 22) 

 

 

 

Independent Variables 

Stress Procedure  

Prolonged exposure to stress is implicated in anxiety- and depression-related syndromes 

due to the development of apathy and anhedonia (McEwen & Sapolsky, 1995; Nestler et al., 

2002). Animal models of chronic exposure to unpredictable mild stressors remain a prominent 

and effective method of inducing and investigating the role of stress in affective disorder 

development (Antoniuk et al., 2019; Katz & Baldrighi, 1982; Song & Kim, 2021; Willner, 2017). 

Past data suggest that rotating different stress-inducing procedures may be the most effective 

method of preventing habituation to a stressful environment thereby producing a chronic state of 

distress (Antoniuk et al., 2019).  

The CUMS protocol for this experiment incorporated the most common and effective 

components indicated in the literature, including the following: food and water deprivation, light 
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cycle modification, soiled bedding exposure, cage tilting, social stress, and noise (Antoniuk et 

al., 2019). Chronic and unpredictable stress procedures were conducted in randomized order 

for 4 weeks prior to surgical procedures (Zhu et al., 2014). Outcomes of CUMS administration 

have been validated using several behavior tests including DLB, EPM, TST, and FST (Deng et 

al., 2015; Katz et al., 1981; Zhu et al., 2014). Results from this study were expected to replicate 

previous findings by eliciting symptoms of apathy and anhedonia predominantly among stress-

exposed mice (Nollet et al., 2013).  

Surgery Procedure  

Aseptic techniques were used, and animals were treated with necessary postoperative 

analgesics, oxygen, and wound care. Animals were placed on a homeothermic pad throughout 

surgical procedures to maintain body temperature. Mice were initially anesthetized (3% 

isoflurane) and maintained via vaporizer (1-3% isoflurane). Pre-operative analgesia was 

administered (bupivacaine and lidocaine 50/50 drip; 0.5 mL 2% lidocaine, 1 mL 0.5% 

bupivacaine, 0.5 mL sterile saline), and ointment applied to protect the eyes. The head of each 

animal was shaved and disinfected prior to transfer to a stereotaxic frame fixed with the 

controlled cortical impact device.  

Once the animals were anesthetized, an incision was performed on the scalp to expose 

the skull. Approximately half of the mice, composed partly of stress-exposed and non-stressed 

animals, were exposed to a single impact injury. Injury was induced by a mechanical impact 

device (Impact One from Leica) using a blunt, impactor tip 5 mm in diameter according to 

previously described animal models of head injury (Chen et al., 1996; Flierl et al., 2009; Hylin et 

al., 2013; Laurer et al., 2001; Mouzon et al., 2012). The center of the impactor tip was 

positioned over the sagittal suture midway between lambda and bregma, and driven at a 

velocity of 5 m/sec to a depth of 1.0 mm. This procedure was intended to mimic a mild to 

moderate level of injury, which is not localized but rather causes a mild, global effect (Belanger 
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et al., 2017). Following procedures, incisions were cleaned and closed with sutures or tissue 

glue, and animals were transferred to a heated chamber. Animals were monitored for righting 

reflex immediately following surgery. Approximately 1-hour post-surgery, mice were evaluated 

for baseline functional impairment using a modified version of the Neuro Severity Scale (Flierl et 

al., 2009), prior to returning to home cages. Following baseline assessment, mice were returned 

to clean home cages and monitored closely for signs of pain and distress. Sham animals, 

including stress-exposed and non-stressed animals, were anesthetized, incised, and tested for 

subsequent recovery measures, but did not receive an impact injury. Any animals sustaining a 

skull fracture were excluded from the study (n = 6). 

Dependent Variables 

Assessment of Functional Outcomes  

One aim of this investigation was to explore potential variance in the trajectory of 

functional recovery between stressed and non-stressed mice. Functional recovery measures 

were used to compare the speed and quality of restoration to fundamental pre-injury motor 

abilities. Aspects of recovery were observed for 14 days immediately following sham or impact 

surgeries.  

Return-of-Righting Reflex (To & Nasrallah, 2021)  

Return-of-righting reflex (RRR; To & Nasrallah, 2021) refers to a one-time measurement of 

the amount of time each animal requires to recover from pre-surgery sedation. Time was 

measured from the moment impact or sham procedures conclude to the first sign of ‘righting,’ or 

attempts to return to a prone position. Extended latency to righting may indicate variation in 

responses to anesthesia or injury.  

Neurological Severity Score (Flierl et al., 2009)  

The Neurological Severity Scale (NSS; Flierl et al., 2009) is a standardized tool for 

evaluating recovery of ten specific areas of function following impact or sham procedures. The 
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current study utilized a modified version of NSS (mNSS), which typically includes a brief 

assessment of the following abilities or attributes on a binary (present/absent) scale: exit circle; 

monoparesis/hemiparesis; straight walk; startle reflex; seeking behavior; beam balancing; round 

stick balancing; beam walk (3 cm); beam walk (2 cm); beam walk (1 cm; see Appendix B for a 

sample mNSS protocol record form). The mNSS was administered to all groups at the time 

points t = 1, 24, 72 hours, and 7 days post-injury, with t = 1 hour serving as a baseline.  

Assessment of Behavior Outcomes 

Behavioral measures were used to further investigate the effects of pre-injury stress on 

post-injury recovery. All behavioral tests were administered 14- and 30-days post-injury and 

quantified by Ethovision software (Noldus et al., 2001).  

EPM (Pellow et al., 1985) 

Mice are placed on an elevated maze with two open and two closed arms. Mice are then 

observed for exploration and activity within the arms of the maze for 10 minutes. Increased time 

spent in the closed arms of the maze is an indicator of an anxious phenotype.  

DLB (Hall, 1934; Walsh & Cummins, 1976)  

Mice are placed in a contained space for 10 minutes. Animals are observed for activity in 

the lit portion of the field relative to the dark portion of the container. Increased time spent and 

activity within the dark portion of the field reflects anxiety-like symptoms.  

TST (Steru et al., 1985)  

Mice are secured to a suspension rod by adhesive tape and are suspended for 6 

minutes. Time spent immobile is considered an indicator of helpless behavior, similar to apathy 

or anhedonia. 

FST (Porsolt et al., 1977; Porsolt et al., 1978)  

Mice are placed in a cylinder of room temperature water for up to 6 minutes. Immobility or 

minimal activity reflects a sense of helplessness or despair.  
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Hypotheses and Statistical Analyses 

All hypotheses predicted that exposure to stress and TBI would lead to poorer outcomes 

(i.e., more neurological dysfunction, more behavioral anxiety or learned helplessness) on 

functional and behavioral measures, and better outcomes on these measures (i.e., minimal to 

no neurological dysfunction, minimal anxiety-like or learned helplessness behavior) would be 

observed among the no stress and sham conditions. Specifically, the stressed-TBI group was 

expected to exhibit the most significant functional and behavioral impairments, followed by the 

non-stressed TBI group, the stressed-sham group, and finally the non-stressed-sham group. All 

hypotheses were tested with two-way analysis of variance (ANOVA) tests to compare scores 

among stressed, non-stressed groups, sham, and injury condition groups over time. Tukey’s or 

Fisher LSD post-hoc tests were used to identify the time point at which the experimental groups 

differ and to maintain a conservative familywise error rate. Additionally, differences in 

performance between experimental groups on all measures were analyzed by one-way 

ANOVAs. A significance level of p = 0.05 was used for all analyses.  

Data Collection 

CUMS protocol (see sample in Table 2) was administered by three lab technicians. Impact 

surgery preparation and administration were performed by a graduate student and a principal 

investigator across 2 days. Functional and behavioral tests were administered by 2 graduate 

and 2 undergraduate students, and data were collected both manually and using Ethovision 

software (Noldus et al., 2001).  
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Table 2 

Sample CUMS Stressor Schedule 

 

  

 Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7 

Week 1 Water 

deprive 

Light 

cycle 

Wet 

bedding 

Cage  

tilt 

Social 

stress 

Strobe 

light 

White 

noise 

Week 2 Light 

cycle 

Social 

stress 

Food 

deprive 

Strobe 

light 

Wet 

bedding 

White 

noise 

Cage 

tilt 

Week 3 Wet 

bedding 

Strobe 

light 

Light 

cycle 

White 

noise 

Cage 

tilt 

Water 

deprive 

Social 

stress 

Week 4 Cage 

Tilt 

White 

noise 

Wet 

bedding 

Food 

deprive 

Social 

stress 

Light 

cycle 

Strobe 

light 
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CHAPTER IV 

RESULTS 

The overall goal of the study was to understand the impact of stress on recovery from 

mild-moderate TBI using an animal model. The independent variables included the following 

conditions: no stress or chronic stress as well as a sham or TBI procedure. The dependent 

variables included functional (RRR, mNSS) and behavioral measures including the EPM (Pellow 

et al., 1985), DLB (Hall, 1934; Walsh et al., 1976), TST (Steru et al., 1985), and FST (Porsolt et 

al., 1977; Porsolt et al., 1978) to determine the effect of the independent variables.  

Adjustments to Procedure 

At the conclusion of the first round of experiments, tissue from the brains of all mice 

were harvested for further analysis of stress- and injury-related changes. Based on post-mortem 

analysis, seven sham surgery mice sustained unintended lesions as a result of the craniotomy 

surgery. Given the literature concerning the functional and behavioral impact of lesions this size 

(Siebold et al., 2018), the injuries among these mice were considered more severe, and were 

therefore removed from further analysis. In order to more effectively characterize the outcomes 

of a mild TBI, a second cohort of mice was given a closed-skull impact surgery, as outlined in 

previous studies of mild TBI (Flierl et al., 2009). A third cohort of mice was given a “moderate 

TBI” using craniotomy or open-skull surgery to increase the sample size from the first cohort of 

mice. Head injuries were characterized as “moderate TBI” if exposed to the open-skull 

procedure, and “mild TBI” if conducted using the closed-skull impact surgery. Thus, mice were 

separated into two classifications of TBI injury severity, which is reflected in the cohort 

summaries contained in Table 3.  

Subjects 

A total of 66, 8-week-old C57bl6 mice were involved in all experiments. The mice were 

housed in cages of five and acclimated for 1 week prior to experimentation. The animals were 
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maintained in the vivarium at a constant temperature with a 12-hour light/12-hour dark cycle and 

had ad libitum access to food and water.  

The first round of surgeries included 20 mice, the second round included a total of 25 

mice, and the third round included a total of 21 mice. In total, 38 of the 66 mice were randomly 

assigned to a 4-week CUMS protocol, wherein a mild stressor was administered once per 12-

hour period, or once during light hours and once during dark hours. Age-matched littermate 

control mice were randomly assigned to the non-stressed group in which mice were housed in 

standard ventilated cages and were left unperturbed during the duration of the stress procedure.  

The first and third round of surgeries involved an open-skull TBI induction method in 

which all mice underwent isoflurane anesthesia and a craniotomy, wherein a small drill was 

used to remove a small portion of the skull, exposing the motor cortex. Across the first and third 

rounds, 18 mice received the sham procedure in which the skull flap was immediately replaced, 

while 23 mice receiving the impact procedure sustained a moderate-level injury using a 

controlled cortical impact device. Injuries were induced at a depth of 1 mm at a velocity of 5 

mm/sec. The second round of surgeries involved a closed-skull TBI induction method in which 

isoflurane-anesthetized mice received an incision to expose the skull. Fifteen mice received a 

mild TBI, in which the controlled cortical impact device delivered an impact at a depth of 1 mm 

at a velocity of 5 mm/sec using a rubberized, blunt impactor, while 10 sham mice were 

immediately sutured. Two mice died during surgery or within the first 14 days following and were 

excluded from analyses. Another two mice died within 14 days of the surgery, and thus are 

included in analyses of functional recovery, but for which behavioral data are not available. 

Upon autopsy, six mice sustained significant lesions, and are excluded from further analyses. 

Table 3 includes the final count among each comparison group.  
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Table 3 

Experimental Group Sizes 

 

 Mild (N = 25) Moderate (N = 33*) 

 Sham (S) TBI (T) Sham (S) TBI (T) 

Non-CUMS (N) 5 5 6 6 

CUMS (C) 5 10 10a 11a  

 
Note. CUMS = Chronic Unpredictable Mild Stress. 

aIncludes two mice that died after functional assessment but prior to behavior testing.  

Measures 

As indicated, a one-way ANOVA was performed to compare performances among the 

four experimental groups on measures of functional and behavioral outcomes at 2 weeks and 1-

month post-surgery. When statistically significant differences were found, Fisher’s LSD Test for 

multiple comparisons was used to maintain a conservative familywise error rate while exploring 

specific group differences.  A two-way ANOVA was used to analyze the contribution of stress 

exposure, TBI, and the interaction of stress and injury in performance on functional and 

behavioral outcome measures.   

Functional Recovery Measures 

RRR 

Mild TBI Cohort. In the mild TBI cohort, NS mice had the lowest mean RRR latency 

time (M = 186.80 sec), while the CT mice had the highest average RRR latency (M = 321.50 

sec). Both TBI groups (NT, CT) had a higher average return-to-righting reflex latency time than 

either sham groups (see Table 4; Figure 1). A one-way ANOVA did not reveal significant group 

differences (see Table 5; F (3, 21) = 1.66, p = .210).  
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Table 4 

Mild TBI RRR Descriptive Statistics 
 

     95% Confidence interval for 

mean 

 

N Mean SD SE 

Lower 

bound 

Upper  

bound 

NS 5 186.80 33.97 15.19  144.62  228.98  

CS 5 237.00 50.62 22.64  174.15 299.85  

NT 5 282.80 82.90 37.07 179.87  385.73  

CT 10 321.50 164.13 51.90  204.09  438.91  

 
Note. NS = Non-CUMS + Sham; CS = CUMS + Sham; NT = Non-CUMS + TBI;  

CT = CUMS + TBI 

 

Table 5 

Mild TBI RRR One-Way Analysis of Variance 

 Sum of 

squares df 

Mean 

square F Sig.  

Between Groups 67397.74 3 22465.91 1.66 .210 

Within Groups 284806.10 21 13562.20   

Total 352203.84 24    

 

*p < .05. 
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Figure 1 

Mild TBI RRR Latency 

 

 
 

Note. NS = Non-CUMS + Sham; CS = CUMS + Sham; NT = Non-CUMS + TBI;  

 

CT = CUMS + TBI 

 

*p < .05. 

 

 

Moderate TBI Cohort. Similarly, NS mice in the moderate TBI cohort demonstrated the 

lowest average RRR latency (M = 581.00 sec), while CT mice had the highest mean RRR 

latency (M = 1210.33 sec). Both CUMS groups (CS, CT) demonstrated higher average latency 

to righting response relative to non-stressed groups (NS, NT; see Table 6, Figure 2). Group 

differences were not statistically significant based on a one-way ANOVA (see Table 7; F (3, 11) = 

1.49, p = .290).  
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Table 6 

Moderate TBI RRR Descriptive Statistics 

     95% Confidence interval 

for mean 

 

N Mean SD SE 

Lower 

bound 

Upper  

bound 

NS 3 581.00 7.81 4.51 561.60 600.40  

CS 5 810.60 223.80 100.08 532.72  1088.48 

NT 1 769.00 . . . . 

CT 3 1210.33 675.53 390.02 -467.78    2888.44 

 
Note. Several descriptives unavailable due to group size. NS = Non-CUMS + Sham; CS =  
 
CUMS + Sham; NT = Non-CUMS + TBI; CT = CUMS + TBI 

*p < .05. 

 

Table 7 

Moderate TBI RRR One-Way Analysis of Variance 

 Sum of 

squares df Mean square F Sig.  

Between Groups 620924.80 3 206974.93 1.49 .290 

Within Groups 1113141.87 8 139142.73   

Total 1734066.67 11    

 

*p < .05. 
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Figure 2 

Moderate TBI RRR Latency 

 

 
 

Note. NS = Non-CUMS + Sham; CS = CUMS + Sham; NT = Non-CUMS + TBI;  

 

CT = CUMS + TBI 

 

*p < .05. 

 

Overall, outcomes of RRR measurement did not yield statistically significant differences 

between experimental groups. Importantly, as the findings from RRR measurement were 

insignificant and did not contribute uniquely to measurement of independent variables, RRR 

latency was not measured during the third round of surgeries.  
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mNSS  

All mice that survived surgery were evaluated using the mNSS to indicate areas of 

functional impairment at baseline, 1-hour post-surgery, daily for 7 days, then once weekly for 6 

weeks. Two-way ANOVAs were used to understand interaction effects and the contribution of 

independent variables to performance on mNSS, and one-way ANOVAs were used to 

determine group differences. Then, repeated measures ANOVA helped to identify any 

differences in performance across time points of administration.  

Mild TBI Cohort. No significant differences were found between experimental groups on 

mNSS scores (see Figure 3). This finding was consistent across 14 assessment time points.  
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Figure 3 

Mild TBI mNSS Scores 

  

 
 

Note. NS = Non-CUMS + Sham; CS = CUMS + Sham; NT = Non-CUMS + TBI;  

 

CT = CUMS + TBI 

 

 

A repeated measures ANOVA was performed to compare the effect of time on mNSS 

scores. Significant differences in mNSS scores across administrations were not observed, 

indicating that mice performance on mNSS did not worsen over time (F (1,3)  = 0.09, p = .965).  

Moderate TBI Cohort. Similarly, no significant differences were found between 

experimental groups on mNSS scores in the Moderate TBI cohort (see Figure 4). This finding 

was consistent across 14 assessment time points. 
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Figure 4 

Moderate TBI mNSS Scores 

 

 
 

Note. NS = Non-CUMS + Sham; CS = CUMS + Sham; NT = Non-CUMS + TBI;  

 

CT = CUMS + TBI 

 

A repeated measures ANOVA was performed to compare the effect of group 

membership on mNSS scores. There were no statistically significant differences in mNSS mean 

score over time (F (1,3) = 0.46, p = .710).  

Behavioral Recovery Measures 

Fourteen days after surgery, mice underwent behavioral testing. One-month post-

surgery, behavior tests were then repeated in the same order and conducted by the same test 

experimenter. Two-way ANOVAs were performed to determine the interaction effects of stress 
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and TBI on behavior measures. Then, one-way ANOVAs were performed to compare group 

differences in behavior tests. When statistically significant differences were found, Tukeys 

and/or Fisher LSD post-hoc tests were used to identify specific group differences.  

TST 

Mild TBI Cohort. At 2 weeks post-surgery, there were no significant interaction effects 

between stress and TBI on TST as determined by a two-way ANOVA (F (1, 21) = .13 p = .719). 

Simple main effects analysis showed that neither stress nor TBI had a statistically significant 

effect on time spent immobile (p = .396, p = .719, respectively). Of the experimental variables, 

exposure to TBI contributed the most to variance in TST performance, though the effect was 

small (η² = .04). There were no significant differences between experimental groups in time 

spent immobile on TST (see Table 8, Figure 5; F (1,21) = .35, p = .790).  

One month after surgeries, there was a significant interaction effect between stress and 

TBI (see Table 9; F (3, 21) = 10.61, p = .004) with a large effect size (η² = .34) on time spent 

immobile. Simple main effects analysis showed that CUMS and TBI had small-medium effects 

on time spent immobile (η² = .08, η² = .10, respectively), though this finding was not statistically 

significant (p = .193, p = .152, respectively). Time spent immobile was significantly different 

between groups one month post-surgery (see Table 8, Figure 5; F (1, 21) = 4.28, p = .017). 

Fisher’s LSD post-hoc analyses test revealed significant differences between mice in the NS 

group and all other experimental groups, including CS (p = 006, 95% C.I. = -48.66, -9.16), NT (p 

= .005, 95% C.I. = -49.54, -10.04), and CT (p = .042, 95% C.I. = -34.89 -.68).  
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Table 8 

Mild TBI Means, Standard Deviations, and One-Way Analyses of Variance in Time Spent 

Immobile on TST 

 NS CS NT CT F (1,21) Sig. 

 Mean (SD) Mean (SD) Mean (SD) Mean (SD)   

2 Weeks Post-

Surgery 

311.18 

(21.12) 

296.83 

(81.62) 

320.34 

(24.90) 

319.27 

(31.43) 

.35 .790 

1 Month Post-

Surgery 

318.40 

(18.90) 

347.31 

(3.94) 

348.19 

(10.77) 

336.18 

(17.58) 

4.28 .017* 

 

Note. NS = Non-CUMS + Sham; CS = CUMS + Sham; NT = Non-CUMS + TBI;  
 
CT = CUMS + TBI 

*p < .05. 

 

Table 9 

Mild TBI TST - Time Spent Immobile 1 Month Post-Surgery Two-Way Analysis of Variance 

 

Sum of squares df Mean square F Sig.  

Effect 

size 

Stress 408.21 1 408.21 1.81 .193 .08 

Injury 497.64 1 497.64 2.21 .152 .10 

Stress * Injury 2392.07 1 2392.07 10.61 .004* .34 

Error 4735.02 21 225.48    

 

Note. Effect Size = Partial η² 

*p < .05. 
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A two-way repeated measures ANOVA was used to compare simple main effects of 

stress and TBI exposure over time between two administrations of the TST. Results revealed a 

statistically significant main effect of time spent immobile between TST trials (see Table 10, 

Figure 5; F (1,21) = 9.65, p = .006, η² = .31), in which all groups spent more time immobile during 

the second administration. Simple main effects analysis indicated that the difference in TST 

performance was not attributable to statistically significant interaction between experimental 

variables.  

 

Table 10 

Mild TBI Two-Way Repeated Measures Analyses of Variance in Time Spent Immobile on TST 

 Type III sum of 

squares 

df Mean 

square 

F Sig. Effect size 

Time 7499.19 1 7499.19 9.56 .006* .31 

Time * Stress 746.13 1 746.13 .95 .340 .04 

Time * Injury 119.38 1 119.38 .15 .700 .01 

Time * Stress * 

Injury 

2098.93 1 2098.93 2.68 .117 .11 

Error 14645.81 21 784.09    

 

Note. Effect Size = Partial η² 

*p < .05. 
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Figure 5 

Mild TBI TST 

 
Note. NS = Non-CUMS + Sham; CS = CUMS + Sham; NT = Non-CUMS + TBI;  

CT = CUMS + TBI 

*p < .05. 

 

Moderate TBI Cohort. At 14 days post-surgery, there was not a significant stress by TBI 

interaction effect (F (3,25) = .92, p = .347), and a one-way ANOVA did not reveal significant 

differences in behavioral despair as assessed by TST (see Table 11, Figure 6; F (1,25) = 1.03, p = 

.398). Simple main effects analysis showed that stress and TBI (p = .948; p = .347, respectively) 

had no significant impacts on immobility time.  

At 1-month post-surgery, there were no significant interaction effects between stress and 

TBI contributing to time spent immobile on TST, nor were group differences statistically 
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significant as assessed by two-way (F (3,25) = 1.59, p = .219) and one-way ANOVAs (see Table 

11, Figure 6; F (1,25) = 1.68, p = .196). Neither stress (p = .146) nor TBI (p = .207) had a 

significant effect on time spent immobile as determined by a simple main effects test.  

 

Table 11 

Moderate TBI Means, Standard Deviations, and One-Way Analyses of Variance in Time Spent 

Immobile on TST 

 NS CS NT CT F (1,25) Sig. 

 Mean (SD) Mean (SD) Mean (SD) Mean (SD)   

2 Weeks Post-

Surgery 

281.47 

(51.17) 

261.25 

(62.85) 

230.79 

(51.63) 

248.44 

(42.32) 

1.03 .398 

1 Month Post-

Surgery 

337.74 

(26.85) 

351.27 

(5.52) 

350.27 

(7.69) 

351.44 

(3.56) 

1.68 .196 

 

Note. NS = Non-CUMS + Sham; CS = CUMS + Sham; NT = Non-CUMS + TBI;  

CT = CUMS + TBI 

*p < .05. 

 

A two-way repeated measures ANOVA was used to compare simple main effects of 

stress and TBI exposure over time between two administrations of the tail suspension test. 

Results revealed a main effect of time spent immobile between TST trials (see Table 12; F (1,25) 

= 4.97, p = .034, η² = .16), with mice in all groups more immobile during the second trial. Simple 

main effects analysis indicated that the difference in TST performance was not attributable to 

statistically significant interaction between experimental variables.  
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Table 12 

Moderate TBI Two-Way Repeated Measures Analyses of Variance in Time Spent Immobile on 

TST 

 Type III sum of 

squares 

df Mean square F Sig. Effect size 

Time 238795.31 1 238795.31 77.31 .000* .76 

Time * Stress 524.10 1 524.10 .17 .684 .01 

Time * Injury 10191.92 1 10191.92 3.30 .081 .12 

Time * Stress * 

Injury 

4430.92 1 4430.92 1.43 .242 .05 

Error 77222.01 25 3088.88    

 

Note. Effect Size = Partial η² 

*p < .05. 
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Figure 6 

Moderate TBI TST 

  
Note. NS = Non-CUMS + Sham; CS = CUMS + Sham; NT = Non-CUMS + TBI;  

CT = CUMS + TBI 

*p < .05. 

 

FST 

Mild TBI Cohort. At 2 weeks post-surgery, there were no significant differences in time 

spent immobile on FST attributable to stress, TBI, or interaction effects (F (3,21) = 2.17, p = .155), 

nor were there significant differences between experimental groups (see Table 13, Figure 7; F 

(1,21) = 1.37, p = .278). Neither stress (p = .223) nor TBI (p = .155) had significant effects on time 

spent immobile as assessed by a simple main effects analysis.  

* * * * 
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Immobility time in the FST 1 month post-surgery was not impacted in either the CUMS or 

TBI groups as determined by one-way (see Table 13, Figure 7; F (1,21) = .45, p = .718) and two-

way ANOVAs (F (3,21) = .26, p = .618). Simple main effects analysis showed that neither stress 

(p = .635) nor TBI (p = .315) significantly affects behavioral despair using FST.  

 

Table 13 

Mild TBI Means, Standard Deviations, and One-Way Analyses of Variance in Time Spent 

Immobile on FST 

 NS CS NT CT F (1,21) Sig. 

 Mean (SD) Mean (SD) Mean (SD) Mean (SD)   

2 Weeks Post-

Surgery 

215.28 

(72.05) 

256.48 

(10.73) 

251.47 

(8.50) 

248.17 

(25.36) 

1.37 .287 

1 Month Post-

Surgery 

265.92 

(29.41) 

266.18 

(21.712 

281.98 

(17.55) 

271.65 

(26.93) 

.45 .718 

 
Note. NS = Non-CUMS + Sham; CS = CUMS + Sham; NT = Non-CUMS + TBI;  

CT = CUMS + TBI 

*p < .05. 

 

A two-way repeated measures ANOVA was used to compare stress and TBI exposure 

over time between two administrations of FST. Results revealed a main effect of time spent 

immobile between administrations of FST (see Table 14, Figure7; F (1,21) = 8.59, p = .008, η² = 

.29), in which all groups spent more time immobile during the second trial. Simple main effects 

analysis indicated that the difference in FST performance was not attributable to statistically 

significant interaction between experimental variables.  
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Table 14 

Mild TBI Two-Way Repeated Measures Analyses of Variance in Time Spent Immobile on FST 

 Type III Sum 

of squares 

df Mean 

square 

F Sig. Effect size 

Time 9336.35 1 9336.35 8.59 .008* .29 

Time * Stress 1644.70 1 1644.07 1.51 .232 .07 

Time * Injury 28.75 1 28.75 .03 .872 .00 

Time * Stress * 

Injury 

821.45 1 821.45 .76 .395 .04 

Error 22832.90 21 1087.28    

 

Note. Effect Size = Partial η² 

*p < .05. 
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Figure 7 

Mild TBI FST 

  
Note. NS = Non-CUMS + Sham; CS = CUMS + Sham; NT = Non-CUMS + TBI;  

CT = CUMS + TBI 

*p < .05. 

 

Moderate TBI Cohort. At 2 weeks post-surgery, neither stress (p = .103) nor TBI (p = 

.103) had a significant effect on immobility time, nor were there any significant interaction effects 

between stress and TBI exposure (F (3,25) = .09, p = .768). Additionally, no significant differences 

were found in immobility time on FST using one-way ANOVA (see Table 15, Figure 8;  

F (1,25) = 1.96, p = .146).  

* * * * 
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Table 15 

Moderate TBI Means, Standard Deviations, and One-Way Analyses of Variance in Time Spent 

Immobile on FST 

 NS CS NT CT F (1,25) Sig. 

 Mean (SD) Mean (SD) Mean (SD) Mean (SD)   

2 Weeks Post-

Surgery 

196.08 

(90.98) 

131.63 

(102.69) 

131.71 

(92.89) 

86.55 

(56.52) 

1.96 .146 

1 Month Post-

Surgery 

264.07 

(20.50) 

245.90 

(42.63) 

245.47 

(37.88) 

206.54 

(41.39) 

3.22 .040* 

 
Note. NS = Non-CUMS + Sham; CS = CUMS + Sham; NT = Non-CUMS + TBI;  

CT = CUMS + TBI 

*p < .05. 

 

Although there were no significant interaction effects between stress and TBI (see Table 

16; F (3,25) = 0.53, p = .473), TBI (p = .053; large effect [η² = .14]) and stress (p = .056; large 

effect [η² = .14]) each had an impact on immobility time on FST 1-month post-surgery with large 

effect size; however, these contributions were not statistically significant. Overall, experimental 

factors contributed to 27.9% of the variance in immobility on FST 1-month post-surgery. 

Immobility time in FST 1-month post-surgery was significantly different between 

experimental groups (see Table 15; F (1,25) = 3.22, p = .040). Post-hoc analyses Fisher's LSD 

test revealed differences between the CT groups and both the NS (p = .008, 95% C.I. = -98.55, 

-16.50) and CS groups (p = .042, 95% C.I. = -77.18, -1.54). There was no statistically significant 

difference between CT and the NT groups (p = .062).  
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Table 16 

Moderate TBI FST - One Month Post-Surgery Two-Way Analysis of Variance  

 

Sum of squares df Mean square F Sig.  

Effect 

size 

Stress 5723.82 1 5723.82 4.01 .056 .14 

Injury 5898.91 1 5898.91 4.13 .053 .14 

Stress * Injury 756.68 1 756.68 .53 .473 .02 

Error 35706.06 25 1428.24    

 

Note. Effect Size = Partial η² 

*p < .05. 

 

A two-way repeated measures ANOVA was used to compare interaction effects of stress 

and TBI exposure over time between two administrations of the FST. Results revealed a 

statistically main effect of time spent immobile between administrations of FST (see Table 17, 

Figure 8; F (1,25) = 79.60, p = .000, η² = .76), with mice in all groups spending more time 

immobile during the second trial. Simple main effects analysis indicated that the difference in 

FST performance was not attributable to statistically significant interaction between 

experimental variables.  
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Table 17 

Moderate TBI Two-Way Repeated Measures Analyses of Variance in Time Spent Immobile on 

FST 

 Type III sum of 

squares 

df Mean square F Sig. Effect size 

Time 303914.58 1 303914.58 79.60 .000* .76 

Time * Stress 4843.91 1 4843.91 1.27 .271 .05 

Time * Injury 4656.61 1 4656.61 1.22 .280 .05 

Time * Stress * 

Injury 

2817.10 1 2817.10 .74 .399 .03 

Error 95456.52 25 3818.26    

 

Note. Effect Size = Partial η² 

*p < .05. 
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Figure 8 

Moderate TBI FST 

  
Note. NS = Non-CUMS + Sham; CS = CUMS + Sham; NT = Non-CUMS + TBI;  

CT = CUMS + TBI 

*p < .05. 

 

EPM 

Mild TBI Cohort. Two weeks post-surgery, a significant interaction effect between 

stress and TBI was found on the EPM test using a two-way ANOVA (see Table 19; F (3,21) = 

7.53, p = .012) with modest effect size (η² = .26). Simple main effects analysis indicated that TBI 

had a significant effect on time spent in open arms on EPM (p = .032; modest effect size η² = 

.20), but stress did not impact time spent in open arms (p = .197). 
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Additionally, significant group differences were found in time spent in open arms on EPM 

using a one-way ANOVA (see Table 18, Figure 9; F (1,21) = 5.06, p = .009). Fisher’s LSD Test 

showed that CS mice spent significantly more time in open arms than all other experimental 

groups including NS (p = .014, 95% C.I. = 6.12, 47.44), NT (p = .026, 95% C.I. = 3.19, 44.51), 

and CT (p = .001, 95% C.I. = 15.24, 51.03). 

 

Table 18 

Mild TBI Means, Standard Deviations, and One-Way Analyses of Variance in Time Spent in 

Open Arms on EPM 

 NS CS NT CT F (1,21) Sig. 

 Mean (SD) Mean (SD) Mean (SD) Mean (SD)   

2 Weeks Post-

Surgery 

17.65 

(11.39) 

44.43 

(24.00) 

20.58 

(19.55) 

11.30 

(9.60) 

5.06 .009* 

1 Month Post-

Surgery 

9.6  

(9.50) 

14.56 

(6.87) 

10.26 

(9.88) 

8.75  

(6.14) 

.64 .598 

 
Note. NS = Non-CUMS + Sham; CS = CUMS + Sham; NT = Non-CUMS + TBI;  
 
CT = CUMS + TBI 
 
*p < .05. 
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Table 19 

Mild TBI EPM - 14 Days Post-Surgery Two-Way Analysis of Variance 
 

 Sum of 

squares df 

Mean 

square F Sig.  

Effect 

size 

Stress 437.30 1 437.30 1.77 .197 .08 

Injury 1302.91 1 1302.91 5.28 .032* .20 

Stress * Injury 1858.84 1 1858.84 7.53 .012* .26 

Error 5181.46 21 246.74    

 

Note. Effect Size = Partial η² 

*p < .05. 

 

One-month post-surgery, time spent in open arms was no longer significantly different 

between groups, nor was there a significant interaction effect (see Table 18, Figure 9). Based 

on simple main effects analysis, neither stress (p = .603) nor TBI (p = .440) impacted time spent 

in open arms on EPM.  

A two-way repeated measures ANOVA was used to assess interaction and main effects 

of stress and TBI exposure over time between two administrations of the elevated plus maze 

test. Results revealed a statistically significant main effect of time spent in open arms between 

administrations of EPM (see Table 20, Figure 9; F (1,21) = 28.78, p = .000, η² = .58), in which all 

groups spent less time in the open arms during the second trial. There was a significant time by 

TBI interaction effect in time spent in the open arm (p = .015, η² = .25). A significant three-way 

interaction effect was also found between time, stress, and TBI on time spent in the open arms 

of the EPM (p = .005, η² = .32).  
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Table 20 

Mild TBI Two-Way Repeated Measures Analyses of Variance in Time Spent in Open Arms on 

EPM 

 Type III sum of 

squares 

df Mean square F Sig. Effect size 

Time 1842.15 1 1842.15 28.78 .000* .59 

Time * Stress 140.96 1 140.96 2.20 .153 .10 

Time * Injury 448.43 1 448.43 7.01 .015* .25 

Time * Stress * 

Injury 

625.83 1 625.83 9.78 .005* .32 

Error 1344.33 21 64.02    

 

Note. Effect Size = Partial η² 

*p < .05. 
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Figure 9 

Mild TBI EPM 

  
Note. NS = Non-CUMS + Sham; CS = CUMS + Sham; NT = Non-CUMS + TBI;  

CT = CUMS + TBI 

*p < .05. 

 

Moderate TBI Cohort. There were no significant interaction effects of stress and TBI 

(see Table 21). Stress significantly affected time spent in open arms on EPM as assessed by 

simple main effects analysis (p = .036; large effect size [η² = .15]). However, TBI did not impact 

anxiety-like behavior (p = .057). Overall, experimental variables contributed to 28.9% of the 

variance in time spent in open arms on EPM.  

A one-way ANOVA revealed significant differences in time spent in open arms on EPM 2 

weeks post-surgery (see Table 21, Figure 10; F (1,25) = 3.65, p = .025). Post-hoc analyses 

revealed that mean time spent in open arms was significantly different between mice in the NS 
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group and all other experimental groups (CS: p = .008, 95% C.I. = 5.39, 32.99; CT: p = .020, 

95% C.I. = 3.02, 33.26; ST: p = 006, 95% C.I. = 6.21, 33.25).  

 

Table 21 

Moderate TBI Means, Standard Deviations, and One-Way Analyses of Variance in Time Spent 

in Open Arms on EPM 

 NS CS NT CT F  

(1,25) 

Sig. 

 Mean (SD) Mean (SD) Mean (SD) Mean (SD)   

2 Weeks Post-

Surgery 

28.80 

(22.00) 

9.61  

(9.82) 

10.66 

(8.69) 

9.07  

(9.59) 

3.65 .025* 

1 Month Post-

Surgery 

15.20 

(15.03) 

5.35  

(9.68) 

6.33  

(5.40) 

5.88  

(9.94) 

1.34 .284 

 
Note. NS = Non-CUMS + Sham; CS = CUMS + Sham; NT = Non-CUMS + TBI;  

CT = CUMS + TBI 

*p < .05. 

  



56 

 

 

Table 22 

Moderate TBI EPM - 14 Days Post-Surgery Two-Way Analysis of Variance  

 Sum of 

squares df Mean square F Sig.  

Effect 

size 

Stress 793.012 1 793.02 4.87 .036* .15 

Injury 641.28 1 641.28 3.94 .057 .13 

Stress * Injury 568.60 1 568.60 3.49 .073 .12 

Error 4396.03 27 162.82    

 

Note. Effect Size = Partial η² 

a. *p < .05. 

 

There were no significant differences in anxiety-like behavior 1 month after surgery (see 

Table 21, Figure 10; F (1,25) = 1.34, p = .284). There were also no significant interaction effects 

between stress and TBI. Neither stress nor TBI (p = .190; p = .286, respectively) had significant 

simple main effects on time spent in open arms on EPM.  

A two-way repeated measures ANOVA was used to compare simple main effects of 

stress and TBI exposure over time between two administrations of the EPM test. Results 

revealed a statistically significant main effect of time spent in open arms between 

administrations of EPM (see Table 23, Figure 10; F (1,25) = 7.41, p = .011, η² = .22), as all groups 

spent less time in open arms during the second administration. There were no significant 

interaction effects between time by stress, time by injury, or time by stress by injury.   
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Table 23 

Moderate TBI Two-Way Repeated Measures Analyses of Variance in Time Spent in Open Arms 

on EPM 

 Type III sum of 

squares 

df Mean square F Sig. Effect size 

Time 591.29 1 591.29 7.41 .011* .22 

Time * Stress 100.59 1 100.59 1.26 .271 .05 

Time * Injury 98.13 1 98.13 1.23 .277 .04 

Time * Stress * 

Injury 

61.70 1 61.70 .77 .387 .03 

Error 2155.05 25 79.82    

 

Note. Effect Size = Partial η² 

*p < .05. 
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Figure 10 

Moderate TBI EPM 

 
Note. NS = Non-CUMS + Sham; CS = CUMS + Sham; NT = Non-CUMS + TBI;  

CT = CUMS + TBI 

*p < .05. 

 

DLB 

Mild TBI Cohort. At 2 weeks post-surgery, there was no significant difference in time 

spent in the lighted box on the DLB between groups (see Table 24, Figure 11; F (1,21) = 1.04, p = 

.389). There were also no significant interaction effects between stress and TBI. Simple main 

effects analysis showed that neither stress nor TBI (p = .226; p = .950, respectively) impacted 

time spent in the lighted compartment on DLB.  

There were no differences in time spent in the lighted box on DLB (see Table 24, Figure 

11) and no significant interaction effects between stress and TBI. Neither stress nor TBI (p = 
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.122; p = .347, respectively) had a significant impact on anxiety-like behavior in DLB according 

to simple main effects tests.  

 

Table 24 

Mild TBI Means, Standard Deviations, and One-Way Analyses of Variance in Time Spent in 

Light Side on DLB 

 NS CS NT CT F (1,21) Sig. 

 Mean (SD) Mean (SD) Mean (SD) Mean (SD)   

2 Weeks Post-

Surgery 

90.06 

(52.87) 

185.89 

(109.77) 

138.54 

(54.91) 

132.86 

(97.20) 

1.04 .398 

1 Month Post-

Surgery 

120.14 

(61.00) 

179.60 

(74.11) 

124.54 

(36.12) 

134.02 

(37.75) 

1.44 .259 

 
Note. NS = Non-CUMS + Sham; CS = CUMS + Sham; NT = Non-CUMS + TBI;  

CT = CUMS + TBI 

*p < .05. 

 

Results of a two-way repeated measures ANOVA indicated that there was not a 

statistically significant difference in time spent in the light box between administrations of the 

DLB test (F (1,21) = .03, p = .875).  
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Figure 11 

Mild TBI DLB 

 
Note. NS = Non-CUMS + Sham; CS = CUMS + Sham; NT = Non-CUMS + TBI;  

CT = CUMS + TBI 

*p < .05. 

 

Moderate TBI Cohort. Moderate TBI also did not impact anxiety-like behavior as 

determined by DLB 2-weeks post-surgery (see Table 25, Figure 12). Simple main effects 

analysis showed that neither stress (p = .892), or TBI (p = .491) had a statistically significant 

effect on time spent in the lighted box on DLB.  

One month post-surgery, anxiety-like behavior in DLB did not change (see Table 25, 

Figure 12; F (1,21) = .77, p = .519), nor were there significant interaction effects between stress 

and TBI. Simple main effects analysis showed that neither stress nor TBI (p = .370; p = .760, 

respectively) had a statistically significant effect on time spent in the lighted box on DLB.  
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Table 25 

Moderate TBI Means, Standard Deviations, and One-Way Analyses of Variance in Time Spent 

in Light Side on DLB 

 NS CS NT CT F (1,25) Sig. 

 Mean (SD) Mean (SD) Mean (SD) Mean (SD)   

2 Weeks Post-

Surgery 

59.41 

(65.74) 

49.65 

(48.62) 

62.91 

(47.35) 

79.18 

(81.11) 

.35 .791 

1 Month Post-

Surgery 

125.37 

(94.92) 

72.00 

(32.01) 

104.24 

(76.39) 

109.47 

(78.93) 

.77 .519 

 
Note. NS = Non-CUMS + Sham; CS = CUMS + Sham; NT = Non-CUMS + TBI;  

CT = CUMS + TBI 

*p < .05. 

 

A two-way repeated measures ANOVA was used to compare simple main effects of 

stress and TBI exposure over time between two administrations of the dark-light box test. 

Results revealed a statistically significant main effect of time between administrations of DLB 

(see Table 26, Figure 12; F (1,25) = 14.65, p = .001, η² = .35), as all groups spent more time on 

the light side during the second administration. There were no significant interaction effects in 

any of the other variables examined.  
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Table 26 

Moderate TBI Two-Way Repeated Measures Analyses of Variance in Time  

Spent in the Light Box on DLB 

 Type III sum 

of squares 

df Mean square F Sig. Effect size 

Time 23492.84 1 23492.84 14.65 .001* .35 

Time * Stress 2742.39 1 2742.39 1.71 .202 .06 

Time * Injury 255.82 1 255.82 .16 .693 .01 

Time * Stress * 

Injury 

973.80 1 973.80 .61 .443 .02 

Error 43299.34 25 1603.68    

 

Note. Effect Size = Partial η² 

*p < .05. 
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Figure 12 

Moderate TBI DLB 

 
Note. NS = Non-CUMS + Sham; CS = CUMS + Sham; NT = Non-CUMS + TBI;  

CT = CUMS + TBI 

*p < .05. 

 

Summary of Findings 

The primary objectives of the present study included the measurement of functional and 

behavioral recovery exposure to stress or a TBI, ranging in severity from mild to moderate. 

Regarding measures of functional recovery, significant group differences were not found in RRR 

latency time or performance on mNSS. Further, groups did not demonstrate statistically 

significant differences in functional recovery trajectory, as demonstrated by findings from 

repeated measures ANOVA exploring mNSS score across administrations.  
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On behavioral measures of hopelessness, including TST and FST, CUMS and TBI 

significantly contributed to performance in both mild and moderate TBI cohorts. In the mild TBI 

cohort, mice in the NS group spent significantly less time immobile than all other experimental 

groups on TST. The interaction effect between stress and TBI was significant at 1-month post-

surgery, with a moderate effect size (η² = .336). While the average time spent immobile on FST 

was the lowest in the NS group, this finding was not statistically significant. In the moderate TBI 

cohort, exposure to stress had a significant impact on time spent immobile on TST, though 

subsequent group differences were not statistically significant. On FST, stress had a modest 

effect on time spent immobile at 2-weeks post-surgery (η² = .22). At 1-month post-surgery, the 

NT group spent significantly less time immobile than the NS and CS groups, and exposure to 

TBI had a significant effect on outcomes (η² = .14).  

On behavioral measures of anxiety, including EPM and DLB, experimental variables 

contributed to statistically significant group differences in both the mild and moderate TBI 

cohorts. In the mild cohort, mice in the CS group spent significantly more time in the open arms 

than all other experimental groups at 2-weeks post-surgery. Further, the interaction effect 

between stress and TBI exposure as well as exposure to TBI alone had a significant impact on 

test performance with moderate effect sizes (η² = .26, η² = .20, respectively). In the moderate 

TBI cohort, mice in the NS group spent significantly more time in the open arms than all other 

experimental groups. Further, stress exposure had the most significant impact on scores (η² = 

.15). Overall, findings from the DLB test were not significant between groups in either cohort.  

Taken together, although premorbid stress did not have a significant impact on 

functional measures of recovery following TBI ranging from mild to moderate, it contributed to 

variable performance on measures of behavioral anxiety and despair. Specifically, mice in the 

non-CUMS group that sustained a mild TBI spent the least amount of time immobile on 

measures of behavioral despair on average, though this finding was only statistically significant 
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on TST 1-month post-surgery. In the moderate cohort, non-CUMS mice with a TBI generally 

spent less time immobile on TST, though this finding did not reach significance. In contrast, 

mice in the CUMS + TBI (moderate) group spent significantly less time immobile than all other 

groups at one-month post-surgery. Regarding findings from anxiety behavior assessment, mice 

in the mild cohort exposed to CUMS and a sham surgery appeared significantly less anxious 

than those in other groups; a finding primarily attributable to the effects of TBI exposure and the 

interaction effect of TBI and stress 2-weeks post-surgery. In the moderate cohort, non-CUMS + 

Sham mice spent significantly more time in open arms, exhibiting the unique contribution of 

CUMS on performance. This finding, however, was no longer significant one-month post-

surgery. Overall, behavior assessment revealed significantly more indications of anxiety and 

learned helplessness during the second administration of all measures.  

  



66 

 

 

CHAPTER V 

DISCUSSION 

TBIs represent a prominent source of disability and economic burden worldwide (Center 

for Disease Control [CDC] 2023; Dewan et al., 2018). Efforts in TBI research are essential to 

protecting populations that are particularly vulnerable to TBI, including children, older adults, 

marginalized racial and ethnic groups, individuals of low socioeconomic status, and those with a 

history of substance use disorders (Belanger et al., 2017; Cancelliere et al., 2023). Prolonged 

recovery trajectories are common following mild to moderate TBI due to PCS and comorbid 

affective stress, anxiety disorders, and depression (Iverson, 2005). Recent studies have 

reported on the impact of premorbid mental health symptoms on post-injury recovery, noting 

that certain psychotherapeutic treatments (i.e., cognitive-behavioral therapies) may be beneficial 

for treating postconcussive syndrome by addressing underlying, underappreciated psychiatric 

symptoms (Vanderploeg et al., 2019). Further, researchers have recently emphasized the utility 

of characterizing TBI recovery as points on a spectrum due to the challenge of differentiating 

pre- and post-injury mental health symptoms (Howlett et al., 2022; Karr et al., 2020). As such, 

premorbid characteristics are a prominent point of inquiry in predicting recovery from TBI of 

varying severities (Belanger et al., 2017).   

Animal models offer a unique method of inducing and measuring premorbid factors in 

TBI outcomes that cannot be replicated in human studies (Antoniuk et al., 2019; Ma et al., 

2019). In the current study, functional and behavioral measures were used to determine the 

impact of chronic stress following mild and moderate TBI in mice. The goal of the study was to 

contribute to available literature exploring factors that prolong recovery from mild or moderate 

TBI and provide additional insight for treatment in populations that are more vulnerable to these 

injuries. Independent variables included stress or non-stress conditions prior to either a sham or 

TBI procedure. Dependent variables included measures of functional recovery (RRR, mNSS) 
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and behavior, such as the EPM (Pellow et al., 1985), DLB (Hall, 1934; Walsh et al., 1976), TST 

(Steru et al., 1985), and FST (Porsolt et al., 1977; Porsolt et al., 1978). It was hypothesized that 

exposure to stress prior to injury would contribute to poorer outcomes on functional and 

behavioral measures.  

Key Findings 

A number of key findings with implications for both human and animal TBI research 

emerged from this study. First, functional recovery was not impacted by exposure to stress or 

injury severity. Second, behavioral manifestations of affective distress, primarily those similar to 

despair, and anxiety, varied by experimental group and time since injury. Finally, behavioral 

markers exhibited changes over the course of recovery.   

Functional Recovery 

Estimations of time spent unconscious are an important element in classifying TBI 

severity in human populations, as prolonged loss of consciousness is associated with greater 

injury severity (Roebuck-Spencer & Sherer, 2017). In the current study, animals were monitored 

in acute recovery for RRR in order to parallel loss of consciousness in humans. This 

measurement was calculated by recording the time between initial administration of anesthesia 

and observed attempts by the animal to return to a normal upright position, indicating an 

approximate return to baseline level of consciousness (Whyte et al., 2001). Exposure to stress 

prior to surgery did not contribute to poorer outcomes on RRR in either the mild TBI or moderate 

TBI cohorts.  

In addition to RRR, a modified version of the NSS was administered prior to surgery, 1 

hour after, then on each subsequent day for 7 days, and once per week for 6 weeks. The NSS 

evaluates an animals’ ability to successfully complete several basic tasks requiring neurological 

skills and is considered an equivalent measure to a neurologists’ exam in animal model 

research (Siebold et al., 2018). Similar to the findings on measurements of RRR, exposure to 
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stress prior to surgery did not contribute to poorer outcomes on the mNSS in either the mild TBI 

or moderate TBI cohorts across all 6 weeks of monitoring.  

Behavioral Outcomes 

Overall, the role of stress pre-exposure on depressive-like behavior was variable based 

on injury severity (i.e., mild or moderate TBI) and recovery time. In the mild TBI cohort, the 

interaction between stress and TBI exposure contributed to group differences in behavioral 

despair as measured by the TST in the month following surgery; however, this finding was not 

replicated with the FST, which uses a different modality to assess similar constructs. In the 

moderate TBI cohort, the non-stressed + sham mice demonstrated the least behavioral despair 

on TST; however, CUMS + TBI mice displayed the least behavioral despair on FST, 1 month 

after surgery.  

Similar to findings related to depression-like behavior, the contribution of CUMS and TBI 

to anxiety-like behaviors was inconsistent. In the mild TBI cohort, sham mice that were exposed 

to stress demonstrated less behavioral anxiety on EPM than TBI groups at 2-weeks post-

surgery; however, this finding was not replicated using the DLB test. Similarly, in the moderate 

TBI cohort, mice in the non-stressed sham group demonstrated the least anxiety-like behaviors 

on EPM at 2-weeks post-surgery. However, the stressed TBI group showed increased anxiety-

like behavior on DLB. Overall, exposure to stress appeared to have a more pronounced impact 

on anxiety-like behavior following moderate TBI, whereas premorbid stress primarily contributed 

to post-injury changes in the mild TBI cohort in combination with exposure to TBI.  

Injury Severity 

On TST, non-stressed sham mice in both the mild and moderate TBI cohorts exhibited 

more behavioral despair, although this trend was only statistically significant in the mild TBI 

group at 1-month post-surgery. On FST, non-stressed sham mice in the mild TBI cohort 

demonstrated more mobility, while in the moderate TBI cohort, the CUMS + TBI mice were more 
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mobile. On EPM, CUMS + sham mice in the mild TBI group showed the least anxiety, while 

non-stressed sham mice in the moderate TBI group showed the least anxiety, suggesting that 

the lasting effects of stress on post-injury anxiety may vary by injury severity. However, these 

findings were not corroborated by the results of DLB test, which measures similar constructs.  

Recovery Time 

Overall, it is notable that behavioral despair, as measured by TST and FST, increased 

between administrations. This finding may demonstrate genuine increases in affective distress 

over time or may be indicative of changes in the animals’ responses to the measure itself in 

repeated administrations. Additionally, mice in both cohorts spent less time in open arms on 

EPM at 1-month post-surgery, indicating more anxiety-like behavior. As this finding was not 

consistent on DLB, this discrepancy could indicate that these tests may capture different 

constructs related to anxiety (Weiss et al., 2000). Importantly, several studies have observed 

similar increases in immobility or anxiety behaviors over time associated with repeated 

exposure to behavior tests of these constructs (Bourin, 2019; Kazavchinsky et al., 2019).  

In conclusion, it is important to note that pre-exposure to stress plays a role in recovery 

following TBI, both independently and in conjunction with the injury itself. The exact contribution 

of stress in behavioral outcomes varies by exposure to TBI, injury severity, and time following 

the injury, or recovery time. A better understanding of the relationship between stress and 

recovery is necessary to illuminate potential factors in evaluation and intervention processes 

which may facilitate effective recovery.  

Implications 

Importantly, this study is among the first of its kind to develop a clinically relevant animal 

model of mild to moderate TBI, as well as to capture how pre-existing factors may exacerbate 

injury outcomes. First, the use of a stress-induction method with robust predictive validity 

allowed for reliable measurement of the impact of stress in post-injury outcomes (Belzung & 
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Lemoine, 2011). As hypothesized, exposure to stress produced behavioral differences in 

recovery both in isolation, and in conjunction with impact injury. Second, the methods used in 

the present study allowed for observation of differences between levels of severity in TBI. Milder 

TBIs are highly underrepresented in animal model research despite the overwhelming need for 

similar research in human populations (Shultz et al., 2017). Finally, the current study illuminated 

several avenues for future animal model research that will further our understanding of the 

effects stress on TBI outcomes.  

Functional Outcomes 

In the current study, neither stress nor TBI contributed to significant differences in 

measurements of RRR. This finding replicates previous studies which showed functional 

recovery between control and TBI experimental groups as indistinguishable during the first 72 

hours post-injury (Tweedie et al., 2007). Thus, although RRR measurement is considered a 

useful tool to understanding injury severity, it may not be the most robust tool for predicting 

outcomes of more mild injuries, and accurate measurement is highly dependent on 

standardization in surgical procedures. Importantly, previous studies have demonstrated that 

CUMS induces hyperactivity in mice, suggesting that the pathophysiological consequences of 

stress may serve as a protective factor against functional impairments or development of 

affective syndromes (Aglamal et al., 2019; Patricia et al., 2021). In humans, there is not 

sufficient empirical evidence to support the conclusion that concussion or mild TBI contributes to 

similar hyperactivity in the acute stage of recovery, nor do TBIs exacerbate existing 

hyperactivity in the context of diagnosed attention-deficit hyperactivity disorder (Iverson et al., 

2016; Stewman et al., 2018). Future directions for research may involve exploring potential 

mechanisms of this finding with transgenic models, which are increasingly useful for isolating 

various neuroprotective factors in studies of stress and recovery from brain injuries (Chan et al., 

1995). For example, one such study found that mitochondrial manganese SOD and neuronal 
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nitric oxide (NO) synthase were involved in functional recovery from TBI, as transgenic mice 

with over-expressed SOD and NO synthase did not have lingering neurological deficits (Chan et 

al., 1995). Additional studies have explored the role of oxidative stress in TBI outcomes in mice 

by utilizing transgenic mouse models to demonstrate that alterations in altered oxidation and 

inflammation regulating properties expedite post-injury recovery (Bhowmick et al., 2021; Ismail 

et al., 2020; Wang et al., 2019).   

The present study utilized a modified version of NSS, a measure used in animal model 

studies to detect the severity of functional impairment following injury (Siebold et al., 2018). 

Performance on this task across mild and moderate TBI cohorts was grossly intact, with the 

exception of several mice which, upon autopsy, sustained significant lesions during surgery. 

The mNSS, therefore, was sensitive to very significant injuries, but was insufficient in specifying 

any subtle changes due to more minor injuries. Other studies have found similar results from the 

NSS, noting that many of the parameters measured by the instrument are uncommon, even in 

the case of severe TBI, and are thus less sensitive to any changes following mild or moderate 

injuries (Chen et al., 2021; Siebold et al., 2018). Recent reviews of available literature indicate 

that the NSS and RRR were used in measuring post-injury outcomes in 31% and 10% of mTBI 

studies, respectively; many of which demonstrated minimal to no deficits in mild injuries, similar 

to the current study (Bodnar et al., 2019). These findings parallel patterns in human TBI 

literature, in which any neurological or cognitive deficits occur in the acute stage of mTBI, then 

are expected to recover fully to baseline. Future studies may benefit from using more 

comprehensive protocols for assessing neurological functioning and behavior in animal models 

of milder TBIs. For example, future studies could use the SHIRPA procedure, which provides 

examiners with a comprehensive phenotypic picture using a three-stage assessment process 

(Rogers et al., 1997). In the SHIRPA procedure, stage one involves observational assessment 

of aspects of behavior and functioning, such as gait, coordination, excitability, and temperature. 
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The second stage of screening includes a comprehensive battery of assessments to measure 

locomotor activity and autonomic functioning. The final stage includes similar measures to the 

present study, gathering data regarding neurological functioning and behavioral phenotype. 

Additionally, various itemized behaviors in the current protocol could be expanded to involve a 

graded approach, which may illuminate minor differences between experimental groups. For 

example, previous studies have utilized the rotarod test, in which the speed of a rotating rod 

slowly increases until the animal can no longer sustain its position (Curzon et al., 2011). The 

current study utilized only one beam; however, other studies have tested the animal on several 

beams that progressively decrease in width to test the limits of the animals’ balance (Curzon et 

al., 2011). Use of the SHIRPA procedure is gaining popularity in research studies due to the 

unique phenotyping capabilities and ability to observe areas of vulnerability and resilience 

(Lalonde et al., 2021; McCarson, 2020).  

Behavioral Outcomes 

Given the variability in outcomes between TBI severity cohorts, as well as changes 

observed over time post-surgery, the findings of this study are consistent with an overwhelming 

majority of the animal model literature, which suggests that behavioral recovery following TBI is 

highly dependent on injury severity, both in the symptom manifestation and symptom 

significance (An et al., 2016). Several questions emerge from the findings of the current study 

regarding the measurements of various constructs related to anxiety and depression behaviors, 

as well as the role of activity or mobility in stress and TBI outcomes. 

Although different patterns of behavioral despair were observed across mild and 

moderate cohorts in performance on TST and FST, these instruments are still considered highly 

valid measures of depression-like behaviors (Kraeuter et al., 2019b; Stukalin et al., 2020). 

Future studies using different types of depressive-like tests such as sucrose consumption test or 

lateral hypothalamic self-stimulation may be more informative as these other behavioral tests 
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are able to specifically isolate different dimensions of depression (i.e., anhedonia; Liebman, 

1983). Tests of pleasure-seeking behavior have been used in previous animal model studies of 

depression and substance use behaviors, which commonly co-occur in TBI populations and 

thus may be more applicable for use in future studies (Cryan & Holmes, 2005; Lowes et al., 

2021; Taylor et al., 2003).  

Stressed mice in the moderate TBI cohort demonstrated more mobility on one measure 

(DLB) of behavioral anxiety. This group also demonstrated the least behavioral despair on FST, 

which may provide additional support for an increase in activity levels due to stress, TBI, or both 

in moderate TBI. In the mild TBI cohort, however, the interaction of stress and injury contributed 

to more behavioral despair on TST. Similar findings have been observed in studies using the 

open field test, similar to DLB, and FST, where stress and injury contributed to variable activity 

levels (Heldt et al., 2014; Jones et al., 2008). Still, other studies have seen a specific delineation 

between phenotypes following either stress alone or stress and TBI, wherein stress alone 

contributed to a mixed anxious-depressed phenotype, while the combination of stress and TBI 

produced a primarily anxious phenotype (Algamal et al., 2019; Jones et al., 2008). These 

findings may parallel the human TBI literature, which indicates that many individuals who 

experience TBI develop a variable constellation of affective symptoms and syndromes after 

injury. In a review of 34 studies within the human TBI literature, approximately 21% of 

individuals across studies were diagnosed with anxiety disorders and 17% with depressive 

disorders within the first year after experiencing a TBI (Scholten et al., 2016). Monitoring of 

symptoms in the acute phase may be beneficial to identifying individuals who may be vulnerable 

to prolonged recovery, as one study found that certain anxiety-related symptoms reported 3-

months post-injury helped to predict PCS severity at 12-months post-injury (Sigurdardottir et al., 

2009).  
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Of note, the present study primarily focused on time spent in low-, moderate-, and high-

mobility states, as derived from settings using Ethovision software during DLB and EPM (Noldus 

et al., 2001). Previous studies have demonstrated the utility of DLB and EPM to differentiate 

anxiety-like behavior by comparing performance across mice bred for low-, medium-, and high-

activity levels (Booher et al., 2021). Additional data points or calculations derived from 

Ethovision during administration of DLB and EPM, such as the number of crossings, distance 

traveled, or ratios of time spent in different areas of the box, could provide helpful insight into 

the relationship between stress, TBI, and locomotor activity levels. DLB and EPM have 

repeatedly proven valid measures of anxiety-like behavior, particularly in sample sizes as large 

as that of the current study (Booher et al., 2021; Kraeuter et al., 2019a; Smalheiser et al., 2021). 

However, recent studies have noted variable reliability and test-retest variability using these 

measures in anxiolytic treatment trials (Bourin, 2019; Rosso et al., 2022). As such, additional 

measures such as Y-maze activity, startle reactivity, and inhibition assessments may be useful 

for characterizing psychomotor mobility and could be implemented in future experiments 

(Paulus et al., 1999).  

In addition to exploring changes in mobility, future studies could assess behaviors 

mediated by the prefrontal cortex, such as impulsivity, to determine the impact of stress and TBI 

on higher-order cognitive functions (Adriani et al., 2003). Tests that assess spatial memory 

(e.g., T-maze, radial maze, Morris water maze, Barnes maze) and problem-solving (puzzle box 

tests) could characterize the impact of stress in TBI outcomes and provide additional data to 

inform factors of individual ability or resilience (Galsworthy et al., 2005; Sharma et al., 2010).  

Additionally, both animal and human models of PTSD and mild TBI may be an important 

area of study, given the significant overlap of symptoms between PCS and PTSD in human 

populations. One study designed to asses this overlap determined that several symptoms 

reported in association with PCS are better characterized as hyperarousal symptoms 
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associated with trauma and stress-related disorders (Lagarde et al., 2014). The interconnected 

nature of emotional and physical trauma involved in several instances of TBI is yet to be fully 

understood. A recent literature review of psychological contributors to PCS indicated that 

prolonged recovery from mild TBI may not only be attributable to emotional trauma experienced 

simultaneously with the injury, but with previous trauma exposure or diagnosis of PTSD 

(Williams et al., 2010). Recently developed treatments targeting the overlap between these 

syndromes have proven effective in both promoting PTSD recovery and preventing PCS 

(Ragsdale et al., 2022).  

Limitations 

It is important to acknowledge the limitations of this study and, therefore, its 

generalizability to the body of research on stress and TBI. As with many animal model studies, 

several aspects of the environment have the potential to impact results of animal model studies. 

For example, studies have shown that inter-rater variability is possible in animal model 

research, as animal behavior can be conditioned by human factors, such as body odor (Nigri et 

al., 2022). Additionally, the mice were individually housed with minimal enriching items, which is 

known to contribute to anxiety and depression (Duman, 2005; Liu et al., 2020). Additional 

studies have explored the impact of completing behavior assessments individually compared to 

group administrations, demonstrating some potential for variability in outcomes (Ueno et al., 

2022). The animals in this study were maintained in single-housing with limited enrichment in 

their environment, which have both been correlated to anxiety- and depression-like behaviors in 

mice (Berry et al., 2012; Kazlauckas et al., 2011; Kempermann et al., 1997). Further, studies 

have explored the role of sleep and sleep deprivation as potential mechanisms for prolonged 

affective distress following TBI, and no intentional efforts were made in this study to monitor the 

length or quality of sleep (Portillo et al., 2022).  
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As previously stated, animal models are limited in their ability to fully characterize the 

human emotional experience (Planchez et al., 2019). Given the importance of self-concept, 

beliefs, and meaning-making to TBI recovery outcomes in humans, measuring anxiety-like 

behaviors and behavioral despair captures a portion of the full clinical picture (Bay & Liberzon, 

2009; Belanger et al., 2017; Iverson et al., 2018; McMahon et al., 2014; Silverberg et al., 2017; 

Snell et al., 2013).  

Although data from this study may provide some insight into the pathology of chronic 

exposure to psychological stressors in mice, it offers an incomplete picture of the complex 

etiology and pathology of anxious and depressed states in humans. Not only are human 

presentations of affective disorders highly variable in reported symptoms, but presentations also 

vary in the pattern of progression or resolution of symptoms over time (Nandi et al., 2009). 

Furthermore, the significant overlap between anxious and depressive syndromes provides an 

obstacle to both measurement and treatment (Kaiser et al., 2021; Konstantopoulou et al., 2020; 

Unick et al., 2009). As a result, there is increasing interest in research studies such as this one 

that focus on specific symptoms that are characteristic of affective disorders (Kotov et al., 2017). 

The present pilot study represents a model for exploring the contribution of stress in mild 

to moderate TBIs, which is fairly underrepresented in animal model research. In this uncharted 

territory, the surgical protocols resulted in tissue damage in several mice following skull 

penetration, which would necessitate classification as moderate to severe TBI in human 

research (Roebuck-Spencer & Sherer, 2017). Adjustments to the protocol ensured a milder 

injury for the mild TBI cohort, which did not include exposing cortical tissues. Due to the need 

for relevant research in the area of concussion and mild injuries, future studies might employ 

additional models with less risk of tissue damage or more robust empirical support for reliably 

producing a mild injury that more adequately mimics a concussion or mild TBI (Main et al., 

2017). Similar to research in human populations, some of the mice may have been more 
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resistant or resilient to the stressors that were employed than others, and thus the specific 

CUMS model may not have been a viable animal model of stress (Russo et al., 2012). 

Previously published data indicated that mice can be separated into two stress response 

categories: susceptible or resilient (Russo et al., 2012). Mice who are more resilient to stress do 

not display the same types of depressive-or anxiety-like phenotypes as mice who are 

considered susceptible (Dudek et al., 2021; Willmore et al., 2022). The current study did not 

include assessment of susceptibility or resilience in the experimental process, which could 

contribute to some of the observed variability in behavioral outcomes. Thus, efforts to delineate 

between these 2 groups prior to introducing CUMS and TBIs may be necessary in future studies 

using this animal model.   

The heterogeneity of both human and animal model research on TBI outcomes 

represents a challenge to any study in these fields. Apart from the substantial difference in brain 

mass, humans also possess a far superior cerebral cortex to mice, which has been studied for 

its capacity to process some aspects of affective disorders that cannot be replicated in animal 

models (Cryan & Holmes, 2005; Woodcock & Morganti-Kossmann, 2013). For example, 

diagnostic criteria for both anxious and depressive syndromes in humans include items related 

specifically to thought content (e.g., suicidal thoughts, self-esteem), which cannot be measured 

in mice. However, animal models represent a way to explore individual vulnerabilities, such as 

those broached in the present study, which could allow for more individualized approaches to 

recovery and treatment in the future (Woodcock & Morganti-Kossmann, 2013). 

Implications for Counseling Psychology 

Importantly, the implications of individual factors of vulnerability and resilience in TBI 

research are particularly salient to the field of counseling psychology due to the discipline’s 

traditional focus on individual differences and orientation to avenues of growth (Scheel et al., 

2018). The observed variability in this study parallels that of the greater body of TBI research, 
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wherein prolonged TBI recovery can often be attributable to identity and environmental factors 

of the individuals in research samples (Gonçalves & Perrone-McGovern, 2014). Collaboration 

between the fields of neuroscience and counseling psychology are therefore imperative to 

address gaps in the current literature. Two important areas of focus from counseling psychology 

with increasing interest in TBI include the roles of culture and subjective experience in injury and 

recovery (Caplan et al., 2021; Goss, 2016). For example, a recent study examining incidence 

rates of TBI among various racial and ethnic groups determined that POC experience more 

TBIs and less follow-up medical care than White individuals and are significantly under-

represented in TBI research (Brenner et al., 2020). Additionally, one study compared case 

examples from retired athletes and found that changes in identity, subjectivity of experience, 

self-awareness, and perceived levels of social support were implicated in the degree of somatic 

and psychological symptoms reported after TBI (Senecal & Whitehead, 2021). Improvements in 

neuroscience research to incorporate values of counseling psychology by observing and 

characterizing the role of individual vulnerability and protective factors may contribute to better 

means of diagnosis and treatment for individuals who experience TBI and reduce the potential 

for prolonged symptoms or stunted recovery (Taylor & Seebeck, 2020).  

The findings of this study provide several considerations for counseling psychologists 

working with populations who experience TBIs. First, psychologists who are knowledgeable of 

the expected recovery trajectory of TBIs are uniquely positioned to provide supportive 

psychoeducation to address areas of misinformation surrounding head injuries. Research 

indicates that several misconceptions regarding recovery are shared among the general public, 

particularly on the topic of concussion and mild TBI, which can contribute to stigma and poor 

recovery expectations (Ralph & Derbyshire, 2013). Counseling psychologists may provide 

helpful insight that is more digestible in the context of the therapeutic relationship. Second, 

psychologists are highly equipped to provide helpful conceptualizations of TBI and recovery to 
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treatment teams, family members, and individuals. A recent literature review indicated that the 

most effective method for conceptualizing the experience of PCS, and therefore identifying 

vulnerable individuals, requires consideration of predisposing, precipitating, and perpetuating 

factors (Rickards et al., 2022). Predisposing factors include premorbid psychiatric factors, such 

as chronic stress, as well as pre-injury intelligence, personality, perceptions, behaviors, and 

neurological history. Precipitating factors include simultaneous diagnosis of a psychiatric 

condition related to the injurious event, such as posttraumatic stress disorder, and misdiagnosis 

of injury severity. Finally, perpetuating factors include persistent psychiatric conditions, 

pessimism or low expectations of recovery, hindsight bias, and potential motivation for disability 

compensation. Considering this model, counseling psychologists possess a unique set of skills 

to identify, understand, and provide treatment to individuals who demonstrate prolonged 

recovery from concussion and mild TBI. 

Recommendations 

The goal of a pilot study, such as the present study, is to add to the body of research 

and provide examples of the efficacy of a specific protocol. Additional research is needed to 

further clarify modes of classification for TBI severity in animal models, establish more effective 

means of standardizing the injury and subsequent monitoring, as well as gathering the most 

relevant measures of behavior to mirror clinical postconcussive presentations. Though the 

present study included large sample sizes in the context of animal model research, future 

studies should seek to examine the impact of stress on TBI outcomes on a larger scale to 

improve the consistency of findings and generalizability of results. Finally, as with all animal 

model research, confounding factors related to experimenter variability and animal housing 

environment should be considered in the planning, execution, and analysis process.   

To conclude, future TBI research is needed in order to identify individual sources of 

vulnerability, such as stress, contribute to recovery outcomes. Given the global burden of TBI 
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and subsequent treatment needs, elucidating factors that contribute to the heterogeneity of 

responses to injury is essential for developing effective and innovative means of recovery. The 

present study explored the role of pre-injury stress in functional and behavioral outcomes of TBI, 

and future research should focus on the interaction of stress and TBI as a mechanism for 

symptomatology, differences in recovery time by injury severity, and further standardization of 

the research protocol for animal models of mild and moderate TBI. 

  



81 

 

 

REFERENCES 

Adriani, W., Caprioli, A., Granstrem, O., Carli, M., & Laviola, G. (2003). The spontaneously 

hypertensive-rat as an animal model of ADHD: Evidence for impulsive and non-

impulsive subpopulations. Neuroscience & Biobehavioral Reviews, 27(7), 639-651. 

https://doi.org/10.1016/j.neubiorev.2003.08.007 

Algamal, M., Saltiel, N., Pearson, A. J., Ager, B., Burca, I., Mouzon, B., Diamond, D. M., Mullan, 

M., Ojo, J. O., & Crawford, F. (2019). Impact of repetitive mild traumatic brain injury on 

behavioral and hippocampal deficits in a mouse model of chronic stress. Journal of 

Neurotrauma, 36(17), 2590–2607. https://doi.org/10.1089/neu.2018.6314 

Aliev, G., Beeraka, N. M., Nikolenko, V.N., Svistunov, A.A., Rozhnova, T., Kostyuk, S., 

Cherkesov, I., Gavryushova, L.V., Chekhonatsky, A.A., Mikhaleva, L.M. & 

Somasundaram, S.G. (2020). Neurophysiology and psychopathology underlying PTSD 

and recent insights into the PTSD therapies—A comprehensive review. Journal of 

Clinical Medicine, 9(9), 2951. https://doi.org/10.3390/jcm9092951 

American Congress of Rehabilitation Medicine. (1993). Definition of mild traumatic brain injury. 

Journal of Head Trauma Rehabilitation, 8, 86-87.  

American Psychiatric Association. (2013). Diagnostic and statistical manual of mental disorders 

(5th ed.). https://doi.org/10.1176/appi.books.9780890425596 

American Psychological Association. (2017). Stress in America: The state of our nation. 

https://www.apa.org/news/press/releases/stress/2017/state-nation.pdf 

An, C., Jiang, X., Pu, H., Hong, D., Zhang, W., Hu, X., & Gao, Y. (2016). Severity-dependent 

long-term spatial learning-memory impairment in a mouse model of traumatic brain 



82 

 

 

injury. Translational Stroke Research, 7, 512-520. https://doi.org/10.1007/s12975-016-

0483-5 

Antoniuk, S., Bijata, M., Ponimaskin, E., & Wlodarczyk, J. (2019). Chronic unpredictable mild 

stress for modeling depression in rodents: Meta-analysis of model reliability. 

Neuroscience & Biobehavioral Reviews, 99, 101-116. 

https://doi.org/10.1016/j.neubiorev.2018.12.002 

Bassuk, E. L., Buckner, J. C., Perloff, J. N., & Bassuk, S. S. (1998). Prevalence of mental health 

and substance use disorders among homeless and low-income housed mothers. 

American Journal of Psychiatry, 155(11), 1561-1564. 

https://doi.org/10.1176/ajp.155.11.1561 

Baum, A., Garofalo, J. P., & Yali, A. M. (1999). Socioeconomic status and chronic stress: Does 

stress account for SES effects on health?. Annals of the New York Academy of 

Sciences, 896(1), 131-144. https://doi.org/10.1111/j.1749-6632.1999.tb08111.x 

Baxter, A. J., Scott, K. M., Vos, T., & Whiteford, H. A. (2013). Global prevalence of anxiety 

disorders: A systematic review and meta-regression. Psychological Medicine, 43(5), 

897-910. https://doi.org/10.1017/S003329171200147X 

Baxter, A. J., Vos, T., Scott, K. M., Ferrari, A. J., & Whiteford, H. A. (2014). The global burden of 

anxiety disorders in 2010. Psychological Medicine, 44(11), 2363-2374. 

https://doi.org/10.1017/S0033291713003243 

Bay, E., & Covassin, T. (2012). Chronic stress, somatic and depressive symptoms following 

mild to moderate traumatic brain injury. Archives of Psychiatric Nursing, 26(6), 477-486. 

https://doi.org/10.1016/j.apnu.2012.06.002 



83 

 

 

Bay, E., & Liberzon, I. (2009). Early stress response: A vulnerability framework for functional 

impairment following mild traumatic brain injury. Research and Theory for Nursing 

Practice, 23(1), 42. https://ezp.twu.edu/login?url=https://www.proquest.com/scholarly-

journals/early-stress-response-vulnerability-framework/docview/207677462/se-

2?accountid=7102 

Bay, E., Sikorskii, A., & Gao, F. (2009). Functional status, chronic stress, and cortisol response 

after mild-to-moderate traumatic brain injury. Biological Research for Nursing, 10(3), 

213-225. https://doi.org/10.1177/1099800408326453 

Belanger, H. G., Tate, D. F., & Vanderploeg, R. D. (2017). Concussion and mild traumatic brain 

injury. In Morgan, J. E., & Ricker, J. H. (Eds.).  Textbook of clinical neuropsychology, 

(pp. 411-448). Taylor & Francis. 

Belzung, C., & Lemoine, M. (2011). Criteria of validity for animal models of psychiatric disorders: 

Focus on anxiety disorders and depression. Biology of Mood & Anxiety Disorders, 1(1), 

1-14. https://doi.org/10.1186/2045-5380-1-9 

Berry, A., Bellisario, V., Capoccia, S., Tirassa, P., Calza, A., Alleva, E., & Cirulli, F. (2012). 

Social deprivation stress is a triggering factor for the emergence of anxiety and 

depression-like behaviours and leads to reduced brain BDNF levels in C57BL/6J mice. 

Psychoneuroendocrinology, 37, 762–772. 

https://doi.org/10.1016/j.psyneuen.2011.09.007 

Bhowmick, S., Malat, A., Caruso, D., Ponery, N., D'Mello, V., Finn, C., & Abdul-Muneer, P. M. 

(2021). Intercellular adhesion molecule-1-induced posttraumatic brain injury 

neuropathology in the prefrontal cortex and hippocampus leads to sensorimotor function 



84 

 

 

deficits and psychological stress. eNeuro, 8(4). https://doi.org/10.1523/ENEURO.0242-

21.2021 

Bodnar, C. N., Roberts, K. N., Higgins, E. K., & Bachstetter, A. D. (2019). A systematic review of 

closed head injury models of mild traumatic brain injury in mice and rats. Journal of 

Neurotrauma, 36(11), 1683-1706. https://doi.org/10.1089/neu.2018.6127 

Booher, W. C., Hall, L. A., Thomas, A. L., Merhroff, E. A., Reyes Martínez, G. J., Scanlon, K. E., 

Lowry, C. A., & Ehringer, M. A. (2021). Anxiety-related defensive behavioral responses 

in mice selectively bred for high and low activity. Genes, Brain, and Behavior, 20(7), 

e12730. https://doi.org/10.1111/gbb.12730 

Bourin, M. (2019). The test retest model of anxiety: An appraisal of findings to explain 

benzodiazepine tolerance. Pharmacology, Biochemistry, and Behavior, 178, 39–41. 

https://doi.org/10.1016/j.pbb.2017.12.009 

Boyle, E., Cancelliere, C., Hartvigsen, J., Carroll, L. J., Holm, L. W., & Cassidy, J. D. (2014). 

Systematic review of prognosis after mild traumatic brain injury in the military: Results of 

the international collaboration on mild traumatic brain injury prognosis. Archives of 

Physical Medicine and Rehabilitation, 95(3), S230-S237. 

Brenner, E. K., Grossner, E. C., Johnson, B. N., Bernier, R. A., Soto, J., & Hillary, F. G. (2020). 

Race and ethnicity considerations in traumatic brain injury research: Incidence, 

reporting, and outcome. Brain Injury, 34(6), 801-810. 

https://doi.org/10.1080/02699052.2020.1741033 

Bryant, R. (2011). Post-traumatic stress disorder vs traumatic brain injury. Dialogues in Clinical 

Neuroscience, 13(3), 251–262. https://doi.org/10.31887/DCNS.2011.13.2/rbryant 



85 

 

 

Cambron, C., Gringeri, C., & Vogel-Ferguson, M. B. (2014). Physical and mental health 

correlates of adverse childhood experiences among low-income women. National 

Association of Social Workers, 221-229. https://doi.org/10.1093/hsw/hlu029 

Campbell, J., & Ehlert, U. (2012). Acute psychosocial stress: Does the emotional stress 

response correspond with physiological responses?. Psychoneuroendocrinology, 37(8), 

1111-1134. https://doi.org/10.1016/j.psyneuen.2011.12.010 

Cancelliere, C., Verville, L., Stubbs, J. L., Yu, H., Hincapié, C. A., Cassidy, J. D., Wong, J. J., 

Shearer, H. M., Connell, G., Southerst, D., Howitt, S., Guist, B., & Silverberg, N. D. 

(2023). Post-concussion symptoms and disability in adults with mild traumatic brain 

injury: A systematic review and meta-analysis. Journal of Neurotrauma, 40, (11-12), 

1045-1059. https://doi.org/10.1089/neu.2022.0185 

Caplan, B., Bogner, J., Brenner, L., Malec, J., Hromas, G. A., Houck, Z.M., Asken, B. M., 

Svingos, A. M., Greif, S. M., Heaton, S. C. & Jaffee, M. S. (2021). Making a difference: 

Affective distress explains discrepancy between objective and subjective cognitive 

functioning after mild traumatic brain injury. Journal of Head Trauma Rehabilitation, 

36(3), 186-195. https://doi.org/10.1097/HTR.0000000000000618 

Carroll, L., Cassidy, J. D., Peloso, P., Borg, J., Von Holst, H., Holm, L., Paniak, C. & Pépin, M. 

(2004). Prognosis for mild traumatic brain injury: Results of the WHO collaborating 

centre task force on mild traumatic brain injury. Journal of Rehabilitation Medicine, 36(0), 

84-105. https://doi.org/10.1080/16501960410023859 

Carroll, L. J., Cassidy, J. D., Cancelliere, C., Côté, P., Hincapié, C. A., Kristman, V. L., Holm, L. 

W., Borg, J., Nygren-de Boussard, C. & Hartvigsen, J. (2014). Systematic review of the 

prognosis after mild traumatic brain injury in adults: Cognitive, psychiatric, and mortality 



86 

 

 

outcomes: results of the International Collaboration on Mild Traumatic Brain Injury 

Prognosis. Archives of Physical Medicine and Rehabilitation, 95(3), S152-S173. 

https://doi.org/10.1016/j.apmr.2013.08.300 

Centers for Disease Control and Prevention. (2023). National Center for Health Statistics: 

Mortality data on CDC WONDER. https://wonder.cdc.gov/mcd.html 

Chan, P. H., Epstein, C. J., Li, Y., Huang, T. T., Carlson, E., Kinouchi, H., Yang, G., Kamii, H., 

Mikawa, S., Kondo, T., & Copin, J. C. (1995). Transgenic mice and knockout mutants in 

the study of oxidative stress in brain injury. Journal of Neurotrauma, 12(5), 815-824. 

https://doi.org/10.1089/neu.1995.12.815 

Chen, B., Shi, Q. X., Nie, C., Zhao, Z. P., Luo, L., Zhao, Q. J., Si, S. Y., Xu, B. X., Wang, T., 

Gao, L. Y., & Gu, J.W. (2021). Establishment and evaluation of a novel high-efficiency 

model of graded traumatic brain injury in mice. World Neurosurgery, 154, pp. e7-e18. 

https://doi.org/10.1016/j.wneu.2021.05.012 

Chen, Y. U. N., Constantini, S., Trembolver, V., Weinstock, M., & Shohami, E. (1996). An 

experimental model of closed head injury in mice: Pathophysiology, histopathology, and 

cognitive deficits. Journal of Neurotrauma, 13(10), 557-568. 

https://doi.org/10.1089/neu.1996.13.557 

Cochran, S. D., Sullivan, J. G., & Mays, V. M. (2003). Prevalence of mental disorders, 

psychological distress, and mental health services use among lesbian, gay, and bisexual 

adults in the United States. Journal of Consulting and Clinical Psychology, 71(1), 53. 

https://doi.org/0.1037//0022-006x.71.1.53 



87 

 

 

Cryan, J. F., & Holmes, A. (2005). The ascent of mouse: Advances in modelling human 

depression and anxiety. Nature Reviews: Drug Discovery, 4(9), 775-790. 

https://doi.org/10.1038/nrd1825 

Curzon, P., Zhang, M., Radek, R. J., & Fox, G. B. (2009). The behavioral assessment of 

sensorimotor processes in the mouse: Acoustic startle, sensory gating, locomotor 

activity, rotarod, and beam walking. J. J. Buccafusco (Ed.), Methods of behavior analysis 

in neuroscience. (2nd ed.). CRC Press/Taylor & Francis.  

Deng, X. Y., Li, H. Y., Chen, J. J., Li, R. P., Qu, R., Fu, Q., & Ma, S. P. (2015). Thymol produces 

an antidepressant-like effect in a chronic unpredictable mild stress model of depression 

in mice. Behavioural Brain Research, 291, 12-19. 

https://doi.org/10.1016/j.bbr.2015.04.052 

Dewan, M. C., Rattani, A., Gupta, S., Baticulon, R. E., Hung, Y. C., Punchak, M., Agrawal, A., 

Adeleye, A. O., Shrime, M. G., Rubiano, A. M., Rosenfield, J. V., & Park, K. B. (2018). 

Estimating the global incidence of traumatic brain injury. Journal of Neurosurgery, 

130(4), 1080-1097. https://doi.org/10.3171/2017.10.JNS17352 

Dismuke, C. E., Walker, R. J., & Egede, L. E. (2015). Utilization and cost of health services in 

individuals with traumatic brain injury. Global Journal of Health Science, 7(6), 156–169. 

https://doi.org/10.5539/gjhs.v7n6p156 

Dudek, K. A., Dion-Albert, L., Kaufmann, F. N., Tuck, E., Lebel, M., & Menard, C. (2021). 

Neurobiology of resilience in depression: Immune and vascular insights from human and 

animal studies. The European Journal of Neuroscience, 53(1), 183–221. 

https://doi.org/10.1111/ejn.14547 



88 

 

 

Duman, R. S. (2005). Neurotrophic factors and regulation of mood: Role of exercise, diet and 

metabolism. Neurobiology of Aging, 26(1), 88-93. 

https://doi.org/10.1016/j.neurobiolaging.2005.08.018 

Dunn, L. T., Patterson M., & Boot, D. A., (2000). Head injury in the severely injured: Long-term 

follow-up in 157 patients. British Journal of Neurosurgery, 14, 219–224. 

https://doi.org/10.3171/2017.10.JNS17352 

Fehily, B., Bartlett, C. A., Lydiard, S., Archer, M., Milbourn, H., Majimbi, M., Hemmi, J. M., 

Dunlop, S. A., Yates, N. J., & Fitzgerald, M. (2019). Differential responses to increasing 

numbers of mild traumatic brain injury in a rodent closed‐head injury model. Journal of 

Neurochemistry, 149(5), 660-678. https://doi.org/10.1111/jnc.14673 

Flierl, M. A., Stahel, P. F., Beauchamp, K. M., Morgan, S. J., Smith, W. R., & Shohami, E. 

(2009). Mouse closed head injury model induced by a weight-drop device. Nature 

Protocols, 4(9), 1328–1337. https://doi.org/10.1038/nprot.2009.148 

Galsworthy, M. J., Paya-Cano, J. L., Liu, L., Monleón, S., Gregoryan, G., Fernandes, C., 

Schalkwyk, L. C., & Plomin, R. 2005. Assessing reliability, heritability and general 

cognitive ability in a battery of cognitive tasks for laboratory mice. Behavior Genetics, 35, 

675-692. https://doi.org/10.1007/s10519-005-3423-9 

Giza, C. C., & Hovda, D. A. (2001). The neurometabolic cascade of concussion. Journal of 

Athletic Training, 36(3), 228–235. pmid:12937489 

Gonçalves, Ó. F., & Perrone-McGovern, K. M. (2014). A neuroscience agenda for counseling 

psychology research. Journal of Counseling Psychology, 61(4), 507–512. 

https://doi.org/10.1037/cou0000026 



89 

 

 

Goss, D. (2016). Integrating neuroscience into counseling psychology: A systematic review of 

current literature. The Counseling Psychologist, 44(6) 895-920. 

https://doi.org/10.1177/0011000016650263 

Hall, C.S., (1934). Emotional behavior in the rat; Defecation and urination as measures of 

individual differences in emotionality. Journal of Comparative and Physiological 

Psychology, 18, 385–403. https://doi.org/10.1037/h0071444 

Heldt, S. A., Elberger, A. J., Deng, Y., Guley, N. H., Del Mar, N., Rogers, J., Choi, G. W., Ferrell, 

J., Rex, T. S., Honig, M. G., & Reiner, A. (2014). A novel closed-head model of mild 

traumatic brain injury caused by primary overpressure blast to the cranium produces 

sustained emotional deficits in mice. Frontiers in Neurology, 5, 2. 

https://doi.org/10.3389/fneur.2014.00002 

Howlett, J. R., Nelson, L. D., & Stein, M. B. (2022). Mental health consequences of traumatic 

brain injury. Biological Psychiatry, 91(5), 413-420. 

https://doi.org/10.1016/j.biopsych.2021.09.024 

Hylin, M. J., Orsi, S. A., Rozas, N. S., Hill, J. L., Zhao, J., Redell, J. B., Moore, A. N., & Dash, P. 

K. (2013). Repeated mild closed head injury impairs short-term visuospatial memory and 

complex learning. Journal of Neurotrauma, 30(9), 716–726. 

https://doi.org/10.1089/neu.2012.2717 

Ismail, H., Shakkour, Z., Tabet, M., Abdelhady, S., Kobaisi, A., Abedi, R., Nasrallah, L., Pintus, 

G., Al-Dhaheri, Y., Mondello, S., & El-Khoury, R. (2020). Traumatic brain injury: 

Oxidative stress and novel anti-oxidants such as mitoquinone and edaravone. 

Antioxidants, 9(10), 943. https://doi.org/10.3390/antiox9100943 



90 

 

 

Iverson, G. L. (2005). Outcome from mild traumatic brain injury. Current Opinion in Psychiatry, 

18(3), 301-317. https://doi.org/10.1097/01.yco.0000165601.29047.ae 

Iverson, G. L., Atkins, J. E., Zafonte, R., & Berkner, P. D. (2016). Concussion history in 

adolescent athletes with attention-deficit hyperactivity disorder. Journal of 

Neurotrauma, 33(23), 2077-2080. https://doi.org/10.1089/neu.2014.3424 

Iverson, G. L., Terry, D. P., Karr, J. E., Panenka, W. J., & Silverberg, N. D. (2018). Perceived 

injustice and its correlates after mild traumatic brain injury. Journal of Neurotrauma, 

35(10), 1156-1166. https://doi.org/10.1089/neu.2017.5402 

Jassam, Y. N., Izzy, S., Whalen, M., McGavern, D. B., & El Khoury, J. (2017). 

Neuroimmunology of traumatic brain injury: Time for a paradigm shift. Neuron, 95(6), 

1246-1265. https://doi.org/10.1016/j.neuron.2017.07.010 

Jones, N. C., Cardamone, L., Williams, J. P., Salzberg, M. R., Myers, D., & O'Brien, T. J. (2008). 

Experimental traumatic brain injury induces a pervasive hyperanxious phenotype in rats. 

Journal of Neurotrauma, 25(11), 1367-1374. https://doi.org/10.1089/neu.2008.0641 

Kaiser, T., Herzog, P., Voderholzer, U., & Brakemeier, E. L. (2021). Unraveling the comorbidity 

of depression and anxiety in a large inpatient sample: Network analysis to examine 

bridge symptoms. Depression and Anxiety, 38(3), 307-317. 

https://doi.org/10.1002/da.23136 

Karr, J. E., Iverson, G. L., Huang, S. J., Silverberg, N. D., & Yang, C. C. (2020). Perceived 

change in physical, cognitive, and emotional symptoms after mild traumatic brain injury 

in patients with pre-injury anxiety or depression. Journal of Neurotrauma, 37(10), 1183-

1189. https://doi.org/10.1089/neu.2019.6834 



91 

 

 

Katz, R. J., & Baldrighi, G. (1982). A further parametric study of imipramine in an animal model 

of depression. Pharmacology, Biochemistry, and Behavior, 16(6), 969–972. 

https://doi.org/10.1016/0091-3057(82)90054-5 

Katz, R. J., Roth, K. A., & Carroll, B. J. (1981). Acute and chronic stress effects on open field 

activity in the rat: Implications for a model of depression. Neuroscience & Biobehavioral 

Reviews, 5(2), 247-251. https://doi.org/10.1016/0149-7634(81)90005-1 

Katz, R., & Wykes, T. (1985). The psychological difference between temporally predictable and 

unpredictable stressful events: Evidence for information control theories. Journal of 

Personality and Social Psychology, 48(3), 781. https://doi.org/10.1037/0022-

3514.48.3.781  

Kazavchinsky, L., Dafna, A., & Einat, H. (2019). Individual variability in female and male mice in 

a test-retest protocol of the forced swim test. Journal of Pharmacological and 

Toxicological Methods, 95, 12–15. https://doi.org/10.1016/j.vascn.2018.11.007 

Kazlauckas, V., Pagnussat, N., Mioranzza, S., Kalinine, E., Nunes, F., Pettenuzzo, L., Souza, D. 

O., Portela, L. V., Porciúncula, L. O., & Lara, D. R., (2011). Enriched environment effects 

on behavior, memory and BDNF in low and high exploratory mice. Physiology & 

Behavior, 102(5), 475-480. https://doi.org/10.1016/j.physbeh.2010.12.025 

Kempermann, G., Kuhn, H. G., & Gage, F. H. (1997). More hippocampal neurons in adult mice 

living in an enriched environment. Nature, 386(6624), 493-495. 

https://doi.org/10.1038/386493a0 

Kennedy, J. E., Jaffee, M. S., Leskin, G. A., Stokes, J. W., Leal, F. O., & Fitzpatrick, P. J. 

(2007). Posttraumatic stress disorder and posttraumatic stress disorder-like symptoms 



92 

 

 

and mild traumatic brain injury. Journal of Rehabilitation Research and 

Development, 44(7), 895. https://doi.org/10.1682/JRRD.2006.12.0166 

King, D., Brughelli, M., Hume, P., & Gissane, C. (2014). Assessment, management and 

knowledge of sport-related concussion: Systematic review. Sports Medicine, 44(4), 449-

471. https://doi.org/10.1007/s40279-013-0134-x 

King, J. A., Abend, S., & Edwards, E. (2001). Genetic predisposition and the development of 

posttraumatic stress disorder in an animal model. Biological Psychiatry, 50(4), 231-237. 

https://doi.org/10.1016/S0006-3223(01)01071-X 

Konstantopoulou, G., Iliou, T., Karaivazoglou, K., Iconomou, G., Assimakopoulos, K., & 

Alexopoulos, P. (2020). Associations between (sub) clinical stress-and anxiety 

symptoms in mentally healthy individuals and in major depression: A cross-sectional 

clinical study. BMC Psychiatry, 20(1), 1-8. https://doi.org/10.1186/s12888-020-02836-1 

Kotov, R., Krueger, R. F., Watson, D., Achenbach, T. M., Althoff, R. R., Bagby, R. M., Brown, T. 

A., Carpenter, W. T., Caspi, A., Moffitt, T. E., Eaton, N. R., Forbush, K. T., Goldberg, D., 

Hasin, D., Hyman, S. E., Lynamm, D. R., Samuel, D. B., South, S. C., Markon, K., Miller, 

J. D., Morey, L. C., Mullins-Sweatt, S. N., Ormel, J., Patrick, C. J., Regier, D. A., 

Rescorla, L., Ruggero, C. J., Sellbom, M., Simms, L. J., Skodol, A. E., Slade, T., Tackett, 

J. L., Waldman, I. D., Widiger, T. A., Wright, A. G. C., & Zimmerman, M. (2017). The 

hierarchical taxonomy of psychopathology (HiTOP): A dimensional alternative to 

traditional nosologies. Journal of Abnormal Psychology, 126(4), 454. 

https://doi.org/10.1037/abn0000258 



93 

 

 

Kraeuter, A. K., Guest, P. C., & Sarnyai, Z. (2019a). The elevated plus maze test for measuring 

anxiety-like behavior in rodents. Methods in Molecular Biology, 1916, 69–74. 

https://doi.org/10.1007/978-1-4939-8994-2_4 

Kraeuter, A. K., Guest, P. C., & Sarnyai, Z. (2019b). The forced swim test for depression-like 

behavior in rodents. Methods in Molecular Biology, 1916, 75–80. 

https://doi.org/10.1007/978-1-4939-8994-2_5 

Kumar, R. G., Bracken, M. B., Clark, A. N., Nick, T. G., Melguizo, M. S., & Sander, A. M. (2014). 

Relationship of preinjury depressive symptoms to outcomes 3 mos after complicated and 

uncomplicated mild traumatic brain injury. American Journal of Physical Medicine & 

Rehabilitation, 93(8), 687-702. https://doi.org/10.1097/PHM.0000000000000077 

Lagarde, E., Salmi, L. R., Holm, L. W., Contrand, B., Masson, F., Ribéreau-Gayon, R., Laborey, 

M., & Cassidy, J. D. (2014). Association of symptoms following mild traumatic brain 

injury with posttraumatic stress disorder vs postconcussion syndrome. JAMA 

Psychiatry, 71(9), 1032-1040. https://doi.org/10.1001/jamapsychiatry.2014.666 

Lalonde, R., Filali, M., & Strazielle, C. (2021). SHIRPA as a neurological screening battery in 

mice. Current Protocols, 1(5), e135. https://doi.org/10.1002/cpz1.135 

Latzman, R. D., DeYoung, C. G., & HiTOP Neurobiological Foundations Workgroup (2020). 

Using empirically-derived dimensional phenotypes to accelerate clinical neuroscience: 

The hierarchical taxonomy of psychopathology (HiTOP) framework. 

Neuropsychopharmacology, 45, 1083-1085. https://doi.org/10.1038/s41386-020-0639-6 

Laurer, H. L., Bareyre, F. M., Lee, V. M., Trojanowski, J. Q., Longhi, L., Hoover, R., Saatman, K. 

E., Raghupathi, R., Hoshino, S., Grady, M. S., & McIntosh, T. K. (2001). Mild head injury 



94 

 

 

increasing the brain's vulnerability to a second concussive impact. Journal of 

Neurosurgery, 95(5), 859–870. https://doi.org/10.3171/jns.2001.95.5.0859 

Li, Y., Zheng, X., Liang, J., & Peng, Y. (2010). Coexistence of anhedonia and anxiety-

independent increased novelty-seeking behavior in the chronic mild stress model of 

depression. Behavioral Processes, 83(3), 331-9. 

https://doi.org/10.1016/j.beproc.2010.01.020 

Liebman, J. M. (1983). Discriminating between reward and performance: A critical review of 

intracranial self-stimulation methodology. Neuroscience & Biobehavioral Reviews, 7(1), 

45-72. https://doi.org/10.1016/0149-7634(83)90007-6 

Liu, N., Wang, Y., An, A. Y., Banker, C., Qian, Y. H., & O'Donnell, J. M. (2020). Single housing‐

induced effects on cognitive impairment and depression‐like behavior in male and 

female mice involve neuroplasticity‐related signaling. European Journal of 

Neuroscience, 52(1), 2694-2704. https://doi.org/10.1111/ejn.14565 

Lowes, D. C., Chamberlin, L. A., Kretsge, L. N., Holt, E. S., Abbas, A. I., Park, A. J., Yusufova, 

L., Bretton, Z. H., Firdous, A., Enikolopov, A. G., Gordon, J. A., & Harris, A. Z. (2021). 

Ventral tegmental area GABA neurons mediate stress-induced blunted reward-seeking 

in mice. Nature Communications, 12(1), 3539. https://doi.org/10.1038/s41467-021-

23906-2 

Ma, X., Aravind, A., Pfister, B. J., Chandra, N., & Haorah, J. (2019). Animal models of traumatic 

brain injury and assessment of injury severity. Molecular Neurobiology, 56(8), 5332-

5345. https://doi.org/10.1007/s12035-018-1454-5 



95 

 

 

Maas, A.I., Menon, D. K., Adelson, P. D., Andelic, N., Bell, M. J., Belli, A., Bragge, P., 

Brazinova, A., Büki, A., Chesnut, R. M., & Citerio, G. (2017). Traumatic brain injury: 

Integrated approaches to improve prevention, clinical care, and research. The Lancet 

Neurology, 16(12), 987-1048. https://doi.org/10.1016/S1474-4422(17)30371-X 

Main, B. S., Sloley, S. S., Villapol, S., Zapple, D. N., & Burns, M. P. (2017). A mouse model of 

single and repetitive mild traumatic brain injury. Journal of Visualized Experiments, 124, 

55713. https://doi.org/10.3991/55713 

Malkesman, O., Tucker, L. B., Ozl, J., & McCabe, J. T. (2013). Traumatic brain injury - Modeling 

neuropsychiatric symptoms in rodents. Frontiers in Neurology, 4(157), 1-14. 

https://doi.org/10.3389/fneur.2013.00157 

McCarson, K. E. (2020). Strategies for behaviorally phenotyping the transgenic mouse. Methods 

in Molecular Biology, 2066, 171–194. https://doi.org/10.1007/978-1-4939-9837-1_15 

McCrea, M. (2008). Mild traumatic brain injury and postconcussion syndrome: The new 

evidence base for diagnosis and treatment. Oxford Workshop Series: AACN Workshop. 

McEwen, B. S. (2006). Protective and damaging effects of stress mediators: Central role of the 

brain. Dialogues in Clinical Neuroscience, 8(4), 367. 

https://doi.org/10.31887/DCNS.2006.8.4/bmcewen 

McEwen, Bruce S., & Sapolsky, Robert M. (1995). Stress and cognitive function. Current 

Opinion in Neurobiology, 5(2), 205-216. https://doi.org/10.1016/0959-4388(95)80028-X 

McMahon, P., Hricik, A., Yue, J. K., Puccio, A. M., Inoue, T., Lingsma, H. F., Beers, S. R., 

Gordon, W. A., Valadka, A. B., Manley, G. T., Okonkwo, D. O., & TRACK-TBI 



96 

 

 

Investigators (2014). Symptomatology and functional outcome in mild traumatic brain 

injury: Results from the prospective TRACK-TBI study. Journal of Neurotrauma, 31(1), 

26–33. https://doi.org/10.1089/neu.2013.2984  

Monleon, S., Parra, A., Simon, V. M., Brain, P. F., D'Aquila, P., & Willner, P. (1995). Attenuation 

of sucrose consumption in mice by chronic mild stress and its restoration by imipramine. 

Psychopharmacology, 117(4), 453-457. https://doi.org/10.1007/BF02246218 

Mouzon, B., Chaytow, H., Crynen, G., Bachmeier, C., Stewart, J., Mullan, M., Stewart, W., & 

Crawford, F. (2012). Repetitive mild traumatic brain injury in a mouse model produces 

learning and memory deficits accompanied by histological changes. Journal of 

Neurotrauma, 29(18), 2761–2773. https://doi.org/10.1089/neu.2012.2498 

Nandi, A., Beard, J. R., & Galea, S. (2009). Epidemiologic heterogeneity of common mood and 

anxiety disorders over the lifecourse in the general population: A systematic review. 

BMC Psychiatry, 9, 1-11. https://doi.org/10.1186/1471-244X-9-31 

Neighbors, H. W., Caldwell, C., Williams, D. R., Nesse, R., Taylor, R. J., Bullard, K. M., Torres, 

M., & Jackson, J. S. (2007). Race, ethnicity, and the use of services for mental 

disorders: Results from the national survey of American life. Archives of General 

Psychiatry, 64(4), 485-494. https://doi.org/10.1001/archpsyc.64.4.485 

Nestler, E. J., Barrot, M., DiLeone, R. J., Eisch, A. J., Gold, S. J., & Monteggia, L. M. (2002). 

Neurobiology of depression. Neuron, 34(1), 13-25. https://doi.org/10.1016/S0896-

6273(02)00653-0 

Nguyen, R., Fiest, K. M., McChesney, J., Kwon, C. S., Jette, N., Frolkis, A. D., Atta, C., Mah, S., 

Dhaliwal, H., Reid, A., & Pringsheim, T. (2016). The international incidence of traumatic 



97 

 

 

brain injury: A systematic review and meta-analysis. Canadian Journal of Neurological 

Sciences, 43(6), 774-785. https://doi.org/10.1017/cjn.2016.290 

Nigri, M., Åhlgren, J., Wolfer, D. P., & Voikar, V. (2022). Role of environment and experimenter 

in reproducibility of behavioral studies with laboratory mice. Frontiers in Behavioral 

Neuroscience, 16. https://doi.org/10.3389/fnbeh.2022.835444 

Noldus, L. P., Spink, A. J., & Tegelenbosch, R. A. (2001). EthoVision: A versatile video tracking 

system for automation of behavioral experiments. Behavior Research Methods, 

Instruments, & Computers, 33(3), 398-414. https://doi.org/10.3758/BF03195394 

Nollet, M., Guisquet, A. M. L., & Belzung, C. (2013). Models of depression: Unpredictable 

chronic mild stress in mice. Current Protocols in Pharmacology, 61(1), 5-65. 

https://doi.org/10.1002/0471141755.ph0565s61 

Ojo, J. O., Greenberg, M. B., Leary, P., Mouzon, B., Bachmeier, C., Mullan, M., Diamond, D. M., 

& Crawford, F. (2014). Neurobehavioral, neuropathological and biochemical profiles in a 

novel mouse model of co-morbid post-traumatic stress disorder and mild traumatic brain 

injury. Frontiers in Behavioral Neuroscience, 8, 213. 

https://doi.org/10.3389/fnbeh.2014.00213 

Patricia, B., Wellcome, J. L., Wiley, K., Lomahan, C. A., Moschonas, E. H., Cheng, J. P., Bondi, 

C. O., & Kline, A. E. (2021). Chronic unpredictable stress during adolescence protects 

against adult traumatic brain injury-induced affective and cognitive deficits. Brain 

Research, 1767, 147544. https://doi.org/10.1016/j.brainres.2021.147544 



98 

 

 

Paulus, M. P., Dulawa, S. C., Ralph, R. J., & Geyer, M. A. (1999). Behavioral organization is 

independent of locomotor activity in 129 and C57 mouse strains. Brain Research, 

835(1), 27-36. https://doi.org/10.1016/S0006-8993(99)01137-3 

Pavlides, C., Nivón, L. G., & McEwen, B. S. (2002). Effects of chronic stress on hippocampal 

long‐term potentiation. Hippocampus, 12(2), 245-257. https://doi.org/10.1002/hipo.1116 

Pellow, S., Chopin, P., File, S. E., & Briley, M. (1985). Validation of open: Closed arm entries in 

an elevated plus-maze as a measure of anxiety in the rat. Journal of Neuroscience 

Methods, 14, 149–167. https://doi.org/10.1016/0165-0270(85)90031-7 

Perkins, E. R., Joyner, K. J., Patrick, C. J., Bartholow, B. D., Latzman, R. D., DeYoung, C. G., 

Kotov, R., Reininghaus, U., Cooper, S. E., Afzali, M. H., Docherty, A. R., Dretsch, M. N., 

Eaton, N. R., Goghari, V. M., Haltigan, J. D., Krueger, R. F., Martin, E. A., Michelini, G., 

Ruocco, A. C., Tackett, J. L., Venables, N. C., Waldman, I. D., & Zald, D. H. (2020). 

Neurobiology and the hierarchical taxonomy of psychopathology: Progress toward 

ontogenetically informed and clinically useful nosology. Dialogues in Clinical 

Neuroscience, 22, 51-63. https://doi.org/10.31887/DCNS.2020.22.1/eperkins 

Planchez, B., Surget, A., & Belzung, C. (2019). Animal models of major depression: Drawbacks 

and challenges. Journal of Neural Transmission, 126(11), 1383-1408. 

https://doi.org/10.1007/s00702-019-02084-y 

Porsolt, R. D., Bertin, A., & Jalfre, M. (1978). “Behavioural despair” in rats and mice: Strain 

differences and the effects of imipramine. European Journal of Pharmacology, 51, 291–

4. https://doi.org/10.1016/0014-2999(78)90414-4 



99 

 

 

Porsolt, R. D., Le Pichon, M., & Jalfre, M. (1977). Depression: A new animal model sensitive to 

antidepressant treatments. Nature, 266, 730–2. https://doi.org/10.1038/266730a0 

Portillo, E., Zi, X., Kim, Y., Tucker, L. B., Fu, A., Miller, L. A., Valenzuela, K. S., Sullivan, G. M., 

Gauff, A. K., Yu, F., Radomski, K. L., McCabe, J. T., & Armstrong, R. C. (2022). 

Persistent hypersomnia following repetitive mild experimental traumatic brain injury: 

Roles of chronic stress and sex differences. Journal of Neuroscience Research, 101(6), 

843-865. https://doi.org/10.1002/jnr.25165)  

Pundlik, J., Perna, R., & Arenivas, A. (2020). Mild TBI in interdisciplinary neurorehabilitation: 

Treatment challenges and insights. NeuroRehabilitation, 46(2), 227-241. 

https://doi.org/10.3233/NRE-192971 

Ragsdale, K. A., Jones, K. R. S., Nichols, A., Watkins, L. E., Penna, S., Rauch, S. A., & 

Rothbaum, B. O. (2022). Clinical Effectiveness of an intensive outpatient program for 

integrated treatment of posttraumatic stress disorder and mild traumatic brain 

injury. Cognitive and Behavioral Practice, 29(2), 292-306. 

https://doi.org/10.1016/j.cbpra.2020.07.002 

Ralph, A., & Derbyshire, C. (2013). Survivors of brain injury through the eyes of the public: A 

systematic review. Brain Injury, 27(13-14), 1475–1491. 

https://doi.org/.3109/02699052.2013.823653 

Randle, E. N. (2021). Measuring the effects of racism: Guidelines for the assessment and 

treatment of race-based trauma-stress injury (Carter, R., & Pieterse, A., eds.). New York, 

Columbia University Press. https://doi.org/10.1080/01609513.2021.1876295 



100 

 

 

Reiss, F. (2013). Socioeconomic inequalities and mental health problems in children and 

adolescents: A systematic review. Social Science & Medicine, 90, 24-31. 

https://doi.org/10.1016/j.socscimed.2013.04.026 

Rickards, T. A., Cranston, C. C., & McWhorter, J. (2022). Persistent post-concussive symptoms: 

A model of predisposing, precipitating, and perpetuating factors. Applied 

Neuropsychology: Adult, 29(2), 284-294. 

https://doi.org/10.1080/23279095.2020.1748032 

Riolo, S. A., Nguyen, T. A., Greden, J. F., & King, C. A. (2005). Prevalence of depression by 

race/ethnicity: Findings from the national health and nutrition examination survey III. 

American Journal of Public Health, 95(6), 998-1000. 

https://doi.org/10.2105/AJPH.2004.047225 

Roebuck-Spencer, T., & Sherer, M. (2017). Moderate and severe traumatic brain injury. 

Morgan, J. E., & Ricker, J. H. (Eds), Textbook of clinical neuropsychology, (pp.387-410). 

Taylor & Francis.  

Rogers, D. C., Fisher, E. M. C., Brown, S. D. M., Peters, J., Hunter, A. J., & Martin, J. E. (1997). 

Behavioral and functional analysis of mouse phenotype: SHIRPA, A proposed protocol 

for comprehensive phenotype assessment. Mammalian Genome, 8(10), 711-713. 

https://doi.org/10.1007/s003359900 

Rosso, M., Wirz, R., Loretan, A. V., Sutter, N. A., Pereira da Cunha, C. T., Jaric, I., Würbel, H., 

& Voelkl, B. (2022). Reliability of common mouse behavioural tests of anxiety: A 

systematic review and meta-analysis on the effects of anxiolytics. Neuroscience and 

Biobehavioral Reviews, 143, 104928. https://doi.org/10.1016/j.neubiorev.2022.104928 



101 

 

 

Russo, S. J., Murrough, J. W., Han, M. H., Charney, D. S., & Nestler, E. J. (2012). Neurobiology 

of resilience. Nature Neuroscience, 15(11), 1475-1484. https://doi.org/10.1038/nn.3234 

Sapolsky, R. M., Romero, L. M., & Munck, A. U. (2000). How do glucocorticoids influence stress 

responses? Integrating permissive, suppressive, stimulatory, and preparative actions. 

Endocrine Reviews, 21(1), 55-89. https://doi.org/10.1210/edrv.21.1.0389 

Scheel, M. J., Stabb, S. D., Cohn, T. J., Duan, C., & Sauer, E. M. (2018). Counseling 

psychology model training program. The Counseling Psychologist, 46(1), 6-49. 

https://doi.org/10.1177/0011000018755512 

Scholten, A. C., Haagsma, J. A., Cnossen, M. C., Olff, M., Van Beeck, E. F., & Polinder, S. 

(2016). Prevalence of and risk factors for anxiety and depressive disorders after 

traumatic brain injury: A systematic review. Journal of Neurotrauma, 33(22), 1969-1994. 

https://doi.org/10.1089/neu.2015.4252 

Senecal, G., & Whitehead, P. (2021). Social support, identity, and meaning: A 

phenomenological analysis of post-concussion syndrome. Neurosurgery. 

https://doi.org/10.5772/intechopen.95541 

Sharma, S., Rakoczy, S., & Brown-Borg, H. (2010). Assessment of spatial memory in mice. Life 

Sciences, 87(17-18), 521-536. https://doi.org/10.1016/j.lfs.2010.09.004 

Shulman, L. M. (2020). Emotional traumatic brain injury. Cognitive and Behavioral Neurology, 

33(4), 301. https://doi.org/10.1097/WNN.0000000000000243 

Shultz, S. R., McDonald, S. J., Haar, C. V., Meconi, A., Vink, R., van Donkelaar, P., Taneja, C., 

Iverson, G. L., & Christie, B. R. 2017. The potential for animal models to provide insight 



102 

 

 

into mild traumatic brain injury: Translational challenges and strategies. Neuroscience & 

Biobehavioral Reviews, 76, 396-414. https://doi.org/10.1016/j.neubiorev.2016.09.014 

Siebold, L., Obenaus, A., & Goyal, R. (2018). Criteria to define mild, moderate, and severe 

traumatic brain injury in the mouse controlled cortical impact model. Experimental 

Neurology, 310, 48-57.  

Sigurdardottir, S., Andelic, N., Roe, C., Jerstad, T., & Schanke, A. K. (2009). Post-concussion 

symptoms after traumatic brain injury at 3 and 12 months post-injury: A prospective 

study. Brain Injury, 23(6), 489-497. https://doi.org/10.1080/02699050902926309 

Silverberg, N. D., Iverson, G. L., & Panenka, W. (2017). Cogniphobia in mild traumatic brain 

injury. Journal of Neurotrauma, 34(13), 2141-2146. 

https://doi.org/10.1089/neu.2016.4719 

Smalheiser, N. R., Graetz, E. E., Yu, Z., & Wang, J. (2021). Effect size, sample size and power 

of forced swim test assays in mice: Guidelines for investigators to optimize 

reproducibility. PloS One, 16(2), e0243668. 

https://doi.org/10.1371/journal.pone.0243668 

Snell, D. L., Hay-Smith, E. J. C., Surgenor, L. J., & Siegert, R. J. (2013). Examination of 

outcome after mild traumatic brain injury: The contribution of injury beliefs and 

Leventhal's Common Sense Model. Neuropsychological Rehabilitation, 23(3), 333-362. 

https://doi.org/10.1080/09658211.2012.758419 

Song, J., & Kim, Y. K. (2021). Animal models for the study of depressive disorder. CNS 

Neuroscience & Therapeutics, 27(6), 633-642. https://doi.org/10.1111/cns.13622  



103 

 

 

Stern, Y. (2009). Cognitive reserve. Neuropsychologia, 47(10), 2015-2028. 

https://doi.org/10.1016/j.neuropsychologia.2009.03.004 

Steru, L., Chermat, R., Thierry, B., & Simon, P. (1985). The tail suspension test: A new method 

for screening antidepressants in mice. Psychopharmacology, 85(3), 367-370. 

https://doi.org/10.1007/BF00428203 

Stewman, C. S., Liebman, C., Fink., L., & Sandella, B. (2018). Attention deficit hyperactivity 

disorder: Unique considerations in athletes. Sports Health, 10(1), 40-46. 

https://doi.org/10.1177/1941738117742906 

Stukalin, Y., Lan, A., & Einat, H. (2020). Revisiting the validity of the mouse tail suspension test: 

Systematic review and meta-analysis of the effects of prototypic antidepressants. 

Neuroscience and Biobehavioral Reviews, 112, 39–47. 

https://doi.org/10.1016/j.neubiorev.2020.01.034 

Taylor, C. A., Bell, J. M., Breiding, M. J., & Xu, L. (2017). Traumatic brain injury–related 

emergency department visits, hospitalizations, and deaths—United States, 2007 and 

2013. MMWR Surveillance Summaries, 66(9), 1. 

https://doi.org/10.15585/mmwr.ss6609a1 

Taylor, J. E., & Seebeck, R. F. (2020). Preinjury psychological factors and case formulation in 

mild traumatic brain injury rehabilitation: A case report. Rehabilitation Counseling 

Bulletin, 63(3), 156-167. https://doi.org/10.1177/0034355219878500 

Taylor, L. A., Kreutzer, J. S., Demm, S. R., & Meade, M. A. (2003). Traumatic brain injury and 

substance abuse: A review and analysis of the literature. Neuropsychological 

Rehabilitation, 13(1-2), 165-188. https://doi.org/10.1080/09602010244000336 



104 

 

 

Teasdale, G., & Jennett, B. (1974). Assessment of coma and impaired consciousness: A 

practical scale. The Lancet, 304(7872), 81-84. https://doi.org/10.1016/S0140-

6736(74)91639-0 

To, X. V., & Nasrallah, F. A., (2021). A roadmap of brain recovery in a mouse model of 

concussion: Insights from neuroimaging. Acta Neuropathologica Communications, 9(1), 

2. https://doi.org/10.1186/s40478-020-01098-y 

Tweedie, D., Milman, A., Holloway, H. W., Li, Y., Harvey, B. K., Shen, H., Pistell, P. J., Lahiri, D. 

K., Hoffer, B. J., Wang, Y., & Pick, C. G. (2007). Apoptotic and behavioral sequelae of 

mild brain trauma in mice. Journal of Neuroscience Research, 85(4), 805-815. 

https://doi.org/10.1002/jnr.21160 

U.S. Department of Defense. (2016). Department of Defense traumatic brain injury worldwide 

numbers. http://dvbic.dcoe.mil/dod-worldwide-numbers-tbi 

Ueno, H., Takahashi, Y., Murakami, S., Wani, K., Matsumoto, Y., Okamoto, M., & Ishihara, T. 

(2022). Effect of simultaneous testing of two mice in the tail suspension test and forced 

swim test. Scientific Reports, 12(1), 9224. https://doi.org/10.1038/s41598-022-12986-9 

Unick, G. J., Snowden, L., & Hastings, J. (2009). Heterogeneity in comorbidity between major 

depressive disorder and generalized anxiety disorder and its clinical consequences. The 

Journal of Nervous and Mental Disease, 197(4), 215. 

https://doi.org/10.1097/NMD.0b013e31819d954f 

Üstün, T. B., Ayuso-Mateos, J. L., Chatterji, S., Mathers, C., & Murray, C. J. (2004). Global 

burden of depressive disorders in the year 2000. The British Journal of Psychiatry, 

184(5), 386-392. https://doi.org/10.1192/bjp.184.5.386 



105 

 

 

Van Zuiden, M., Geuze, E., Willemen, H. L., Vermetten, E., Maas, M., Heijnen, C. J., & 

Kavelaars, A. (2011). Pre-existing high glucocorticoid receptor number predicting 

development of posttraumatic stress symptoms after military deployment. American 

Journal of Psychiatry, 168(1), 89-96. https://doi.org/10.1176/appi.ajp.2010.10050706 

Vanderploeg, R. D., Belanger, H. G., Curtiss, G., Bowles, A. O., & Cooper, D. B. (2019). 

Reconceptualizing rehabilitation of individuals with chronic symptoms following mild 

traumatic brain injury. Rehabilitation Psychology, 64(1), 1. 

https://doi.org/10.1037/rep0000255 

Walsh R. N, & Cummins R. A. (1976). The open-field test: A critical review. Psychological 

Bulletin, 83, 482–504. https://doi.org/10.1037/0033-2909.83.3.482 

Wang, W. T., Sun, L., & Sun, C. H. (2019). PDIA3-regulted inflammation and oxidative stress 

contribute to the traumatic brain injury (TBI) in mice. Biochemical and Biophysical 

Research Communications, 518(4), 657–663. https://doi.org/10.1016/j.bbrc.2019.08.100 

Watson, D., & Clark, L. A. (1984). Negative affectivity: The disposition to experience aversive 

emotional states. Psychological Bulletin, 96(3), 465. https://doi.org/10.1037/0033-

2909.96.3.465 

Weiss, S. Μ., Lightowler, S., Stanhope, K. J., Kennett, G. A., & Dourish, C. T. (2000). 

Measurement of anxiety in transgenic mice. Reviews in the Neurosciences, 11(1), 59-74. 

https://doi.org/10.1515/REVNEURO.2000.11.1.59 

Whyte, J., Cifu, D., Dikmen, S., & Temkin, N. (2001). Prediction of functional outcomes after 

traumatic brain injury: A comparison of 2 measures of duration of unconsciousness. 



106 

 

 

Archives of Physical Medicine and Rehabilitation, 82(10), 1355-1359. 

https://doi.org/10.1053/apmr.2001.26091 

Williams, W. H., Potter, S., & Ryland, H. (2010). Mild traumatic brain injury and postconcussion 

syndrome: A neuropsychological perspective. Journal of Neurology, Neurosurgery & 

Psychiatry, 81(10), 1116-1122. https://doi.org/10.1136/jnnp.2008.171298 

Willmore, L., Cameron, C., Yang, J., Witten, I. B., & Falkner, A. L. (2022). Behavioural and 

dopaminergic signatures of resilience. Nature, 611(7934), 124–132. 

https://doi.org/10.1038/s41586-022-05328-2 

Willner, P. (2017). The chronic mild stress (CMS) model of depression: History, evaluation and 

usage. Neurobiology of Stress, 6, 78-93. https://doi.org/10.1016/j.ynstr.2016.08.002 

Willner, P., Towell, A., Sampson, D., Sophokleous, S., & Muscat, R. A. (1987). Reduction of 

sucrose preference by chronic unpredictable mild stress, and its restoration by a tricyclic 

antidepressant. Psychopharmacology, 93(3), 358-364. 

https://doi.org/10.1007/BF00187257 

Woodcock, T., & Morganti-Kossmann, M. C. (2013). The role of markers of inflammation in 

traumatic brain injury. Frontiers in Neurology, 4, 18. 

https://doi.org/10.3389/fneur.2013.00018 

World Health Organization. (2017). Depression and other common mental disorders: Global 

health estimates. 

https://apps.who.int/iris/bitstream/handle/10665/254610/W?sequence=1 



107 

 

 

Zhu, S., Shi, R., Wang, J., Wang, J. F., & Li, X. M. (2014). Unpredictable chronic mild stress not 

chronic restraint stress induces depressive behaviours in mice. Neuroreport, 25(14), 

1151-1155. https://doi.org/10.1097/WNR.0000000000000243 

 

  



108 

 

 

APPENDIX A 

APPROVED IACUC PROTOCOL 

 



109 

 

 

 
  



110 

 

 

 
  



111 

 

 

 
  



112 

 

 

 
  



113 

 

 

 
  



114 

 

 

 
  



115 

 

 

 
  



116 

 

 

 
  



117 

 

 

 
  



118 

 

 

 
  



119 

 

 

 
  



120 

 

 

 
  

Form Version 1 Approved May 2020 13 

22. Summary and Judicious use of Animals:  In the box below or in a separate document, 
give a detailed summary to describe your work to the IACUC.  Please include and label (e.g., 
22a.) each of the following: 

 

22a. A brief description of the objective and significance of the proposed work, including the 
probable benefits of this work to human and/or animal health, the advancement of knowledge, 

or the good of society. For renewals, please provide a brief update on the progress made 

in achieving the specific aims of the previous protocol. 

22b. A detailed description of all the procedures to which animals will be subjected. A flow chart 
which illustrates experimental design and required animal numbers is extremely helpful to 
reviewers. If using transgenics, please indicate mode of introduction, conditional vs 
constitutive expression, and the gene to be introduced or altered.  

22c. The reason for selecting the species and justification of the number of animals proposed for 
use.  The specific aims of the project should be described in sufficient enough detail to justify 
the number of animals requested even if animals are only used as a source of tissue for 
experiments in vitro. If transgenic animals are to be used, any expected effects of genetic 
manipulation should be described.  If no effects are expected, this should be stated. 

 NOTE:  Insufficient justification for the number of animals requested is one of the 

principal reasons that proposals require revision.  It is the responsibility of the PI to 

clearly describe all experimental groups and to justify why the number of animals to be 

used in each group is required.  To accomplish this, the results of statistical analyses 

(power analyses) and/or references to previous work need to be presented.   

22d. Describe your experience with the proposed animal model and manipulation. 
 

Please note, this summary should not be a copy of a grant proposal, abstract, teaching syllabus, or 
reprint. In this summary you should use language such that a scientist outside your field can 
understand it.  Although not required, the use of graphics may be very helpful to the members of the 
IACUC in understanding your project.   
 

[Type text in the text box --- Spacing will adjust to accommodate the length of the narrative] 

22a. The overall goal of this research is to understand how chronic stress affects TBI outcomes 
with specific focus on depression and anxiety related co-morbidities. The interaction between 
stress and brain-derived neurotrophic factor (BDNF )expression is well established as a link to 
depression, anxiety and neuropsychiatric disorders (Notaras and van den Buuse, et al., 2020; 
https://doi.org/10.1038/s41380-019-0639-2). However little is known about how TBI affects the 
brain during chronic stress conditions. The overarching hypothesis is that chronic stress disrupts 
BDNF signaling in the cortical-hippocampus circuit to exacerbate and interfere with the brain’s 
ability to recover from chronic stress conditions. The goal of this IACUC protocol is to investigate 

how chronic stress affects 
anxiety and depression-
like behavior, the 
neurophysiology of the 
entorhinal cortex-
hippocampus circuit (a 
putative depression 
circuit), and BDNF. 
This work has direct 
significance to military 
health, sports medicine, 
and the general 
population. Understanding 
how chronic stress 
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changes the brain will advance our knowledge of brain and mental health to develop potential 
treatments for individuals with brain injury. 

22b. The proposed IACUC protocol will have 4 groups: 1) Chronic Mild Stress (CMS) + sham 
surgery, 2) CMS + TBI, 3) No CMS + sham surgery, 4) No CMS + TBI. Following TBI, mice will 
have 4 weeks to recover. At this time, mice will be euthanized for slice physiology following the 
quick decapitation protocol (14. Surgery III). For slice physiology, we estimated an n=5/group 
based on previous experience with these types of experiments. Typically, 12-15 recordings from 
3-5 mice are acceptable replicates. The second experiment will have mice undergo a battery of 
behavioral tests. Behavior tests will be performed over the course of 2 weeks and mice will 
euthanized by transcardial perfusion for immunohistochemistry preparation (14. Surgery II) or 
decapitation for tissue collection (14. Surgery IV). For behavior, G-Power Analysis software was 
used to estimate a sample size of 13-15 mice per group (Effect size = 0.6; α = 0.05; number of 
groups 4). We believe the effect size will be modest given that TBI can be variable in mice and 
included a sample size at the upper end of the range. 

Chronic mild stress. Chronic mild stress is a model for stress used to evaluate depression-like 
behaviors homologous to psychiatric disorders where mice are exposed randomly to 
unpredictable micro-stressor that develop clinic related behaviors of depression and anhedonia 
(Willner, 2017; https://doi.org/10.1016/j.ynstr.2016.08.002).   For this model, mice will be exposed 
to one or two stressors for a period of 4 hours to 12 hours during each 24-hour period over 4 
weeks. Mice will not be stressed within 8 hours of behavioral testing. Stressors will consist of the 

following and will be presented in 
random order: food or water 
deprivation, periods of overnight 
illumination, 45° cage tilt, single 
housing, exposure to strobe light, 
bedding soiled with water or rat 
feces, or placed in a foreign mouse 
cage. These stressors will be 
presented randomly over the 

course of 4 weeks (Please see table below for an example of 1 week of the 4 week protocol) and 
then mice will undergo sham or traumatic brain injury (TBI). After recovery, mice will undergo the 
behavioral tests. Below is a detailed description of the behavior test and an example of the order 
in which they may be tested. Some tests (Morris water maze and Sucrose consumption) require 
training days that will occur throughout the behavior testing phase. 

Novel object recognition - 2 days 

Social interaction test - 1 day 

Elevated plus maze - 1 day 

Open field test - 1 day 

Morris water maze - 10 days 

Tail suspension test - 1 day  

Forced swim test - 1 day 

Sucrose consumption test - 14 days 
 

Novel object recognition. Novel object recognition is a test of hippocampal episodic memory. In 
this test, mice will be habituated to testing conditions for 10 min in an open field box. Four hours 
later, mice will be exposed to two of the same object (A) in the familiarization stage for 10 min. 
Twenty-four hours after the familiarization stage, mice will be exposed to 1 familiar object (A) and 
1 novel object (B) for 10 min. Time spent interacting with objects will be scored using Ethovision 
(Noldus), a videotracking software program. A discrimination index in which time spent with the 
novel object (B) is subtracted from time spent with the familiar object (A) will be used to determine 
differences between groups.  
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APPENDIX B 

SAMPLE MNSS SCORING SHEET 

Date       
Mouse ID       
Task  Description  Score  

Startle Reflex  Pop a clipboard; if the mouse fails to respond give 1 point 0 1   

Straight Walk  

Place on flat surface and watch walking; if fails to use one or 

two paws, or walk in a straight line 1 point 0 1   

Grip Reflex  

Suspend by the tail and touch the paw with a pen to assess 

grip; if mouse fails to grip, give 1 point 0 1   
Beam 

Balance  

Place on beam of 7mmX7mm to assess balance; if mouse fails 

to perch, give 1 point. 0 1   

Beam Walk  

Place on 3 cm beam for a maximum of 3 minutes; if the mouse 

reaches opposite side of beam with minimal to no difficulty, 

give 0 points; if mouse shows difficulty but reaches the 

opposite side within time limit, give 1 point; if mouse shows 

difficulty and does not reach the opposite side within time limit, 

give 2 points; if mouse falls off the beam, give 3 points. 0 1 2 3 

Seeking 

behavior  

Place mouse in new environment and watch for exploration 

behavior (e.g., sniffing, time in perimeter and center, 

movement); if mouse fails to explore, give 1 point.  0 1   
Round stick 

balance  

Place mouse on round stick (5mm in diameter) to assess 

balance; if mouse fails to perch within 3 trials, give 1 point.  0 1   

Exit Box  

Place mouse in a box with a hole for a maximum of 3 minutes; 

if mouse fails to exit within the time limit, give 1 point. 0 1   
Total score 

(out of 10 

maximum 

points)    
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