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ABSTRACT 

Early life experiences play a major role in adult onset psychopathology. Childhood 

maltreatment, whether physical or emotional, is linked to mental illness and behavioral 

malfunctioning. Individuals who are emotionally, physically, or sexually abused as children have 

a higher prevalence of major depression, drug abuse, and suicide. Most current animal models 

are unable to tease apart the potentially distinct effects of emotional versus physical stress, and 

they focus mainly on stress effects in pre-weanling or adult animals and often overlook 

adolescence, a critical developmental period. Therefore, the following set of experiments was 

designed to examine the life-long effects of physical (PS) and emotional (ES) stress using a 

novel model of stress during adolescence. In this study, adolescent male C57BL/6J mice were 

divided into three groups: those experiencing social defeat, those forced to witness the social 

defeat, and no stress controls. Briefly, the home cage of a male CD-1 retired breeder mouse was 

separated by a Plexiglas divider into two adjacent compartments. An adolescent male C57BL/6J 

mouse was introduced into the compartment territorialized by the CD-1 mouse where it was 

repeatedly overpowered (PS), demonstrating escape-like behaviors, vocalizations, and 

submissive posturing, while a second adolescent male C57BL/6J mouse witnessed (ES) this 

interaction from the adjacent compartment. Here it is demonstrated that 10 days of PS or ES 

exposure during adolescence (PD 35-44) induces long-lasting deficits in a battery of behavioral 

assays designed to assess changes in mood in adulthood. Specifically, exposure to PS or ES 

increases anxiety- and depression-like behaviors as measured by the elevated plus maze and 

forced swim test. Interestingly, mice exposed to PS and ES also displayed social avoidance in the 

social interaction test. Molecular analyses yielded reduced expression of the scaffolding protein 

shank3 within the ventral tegmental area (VTA), a brain region highly implicated in responses to 

stress and the etiology of mood disorders, in both ES- and PS-exposed mice. Overexpressing 

shank3 within the VTA was sufficient to restore control levels of social interaction in both PS- 

and ES-exposed mice. Together, these data indicate that experiencing traumatic stress, whether 

physical or emotional, is a potent stressor in adolescent mice capable of inducing life-long 

behavioral dysregulation, and changes in shank3 expression may mediate some of these effects. 
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CHAPTER ONE 

INTRODUCTION 

Evidence suggests that early life environment plays a major role in adult onset 

psychopathology (McEwen, 2003). Until recently, the literature concerning early life adversity 

and its role in the development of psychiatric disorders has focused on the function of parental 

loss. Maternal separation early in life increases the risk for depression and other psychiatric 

disorders later in life (Gilmer & McKinney, 2003; McEwen, 2003; Roberts & Gotlib, 1997). 

Childhood maltreatment, whether physical and/or emotional, has become an adverse life 

experience commonly linked to mental illness and behavioral malfunctioning (Anda, Brown, 

Felitti, Dube, & Giles, 2008; Dube et al., 2005; Edwards, Holden, Felitti, & Anda, 2003; Teicher, 

Samson, Polcari, & McGreenery, 2006). While the emotional effects of childhood maltreatment 

are only starting to be delineated, the economic cost of child abuse is estimated to be over $100 

billion per year ("How Does the Child Welfare System Work?," 2004; C.-T. Wang & Holton, 

2007). 

Reports indicate that youths and adults with a childhood history of emotional and/or 

physical neglect are at higher risk: they are more likely to self-medicate, have higher rates of 

mortality, practice riskier sexual behavior and have an increased number of unintended 

pregnancies (Anda et al., 2002; Anda et al., 1999; Brown et al., 2009; Dietz et al., 1999; Felitti et 

al., 1998; Hillis et al., 2004; Hillis, Anda, Felitti, & Marchbanks, 2001; Klein, Elifson, & Sterk, 

2007). There is also a strong correlation between early life maltreatment and psychological 

disorder. Persons emotionally, physically, or sexually abused as children have a higher 

prevalence of major depressive disorder and increased rates of drug abuse later in life (Andersen 

& Teicher, 2009; Fleming & Offord, 1990; Gutman & Nemeroff, 2003; Kessler & Walters, 

1998). Interestingly, these individuals also appear to show changes in the volume of important 

brain regions, including the hippocampus, corpus callosum, amygdala, cingulate gyrus and the 

prefrontal cortex (PFC), suggesting altered development of limbic circuitry (Andersen et al., 

2008; Kitayama, Quinn, & Bremner, 2006; Tomoda et al., 2009; Woon & Hedges, 2008). Of 

these areas, the hippocampus and PFC are important for physiological stress response, as they 

are known to interact with the hypothalamus-pituitary-adrenal (HPA) axis (Dedovic, Duchesne, 

Andrews, Engert, & Pruessner, 2009; Pruessner et al., 2009). The HPA axis is the primary circuit 
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controlling physiological stress response. When exposed to stress, hypothalamic neurons in the 

paraventricular nucleus secrete corticotropin releasing factor that stimulates the anterior pituitary 

to release adrenocorticotropin (ACTH). ACTH stimulates the adrenal cortex to release 

glucocorticoids (cortisol in humans, and corticosterone in rodents). The hippocampus is known 

to have inhibitory influence, while the amygdala exerts a direct excitatory influence on 

hypothalamic neurons (Bao, Meynen, & Swaab, 2008). Dysregulation of the HPA axis has been 

observed in individuals suffering from chronic stress and depression (Alfonso, Frasch, & Flugge, 

2005; Bao, et al., 2008). Studies in people who have experienced childhood abuse have shown 

atrophy of hippocampus and PFC with no deterioration of amygdala, suggesting that these 

individuals have deficits in HPA axis inhibition, with no apparent change in its excitation 

(Bremner et al., 1997; Teicher et al., 2003; Woon & Hedges, 2008). This may contribute to the 

excessive activation of the HPA axis seen in these individuals. However, there are several 

distinct subtypes of abuse and adults with a childhood history of abuse likely suffered it in many 

forms. Therefore, it is difficult to judge the contribution of different types of maltreatment on 

adult functioning from human clinical studies. 

Animal models of early life stress have yielded substantial support for a view that early 

life exposure to stress induces chemical and structural changes that may lead to increased stress 

response and dysregulation of the HPA axis. For example, rats exposed to maternal separation 

during early postnatal development show exaggerated stress response as adults. Behaviorally, 

they have increased reactivity to stressful and anxiogenic stimuli (Daniels, Pietersen, Carstens, & 

Stein, 2004; Ladd et al., 2000). Biochemically, they have increased blood levels of corticosterone 

and ACTH in response to a variety of stressors (Meaney et al., 1996; Plotsky & Meaney, 1993). 

Additionally, animals reared in isolation show increased anxiety, hyperactivity, neophobia, 

decreased neurogenesis, disruption of the HPA axis, and aberrant development of cortical brain 

regions (Del Arco, Zhu, Terasmaa, Mohammed, & Fuxe, 2004; Hellemans, Benge, & Olmstead, 

2004; Weiss, Pryce, Jongen-Relo, Nanz-Bahr, & Feldon, 2004). Appetitive behavior is also 

disturbed in these animals, as they self administer more cocaine and demonstrate increased 

sensitivity to amphetamine (Einon & Sahakian, 1979; Howes, Dalley, Morrison, Robbins, & 

Everitt, 2000; Peters & O'Donnell, 2005; Weiss, Domeney, Heidbreder, Moreau, & Feldon, 

2001). While these studies have demonstrated that early life stress has significant developmental 

effects, these models approximate parental loss and complete social isolation, but fail to model 
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the other aspects of child maltreatment. A recent study in adolescent rats using the social defeat 

paradigm, a model with a strong physical maltreatment component, has shown increased anxiety 

and changes in limbic monoamines in adulthood (Watt, Burke, Renner, & Forster, 2009), while 

other studies report increased anxiety alone (Vidal et al., 2007). While this model addresses the 

physical component of abuse, it is still unable to tease apart the influence that physical and 

emotional stressors have on aberrant biochemical and functional responding. 

Although much has been learned from these studies, most of the work has been done in 

pre-weanling or adult animals (Andersen & Navalta, 2004; Spear, 2000). Stress effects during 

adolescence, a critical and highly stressful developmental period, have been largely overlooked 

(Spear, 2000). During adolescence, critical hormonal and neural systems are maturing, along 

with significant psychosocial change (Spear, 2000). As in humans, research shows that animals 

are more sensitive to stress during adolescence than younger or older cohorts (Andersen & 

Navalta, 2004; Andersen & Teicher, 2009; Laviola, Adriani, Terranova, & Gerra, 1999; Spear, 

2000). For example, adolescent rats are more sensitive to stressors like forced swimming and 

novel environment when compared to adults (Hascoet, Colombel, & Bourin, 1999; Walker, 

Trottier, Rochford, & Lavallee, 1995). Animals chronically stressed in adolescence show an 

exaggerated adult stress response when compared to animals stressed before or after 

adolescence. As adults, these animals have increased glucocorticoid levels and increased anxiety 

in both the elevated plus maze and open field tests (Einon & Morgan, 1977; Stone & 

Quartermain, 1997). It is remarkable, therefore that more work has not been done during this 

developmental period. 

While the studies that have been done using maternal separation, social isolation and 

social defeat all have an ‘emotional’ component, simply witnessing stress has recently been 

proposed as a model for ‘emotional stress’ (Church, 1959; Kuzmin, Semenova, Zvartau, & Van 

Ree, 1996; Pijlman & van Ree, 2002; Pijlman, Wolterink, & Van Ree, 2003; Takahashi, 

Tokuyama, & Kaneto, 1987; Van den Berg, Lamberts, Wolterink, Wiegant, & Van Ree, 1998). 

In this paradigm, using rodents, a special apparatus is used in which one animal receives an 

electrical shock (physically stressed) and a second animal is forced to observe from an adjacent 

compartment such that visual, olfactory and auditory signals are shared between the 

compartments (ES). In adults, it has been shown that ES enhances self-administration of drugs 

like cocaine and morphine (Kuzmin, et al., 1996; Ramsey & Van Ree, 1993). Interestingly, ES 



4 
 

animals also show hedonic sucrose preference and hyperlocomotion, while physically stressed 

animals show just the opposite (Pijlman, Wolterink, et al., 2003). It is clear that ES has profound 

effects, since these behaviors are observed up to 15 days after exposure and since a single 

session can produce these effects (Ramsey & Van Ree, 1993; Van den Berg, et al., 1998). It is 

surprising that this data comes exclusively from adult organisms, since early life stress has been 

shown to lead to long-lasting deficits in mood. Therefore, the main goal of my dissertation is to 

establish this emotional stress model (using social defeat-witness) in adolescence, a time when 

animals appear to be most sensitive to the effects of stress. 

Several brain regions are implicated in regulation of mood, but we have only a 

rudimentary knowledge of the neural circuitry involved. Studies have traditionally focused on 

the neurological consequences of stress on both the HPA axis and hippocampus. However, it is 

unlikely that these areas are acting alone. Studies consistently report changes in motivation, 

sensitivity to drugs of abuse, and anhedonia (a lack of pleasure) in individuals with childhood 

history of maltreatment (Gutman & Nemeroff, 2003; McEwen, 2003; Nemeroff, 1999). One 

important brain pathway that is linked to motivation and hedonia is the mesolimbic dopamine 

system. This pathway is made up of the midbrain ventral tegmental area (VTA) and its output 

structures, the hippocampus, the forebrain nucleus accumbens (NAc), and prefrontal cortex 

(Graybiel, 1990; Lisman & Grace, 2005; Nestler & Carlezon, 2006; Wise, 1996). I have chosen 

to explore the involvement of this circuitry because of the increasing evidence suggesting that 

this mesolimbic tract is important for regulation of mood (Barrot et al., 2002; Bolanos, Barrot, 

Berton, Wallace-Black, & Nestler, 2003; Bolaños et al., 2003; Naranjo, Tremblay, & Busto, 

2001; Nestler et al., 2002; Yadid, Overstreet, & Zangen, 2001). For example, susceptibility to 

social defeat has recently been shown to depend on protein kinase B (AKT) signaling as well as 

the firing rate of the VTA dopamine neurons (Krishnan et al., 2007; Krishnan et al., 2008). It is 

conveivable, then, that stress could interfere with the normal development of this circuitry and 

significantly influence behavior later in life. Therefore, a second goal of my dissertation is to 

assess the biochemical changes that occur within this pathway (focusing on the VTA), with a 

clear understanding that a single pathway cannot be viewed in isolation.  

The role neurotrophins play in mood, synaptic plasticity, memory and motivation is 

becoming clear. The brain-derived neurotrophic factor (BDNF)–extracellular signal-regulated 

kinase (ERK) pathway is regulated both by chronic stress and antidepressant treatment (Altar, 
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1999; Bolaños & Nestler, 2004; Eisch, Bolanos, et al., 2003; Nestler & Carlezon, 2006; Yadid, et 

al., 2001). Briefly, neurotrophins, including BDNF, produce their effects by binding to Trk 

receptors. BDNF specifically activates TrkB receptors, leading to dimerization and subsequent 

tyrosine autophosphorylation of the receptor (Downward, 2001; Kaplan & Miller, 2000). This 

activated TrkB receptor leads to the activation of several intracellular signaling cascades, 

including the phosphatidylinositol-3-kinase (PI-3-K) pathway (which leads to the activation of 

AKT, a protein tyrosine kinase implicated in cell survival) and a MAP-kinase pathway, which 

activates ERK via a Ras-initiated cascade (Bibel & Barde, 2000; Kaplan & Miller, 2000; 

Lindsay, Wiegand, Altar, & DiStefano, 1994). BDNF appears to be one of the molecules 

responsible for the neural plasticity seen in response to drugs of abuse and to stress. Stress has 

been shown to decrease BDNF levels, while BDNF infusions into the VTA, for example, 

sensitize rodents to both the locomotor and appetitive effects of cocaine (Horger et al., 1999; 

Pierce, Pierce-Bancroft, & Prasad, 1999). Additionally, chronic exposure to drugs of abuse and 

antidepressants has been shown to influence ERK phosphorylation, without affecting total ERK 

(Berhow, Hiroi, & Nestler, 1996; Valjent, Pages, Herve, Girault, & Caboche, 2004). Therefore, a 

picture is emerging indicating that stress, mood stabilizers, and antidepressants interact with 

elements of the BDNF and ERK signaling cascades. 

Recent evidence has also implicated glutamatergic signaling in mediating mood 

(Musazzi, Treccani, & Popoli, 2012; Tokita, Yamaji, & Hashimoto, 2012). This new glutamate 

hypothesis of depression has been mostly driven by reports that low doses of ketamine are able 

to rapidly induce a prolonged antidepressant state even in individuals with forms of depression 

that did not respond to traditional antidepressants (Berman et al., 2000; Katalinic et al., 2013). 

Furthermore, evidence indicates that individuals with depression or bipolar disorder may have 

higher levels of glutamate than healthy controls (McNally, Bhagwagar, & Hannestad, 2008; 

Mitchell & Baker, 2010). Since glutamate is necessary for the development of long term 

potentiation and spine formation, it is thought that altered glutamate signaling may induce 

aberrations in dendritic spine plasticity (Korkotian & Segal, 1999).  Indeed, animal studies 

looking at spine density and dendritic arborization do show that spine morphometry is disrupted 

after chronic stress (Sapolsky, 1999, 2001, 2003). While few studies look at spine plasticity 

within the ventral tegmental area, spine density has been shown to change in nucleus accumbens 

after exposure to chronic social defeat (Christoffel et al., 2011; LaPlant et al., 2010) . It is 
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thought that these changes may be mediated by increased VTA cell firing that develops after 

exposure to social defeat (Krishnan, et al., 2007; Krishnan & Nestler, 2008). However, little is 

known about the role of glutamate within the VTA in mediating response to stress. Interestingly, 

adult mice exposed to emotional or physical stress show a decrease in Shank3 gene expression 

within the VTA (Warren et al., 2013). Shank3 is a scaffolding protein that is known to be 

responsible for adhering glutamate receptors, ion channels, and other synaptic proteins to the 

membrane at the post synaptic density (Bozdagi et al., 2010; Herbert, 2011). Given that 

glutamatergic signaling is also known to interact with elements of the ERK signaling cascade 

(Valjent et al., 2005), glutamate-related molecules are a particularly interesting area for further 

examination. 

There is a need for preclinical models that can approximate human risk factors for 

pathologic condition. Additionally, there is a need to bridge the gap in our understanding of the 

effects of emotional stress during adolescence on brain development, chemistry, and behavioral 

output later in life. To address this, the main goal of my dissertation is to establish a model of 

emotional stress that can be used for ontological study. I hypothesize that exposure to emotional 

stress during adolescence will induce behavioral abnormalities indicative of mood dysregulation 

and will alter the normal development of neural circuitry involved in mood and motivation. To 

assess this hypothesis, I will first measure behavioral assays of affect in order to demonstrate 

these long-lived deficits. Additionally, I will assess the neural changes responsible for the 

disordered behavioral response using biochemical techniques (RNAseq, qPCR, and Western 

Blot) to test the integrity of the mesolimbic dopamine tract. 
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CHAPTER TWO 

SHORT-TERM BEHAVIORAL EFFECTS OF EMOTIONAL 

AND PHYSICAL STRESS IN ADOLESCENT MALE MICE 

Introduction 

While it is increasingly accepted that exposure to stress during early life has long-lasting 

effects on psychological wellbeing, it is also clear that there are substantial changes that manifest 

rapidly. Children and adolescents that have been abused often act out sexually, are disruptive in 

school, have increased anxiety, symptoms of depression, as well as drug and alcohol abuse 

(Harkness, Lumley, & Truss, 2008; Hildyard & Wolfe, 2002; Perkins & Jones, 2004). While not 

all children exposed to similar abuse or neglect react the same way, the severity of these 

symptoms are thought to be the result of several factors, including the severity and frequency of 

the maltreatment, type of maltreatment, along with several risk and protective factors (Dubowitz 

& Bennett, 2007; Haskett, Nears, Ward, & McPherson, 2006; Runyon & Kenny, 2002). 

However, less is known about the immediate effects of childhood maltreatment because it often 

goes unreported and undetected for months or years or might never be reported.  Therefore, less 

is known about the acute clinical effects of maltreatment in children and adolescence. 

Nevertheless, experimental data from animal models have helped shed light on the early 

effects of stress during adolescence. Interestingly, adolescence appears to be a period of 

increased vulnerability to stress (Andersen & Teicher, 2008). For example, adolescents have 

higher levels of glucocorticoid receptor expression and have an enhanced glucocorticoid 

response to acute stress (Pryce, 2008; Romeo et al., 2006; Romeo & McEwen, 2006). In fact, it 

takes adolescent rats nearly twice as long to return corticosterone to baseline levels following 

restraint stress than adults ((Romeo & McEwen, 2006)). These differences may underlay the 

behavioral sensitivity to stress seen in adolescent animals. For example, rats exposed to social 

stress as adolescents are more sensitive to social stress than adult counterparts (Leussis & 

Andersen, 2008). Mice housed under socially stressful conditions also appear to be more 

sensitive to anxiety-eliciting situations short-term (Schmidt et al., 2007). 
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It is also important to note that differences can be found using social defeat or chronic 

subordination models of stress. These models are particularly relevant for adolescence, because it 

is a developmental period associated with increased social change, and often, physical abuse or 

bullying. Not surprisingly, rats socially defeated during adolescence rapidly show increased 

anxiety-like behavior in a motivational conflict test (Vidal, Buwalda, & Koolhaas, 2011). In this 

study, rats were water deprived for twenty-four hours before having access to an open field. Half 

of the animals were socially defeated in the open field, while the other half were not. A water 

bottle was presented in the open field and the socially defeated rats showed significantly 

inhibited drinking response just two days after stress. Furthermore, adolescent rats that have been 

socially defeated rapidly display social avoidance, a depression-like behavior (Vidal, et al., 

2007). However, these studies only tested rats exposed to the physical stress of social defeat, but 

are incapable of teasing out the emotional aspects of the stressor. While physical abuse is 

common, much of today’s bullying is primarily emotional without any physical contact. This is 

especially true of the cyber-bullying epidemic. 

Therefore, it is important that the short-term effects of emotional and physical stress be 

delineated during adolescence. Thus, I designed the following set of experiments to determine 

whether witnessing or physically experiencing social defeat would influence behavioral 

measures of mood up to 48 hours after the last stress session. 

 

Methods 

Animals  

Mice were male, fed ad libitum, allowed a 1-week habituation period before experimental 

manipulation, and housed at 23-25C on a 12 hr light/dark cycle (lights on at 7 AM). Five week-

old (postnatal day [PD] 35) male c57BL/6J mice (Jackson Labs, Bar Harbor, Maine), and CD1 

retired breeders (Charles River), were used in this study. Mice were housed in clear 

polypropylene boxes containing wood shavings c57BL/6J (four per cage prior to stress, singly 

housed following stress), and CD1 (one per cage). Experiments were conducted in compliance 

with the guidelines for the Care and Use of Laboratory Animals (Council, 2003), and approved 

by the Florida State University Animal Care and Use Committee. 
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Stress Exposure and Experimental Design  

Adolescent mice were randomly assigned to a daily session (10 min per session) of 

emotional (ES), physical (PS), or control (CON) stress for 10 consecutive days (PD35-44). 

Briefly, the home cage (23.5cm x 45.5cm x 15cm) of a CD-1 retired breeder was separated into 

two compartments by a perforated clear Plexiglas divider, allowing olfactory, acoustic and visual 

signals to be shared between the compartments. The mouse in the ES condition was placed into 

the empty compartment adjacent to the CD-1 aggressor, while the physically stressed (PS) mouse 

was placed into the compartment containing the aggressor, as previously described (Berton et al., 

2006; Krishnan, et al., 2007; Krishnan, et al., 2008). During this time, the PS mouse was attacked 

by the CD-1 mouse and adopted a defensive posture. After ten minutes, the PS-exposed mouse 

was removed while the ES-exposed mouse was left overnight in the adjacent compartment. This 

process was repeated for ten consecutive days, such that each day the ES-exposed mouse 

‘witnessed’ the defeat of a novel mouse by a novel CD-1. CON-exposed mice were housed by 

pair, one on each side of a perforated Plexiglas partition, and handled daily (Krishnan, et al., 

2007). Behavioral testing began 24 h after the last stress session. All animals (adolescent and 

adults) were single housed at the initiation of stress treatment and remained single housed for the 

duration of the study. Aggressors, male CD-1 retired breeders (Charles River, NC), were single 

housed upon arrival. Figure 1 shows the timeline for behavioral testing. 

Corticosterone Assay 

One group of mice was sacrificed 40 min following a single session of CON, ES, or PS. 

A second group was sacrificed 24 h after 10 sessions of CON, ES, or PS. The third group was 

exposed to CON, ES, or PS, and then sacrificed 40 min after the forced swim test. Trunk blood 

from each animal was individually collected in EDTA lined tubes and kept on ice until use. 

Whole blood samples were centrifuged at 1500 X g for 30 min at 4°C. Plasma supernatant was 

decanted for analysis with the corticosterone enzyme immuno assay per manufacturer’s 

instructions (Assay Designs). Briefly, serum was diluted to 10% using the provided buffer and 

added to the wells of an immuno-lined 96-well plate and allowed to incubate for 2 h with 

provided antibodies. The plate was washed with a provided wash buffer, developed, and optical 

density was read using a 96-well plate reader (Biotek). Serum corticosterone was calculated by 

comparing these values to optical density values obtained from corticosterone standards. 
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Social Interaction Test 

The social interaction test is a test of social avoidance (Krishnan, et al., 2007; Krishnan, 

et al., 2008). Social approach/avoidance will be measured long-term (see timeline above) after 

ES or CON exposure. Briefly, this is a two-session test. In the first session, a mouse is allowed to 

explore an open field arena for 2.5 minutes. Along one side of the arena is a wire mesh cage that 

remains empty during the first trial (no target). This mouse is removed and a novel CD-1 male 

mouse is placed into the wire mesh cage. The test mouse is replaced and the amount of time he 

spends in the “interaction zone” (an 8 cm wide corridor surrounding the cage), as well as the 

time spent in the “corners” farthest from the mesh cage, are measured during the 2.5-minute trial 

(target present). Socially defeated animals explore the interaction zone less when another mouse 

is present and spend more time in the corners. Interestingly, chronic antidepressant treatment 

alleviates this behavioral phenotype, but acute treatment does not (Tsankova et al., 2006; 

Wilkinson et al., 2009). This makes the social interaction test a highly valid model of 

antidepressant efficacy and is thus a good model to test for depression-like affect. 

 Sucrose Preference Test 

 The sucrose preference paradigm has been used extensively to assess motivational state 

in animals, including stress-induced anhedonia (a depression-related symptom) (Bolaños, et al., 

2003; Bolaños et al., 2008), and I am experienced in using this behavioral assay (Iniguez et al., 

2008). This test consists of a two-bottle choice paradigm in which mice are given the choice 

between consuming water and sucrose. The preference for sucrose over water is used as a 

measure for animals’ sensitivity to a natural reward. Thus, anhedonia is revealed by a reduction 

in sucrose preference (Bolanos, et al., 2003; Pijlman, Wolterink, et al., 2003). 

Open Field Test (OFT) 

The open field test is generally used to assess locomotor activity or behavioral reactivity 

to a novel environment. It consists of a square box (44 cm x 44 cm x 44 cm) that mice can 

explore freely. Mice will be placed into the corner of the open field and allowed to explore for 15 

minutes. Measurements of distance traveled (cm), time spent in the periphery, latency to enter 

the center and time spent in the center will be recorded. Lower total motor activity will be 

interpreted as decreased sensitivity to reward associated with exploring a novel environment, 

since novelty has positive incentive valence (Bevins & Besheer, 2005). Additionally, the open 

field will be used as a measure of anxiety-like behavior. Mice will initially avoid the center of 
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the box, but as they become familiar with their surroundings they will leave the periphery and 

explore the center. Mice deemed “anxious” will tend to spend less time in the center and will 

take longer to leave the periphery (Britton & Britton, 1981). Unfortunately, some results 

obtained from the open field may have explanations besides anxiety or anhedonia; thus, I will 

use different, but complimentary behavioral paradigms to get a more complete behavioral 

profile. 

Elevated Plus Maze (EPM) 

The EPM is a classic test of anxiety-like pharmacologic activity in rodents (Barrot, et al., 

2002; Hogg, 1996; Iniguez, et al., 2008). The apparatus consists of two perpendicular 

intersecting runways, shaped like a plus sign. One runway has no walls (open arms) while the 

other arm has tall walls (closed arms). Animals are placed into the closed arm and allowed to 

explore for 5 minutes. The total time spent in the open arms is interpreted as a measure of 

anxiety-like behavior. The runways are 6 cm wide, 33 cm long and the closed walls are 25 cm 

tall. The runways are 50 cm from the floor. I have validated this test with diazepam, which 

increases the time that an animal spends in the open arms. Additionally, our lab is very 

experienced in this technique (Iñiguez et al., 2009; Krishnan, et al., 2008). 

Novelty Induced Hypophagia (NIH) 

Novelty induced hypophagia is a valid measure of anxiety (Bechtholt, Hill, & Lucki, 

2007; Dulawa & Hen, 2005; Thiebot, Soubrie, Doare, & Simon, 1984). The mice are habituated 

to receive a dilute (1:3 milk:water) sweetened condensed milk (carnation) solution for 30 

minutes per day for 3 consecutive days. On day 4, the latency to drink the milk in the animal’s 

home cage is measured. On day 5, the animal is placed into a novel clean cage (without bedding) 

under bright lights (~1000 lx) with white paper under the cage to increase the aversion. Mice 

taking longer to drink the solution in this novel environment are interpreted as having increased 

anxiety. 

Forced Swim Test (FST) 

The FST is a classic model of depression-like behavior with a high degree of predictive 

validity (Dulawa, Holick, Gundersen, & Hen, 2004; Duman, Schlesinger, Russell, & Duman, 

2008; Porsolt, Bertin, & Jalfre, 1977; Porsolt, Le Pichon, & Jalfre, 1977). The FST was 

performed according to previously described methods (Porsolt, Bertin, et al., 1977) with some 
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modifications. Mice were placed individually into 5L beakers (27 cm x 18 cm) containing 4L of 

water (23±1 °C) for 6 minutes. During this time the mouse adopts an immobile posture, 

characterized by motionless floating and the cessation of struggling. The latency to adopt this 

posture and total time spent immobile was recorded. In this model, animals receiving 

antidepressant drugs struggle longer and take more time to adopt the immobile posture (Dulawa, 

et al., 2004; Iñiguez, et al., 2009; Porsolt, Bertin, et al., 1977). 

 

Statistical Analyses 

Data analysis was assessed using mixed-design (between and within variables) analysis 

of variance (ANOVA) followed by Least Significant Difference (LSD) post hoc tests. When 

appropriate, Student’s t tests were used to determine statistical significance of preplanned 

comparisons. Data are expressed as the mean ± SEM. Statistical significance was defined as p< 

0.05. 

 

Figure 1.  Timeline showing order of testing.  Mice are exposed to emotional stress (ES) or 
physical stress (PS) from posdtnatal day 35 to 44.  Then behavioral testing is performed 24 hours 
after the last stress session. 

 

Results 

Weights 

The effect of ES or PS on weight gain is shown in Fig. 1. Repeated-measures ANOVA 

revealed that stress exposure significantly influenced body weight across days (within-subject 

main effect: F(9, 774)= 63.3, p< 0.0001) and stress exposure (between-subject main effect: F(2, 790)= 

3.2, p< 0.05). As previously reported (Krishnan, et al., 2007; Warren, et al., 2013), exposure to 

ES and PS significantly reduced weight gain across days compared to control mice. Interestingly, 
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ES exposure induced an intermediate level of weight gain during stress treatment. Both ES- and 

PS-exposed mice returned to control levels within 2 days of the last stress session. 

Serum Corticosterone 

To determine the acute effects of stress on serum corticosterone levels, a group of mice 

was exposed to a single session of stress and corticosterone levels were assessed 40 min later 

(Fig. 2A). Serum corticosterone concentrations varied as a function of stress exposure (F(2, 25)= 

27.4, p< 0.0001) 40 min after a single session of CON, ES, or PS. PS exposure significantly 

raised corticosterone levels when compared to control mice. ES exposure, with no physical 

aggression, also significantly elevated corticosterone. I next assessed the influence of chronic 

exposure to stress on corticosterone in a separate group of mice 24 hr after 10 days of stress (Fig. 

2B). Serum corticosterone concentrations varied as a function of stress exposure (F(2, 35)= 8.2, p< 

0.01). PS and ES exposure induced similar increases in corticosterone levels when compared to 

control mice, demonstrating that ES alone can activate the glucocorticoid stress response. 

Social Interaction Test 

The consequences of 10 days of ES or PS on social interaction 24 hr after the last stress 

session were assessed (Fig. 3). One-way ANOVA revealed that social interaction varied by stress 

exposure (F(2, 269)= 19.1, p< 0.0001) following ten days of exposure to CON, ES, or PS. As 

expected, PS exposure reduced time spent interacting with a social target when compared to 

CON-exposed mice. Interestingly, ES-exposed mice also showed social avoidance when 

compared to CON-exposed mice, suggesting that social avoidance can be induced vicariously in 

adolescent mice. 

Elevated Plus Maze 

To determine the effect of stress exposure on anxiety-like behavior, a group of mice was 

exposed to the elevated plus maze (EPM) 48 hr after the last stress session. Time spent in the 

open arms of the EPM varied as a function of stress exposure (F(2, 27)= 4.77; p< 0.05). Exposure 

to ES induced a robust decrease in the time spent in the open arms of the elevated plus maze, 

which provides a measure of anxiety-like behavior, 48 hr after the last stress session (Fig.4). 

Interestingly, ES- and PS-exposed mice avoided the open arms to a similar degree. 
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Open Field Test 

To further characterize the effect of stress exposure on anxiety-like behavior, a separate 

group of mice was exposed to the open field test (OFT) 48 hr after the last stress session. Time 

spent in the center of the OFT varied as a function of stress exposure (F(2, 23)= 7.54; p< 0.01). 

Exposure to ES decreased the time spent exploring the center of the open field arena, a measure 

of anxiety-like behavior, 48 hr after the last stress session (Fig. 5A), similar to PS-exposed mice. 

To test for changes in locomotion as a result of stress exposure, I also measured total 

distance travelled during the OFT. No differences in total locomotion were seen in ES- or PS-

exposed mice when compared to control mice (p> 0.05; Fig. 5B), suggesting that locomotor 

activity is not influenced by ES or PS. 

Novelty Induced Hypophagia 

To further characterize the effect of stress exposure on anxiety-like behavior, novelty 

induced hypophagia was assessed 48 hr after the last stress session. Latency to consume a 

palatable solution in the novel cage varied as a function of stress exposure (F(2, 23)= 4.0; p< 0.05). 

Exposure to ES or PS increased the latency to consume the solution, which provides a measure 

of anxiety-like behavior (Fig.6). Interestingly, ES- and PS-exposed mice spent similar time to 

first consume the palatable solution. 

Forced Swim Test 

To assess for responses to acute stress, ES- and PS-exposed mice were analyzed in the forced 

swim test 48 hr after the last stress session. Latency to become immobile varied as a function of 

stress (F(2, 21)= 4.2, p< 0.05).  Fig. 7 shows that total immobility time varied as a function of 

stress exposure (F(2, 21)= 35.7, p< 0.01). ES exposure, like PS exposure, increased total time spent 

immobile, a depression-like behavior, when compared to control mice. 

Sucrose Preference Test 

 Stress exposure did not influence sucrose preference (p> 0.05) 48 hr after the last stress 

session. 
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Figure 2. Short-term effects of adolescent exposure to control stress (CON), emotional stress 

(ES), or physical stress (PS) on weight gain (n= 29-31/group). Exposure to ES or PS 
decreased body weight when compared to CON-exposed mice (p< 0.05). *PS 
significantly different from CON-exposed mice (p< 0.05). β Both ES and PS significantly 
different from CON-exposed mice (p< 0.05). Data are presented as total body weight in 
grams (mean ± SEM). 
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Figure 3. Short-term effects of adolescent exposure to control stress (CON), emotional stress 

(ES), or physical stress (PS) on neuroendocrine stress response. (A) Exposure to ES or PS 
increased serum corticosterone when compared to CON-exposed mice 30 minutes after a 
single stress session (p< 0.05). (B) ES and PS exposure increased serum corticosterone 
when compared to CON-exposed mice 24 hr after ten stress sessions (p< 0.05). 
*Significantly different from CON-exposed mice (p< 0.05). Data are presented as 
concentration of corticosterone in nanograms/milliliter (mean ± SEM). 
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Figure 4. Short-term effects of adolescent exposure to control stress (CON), emotional stress 

(ES), or physical stress (PS) on social interaction. Exposure to ten days of ES or PS 
reduced social interaction when compared to CON-exposed mice 24 hr after ten stress 
sessions (p< 0.05). *Significantly different from CON-exposed mice (p< 0.05). Data are 
presented as a ratio of the total time spent with a social target to the total time spent in the 
interaction zone without a social target (mean ± SEM). 

A ) B )

C O N E S P S

0

5 0 0

1 0 0 0

1 5 0 0

D
is

ta
n

c
e

 T
r
a

v
e

le
d

 (
c

m
)

C O N E S P S

0

1 0

2 0

3 0

4 0

*

*

%
  

T
im

e
 i

n
 O

p
e

n
  

A
r
m

s

 

Figure 5. Short-term effects of adolescent exposure to control stress (CON), emotional stress 
(ES), or physical stress (PS) on anxiety-like behavior. (A) Exposure to ten days of ES or 
PS increased time spent in the open arms of the elevated plus-maze when compared to 
CON-exposed mice 24 hr after ten stress sessions (p< 0.05), with no differences in total 
locomotion (B). *Significantly different from CON-exposed mice (p< 0.05). Data are 
presented as percentage of time in the open vs. closed arms of the elevated plus-maze and 
total distance traveled in cm (mean ± SEM). 
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Figure 6. Short-term effects of adolescent exposure to control stress (CON), emotional stress 
(ES), or physical stress (PS) on open field behavior. (A) Exposure to ten days of ES or PS 
decreased time spent in the center of the open field when compared to CON-exposed 
mice 24 hr after ten stress sessions (p< 0.05), without influencing total distance travelled 
(B, p> 0.05) *Significantly different from CON-exposed mice (p< 0.05). Data are 
presented as total time spent in the center of the open field and total distance travelled in 
cm (mean ± SEM).  
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Figure 7. Short-term effects of adolescent exposure to control stress (CON), emotional stress 
(ES), or physical stress (PS) on novelty induced hypophagia. Exposure to ten days of ES 
or PS increased latency to initiate feeding in the novel environment when compared to 
CON-exposed mice 24 hr after ten stress sessions (p< 0.05; right panel), without 
influencing latency to initiate feeding in the home cage (left panel, p> 0.05) 
*Significantly different from CON-exposed mice (p< 0.05). Data are presented as latency 
to feeding in seconds (mean ± SEM). 
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Figure 8. Short-term effects of adolescent exposure to control stress (CON), emotional stress 

(ES), or physical stress (PS) on behavioral despair. Exposure to ten days of ES or PS 
increased time spent immobile in the forced swim test when compared to CON-exposed 
mice 24 hr after ten stress sessions (p< 0.05). *Significantly different from CON-exposed 
mice (p< 0.05). Data are presented as total time spent immobile in seconds (mean ± 
SEM). 
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Figure 9. Short-term effects of adolescent exposure to control stress (CON), emotional stress 

(ES), or physical stress (PS) on sucrose preference. Exposure to ten days of ES or PS did 
not influence sucrose preference when compared to CON-exposed mice 24 hr after ten 
stress sessions (p> 0.05). Data are presented as % preference for sucrose bottle over water 
bottle (mean ± SEM). 
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Discussion 

Adolescence is a critical period of increased sensitivity to the effects of stress. However, 

little is known about the potentially adverse effects of witnessing a traumatic event in this 

population. Therefore, this study was designed to test whether witnessing social defeat during 

adolescence in male mice would induce anxiety- or depression-like behaviors immediately after 

stress. Here, I demonstrate that mice exposed to CON, ES, or PS for ten days during adolescence 

have significantly increased anxiety- and depression-like behavior immediately following stress. 

 

These results indicate that experiencing ES, as well as PS, elicits a strong stress response.  

Exposure to ES or PS increased serum levels of the stress hormone corticosterone in adolescent 

male mice both acutely and after ten stress sessions. Increased activity of the HPA axis, as 

measured by increased glucocorticoid levels is a widely used measure of stress. Likewise, ES 

and PS reduced weight gain, further indicating that ES and PS are potent stressors during 

adolescence. These findings are interesting, since mice that witness, but do not physically 

experience, stress have nearly identical changes in classic measures of stress as those that do 

experience physical stress. Deficits in weight gain were not due to pre-treatment weight 

differences, since body weight did not differ prior to stress exposure. These findings are in 

agreement with reports indicating that PS exposure increases CORT levels for up to 24 hr and 

reduces weight gain in both adult and adolescent mice (Krishnan, et al., 2007; Ver Hoeve, Kelly, 

Luz, Ghanshani, & Bhatnagar, 2013). They also mirror effects found in adult mice exposed to ES 

(Warren, et al., 2013). 

 

Exposure to ES or PS also enhances sensitivity of mice to aversive stimuli 24 hr after the 

last stress session. Both ES and PS induced a significant decrease in social interaction, a measure 

of social avoidance, at this time point. Not surprisingly, mice exposed to PS were more avoidant 

than ES-exposed mice, as has been shown in adult mice (Warren, et al., 2013). Under normal 

conditions, naïve mice will interact more with a novel social target (Berton, et al., 2006). 

However, after repeated social defeat, most mice avoid social interaction (Berton, et al., 2006). 

The finding that adolescent ES exposure induces a potent social avoidance is particularly 

striking, since these mice never had physical contact with an aggressive mouse. ES and PS 

exposure also increased total immobility in the forced swim test, a measure of depression-like 
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behavior. Exposure to ES and PS also increased time spent in the open arms of the elevated plus-

maze, a measure of anxiety-like behavior.  Together, these data are in full agreement with reports 

demonstrating that exposure to PS during adolescence and adulthood increases anxiety- and 

depression-like behavior 24 hr after the last stress session (Berton, et al., 2006; Krishnan, et al., 

2007; Krishnan, et al., 2008). Now I extend these findings to include ES-exposed mice. 

 

 Given previous reports that ES and PS induce anhedonia-like response to sucrose 

solutions in adults (Warren, et al., 2013), it is interesting that these findings were not replicated 

in adolescents.  Adolescence is a time of increased impulsivity and reward seeking, so it is 

possible that their increased sensitivity to reward could have influenced these short-term data. 

Another possibility is that any effects on sucrose preference will not emerge until adulthood, 

since the adolescent brain is undergoing substantial upheaval during this period (Andersen & 

Teicher, 2008; Arnsten & Shansky, 2004). Nevertheless, this finding is counterintuitive and must 

be interpreted cautiously. 

  

Because many behavioral tasks can give false or misleading interpretations in cases of 

increased or decreased locomotor activity, it was of importance to measure locomotor activity in 

the open field test. Here I found that there were no differences in overall distance travelled in the 

open field, suggesting no differences in locomotor activity. However, the open field can also be 

interpreted as a measure of anxiety-like behavior by assessing the amount of time spent in the 

center of the arena. Mice tend to prefer the relative safety of the periphery, but will eventually 

explore the center of the arena. Mice exposed to ES or PS spent significantly less time in the 

center, an anxiety-like phenotype. The novelty induced hypophagia task uses a similar competing 

motivational paradigm to measure anxiety-like behavior. Here, mice were trained to consume a 

palatable sweetened condensed milk solution. On the final test day, I placed them in an anxiety-

eliciting open field arena illuminated by a bright light and gave them access to the sweet 

solution. Typically, stressed mice will take longer to approach and consume the solution, 

interpreted as an anxiety-like response (Bechtholt, et al., 2007; Dulawa & Hen, 2005). I found 

that exposure to ES or PS increased latency to approach and consume the solution. It is unlikely 

that this behavior was influenced by changes in locomotor activity or in reward, since there were 

no differences in distance traveled by the mice in the open field, or in sucrose preference at this 
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time point. Also, there were no differences in the rapid onset of drinking in the homecage, 

suggesting that this was truly an anxiogenic like response. 

   

 While these data agree with reports involving both ES and PS using social defeat, they 

contrast studies using electrical shock as the PS condition (Van den Berg, et al., 1998). Early 

reports, using rats, demonstrated that ES and PS induced disparate effects in these behavioral 

tasks. Specifically, early research used a model in which two rats entered a special apparatus in 

which one (the ES rat) witnessed a second (PS rat) receive electrical shocks for ten minutes per 

day. After five days, ES rats had anxiolytic responses to the defensive burying and open field 

tests (Pijlman, Herremans, Van de Kieft, Kruse, & Van Ree, 2003; Pijlman & van Ree, 2002; 

Pijlman, Wolterink, & van Ree, 2002; Pijlman, Wolterink, et al., 2003). Additionally, they had 

increased sucrose preference, and hyperlocomotion when compared to control and PS rats  

(Pijlman, Herremans, et al., 2003; Pijlman & van Ree, 2002; Pijlman, et al., 2002; Pijlman, 

Wolterink, et al., 2003). PS rats, on the other hand showed just the opposite. After 5 days of PS, 

they exhibited anxiogenic response to open field and defensive burying tasks and lower sucrose 

preference than controls  (Pijlman, Herremans, et al., 2003; Pijlman & van Ree, 2002; Pijlman, et 

al., 2002; Pijlman, Wolterink, et al., 2003).  Although these studies are exciting, they were not 

without limitations. Specifically, they housed their ES and PS rats in the same cage. It is likely, 

then, that these rats developed a hierarchical relationship within each cage. Since learned 

helplessness (using a similar series of inescapable shocks) can lead to subordination in rats 

(Corum & Thurmond, 1977), it is plausible that the PS-exposed rat was subordinate to the ES rat. 

Repeated victory, as would be expected of the dominant rat, can lead to a similar behavioral 

profile as ES rats while repeated loss can lead to a behavioral profile similar to PS rats 

(Caramaschi, de Boer, de Vries, & Koolhaas, 2008). Therefore, it is plausible that the effects 

seen in these studies could have been biased by the presence of the other rat or a dominance 

hierarchy. Thus, the results from these studies should be interpreted with caution. This makes the 

model presented here exciting, since it excludes the possibility of a dominance hierarchy by 

single housing each mouse after stress exposure until testing. 

 

This model is also uniquely capable of answering whether the physical encounter with an 

aggressive conspecific is required to induce a “defeated” phenotype.  Early methods without an 
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insulated emotional stress component could not convincingly demonstrate that the behavioral 

profile was not the result of physical pain or trauma.  Interestingly, we demonstrate that a mouse 

that just witnesses PS has a similar behavioral profile.  This is important because it demonstrates 

that the psychological component of the stressor is a key component of the “defeated” 

phenotype.  Earlier studies using social defeat postulated that this was the case, but studies using 

this model are the first to give substantial support to this notion.   

 

Taken together, these data suggest that ES and PS are potent stressors in adolescent mice.  

They are capable of inducing pronounced and immediate effects on a battery of behavioral tasks 

which are thought to measure changes in mood. Here, I show that ES and PS increase anxiety-

like behavior in the open field, novelty induced hypophagia task, and elevated plus-maze. ES- 

and PS- exposed mice also had increased depression-like behavior in the forced swim test, but 

not the sucrose preference test. 
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CHAPTER THREE 

LONG-TERM BEHAVIORAL EFFECTS OF EMOTIONAL AND 

PHYSICAL STRESS IN ADOLESCENT MALE MICE 

Introduction 

While many of the devastating effects of exposure to childhood maltreatment are readily 

apparent, the long-lived effects can be even more sinister. Individuals with a childhood history of 

maltreatment, whether physical, emotional, or sexual, are at increased risk of psychiatric illness.  

Most frighteningly, these individuals have up to 14 times greater chance of death by suicide 

(Joiner et al., 2007; Pickles et al., 2010; Plunkett et al., 2001). As adults, they are more likely to 

use drugs and alcohol, participate in risky sexual behavior, and to become incarcerated 

(Isohookana, Riala, Hakko, & Rasanen, 2013; Perez-Fuentes et al., 2013). They also have 

increased risk of developing mood and anxiety disorder. Interestingly, those who experienced 

only emotional maltreatment during early life seem to be at even higher risk than those that 

experienced physical abuse (Perera, Ostbye, Ariyananda, & Lelwala, 2009; Perez-Fuentes, et al., 

2013). This is particularly intriguing given the paucity of animal models which attempt to model 

emotional or psychological stress in adolescent animals. 

 

While the detrimental effects of childhood maltreatment on life-long health is clear, it is 

worrisome that relatively few studies assess the long-term neurobiological sequelae of early life 

exposure to emotional or physical stress.  In fact, most work in animals focuses on short-term 

effects that happen within hours to days following early life stress. Nevertheless, there is 

increasing evidence that adolescence is a time of increased risk, even in animal models. 

Adolescent rats exposed to daily variable stressors have deficits in behavioral measures of mood 

as adults (Andersen & Teicher, 2009). More specifically, after exposure to social defeat during 

periadolescence, rats had impaired response to the elevated plus-maze, novelty exploration, and 

acoustic startle tasks (Watt, et al., 2009).   
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While these studies demonstrate that stress during adolescence does have long-lasting 

effects, it is important to note that the majority of stress that an adolescent experiences is peer-

related social stress. Interestingly, animal models using social stressors show similar results.  

Chronic social stress in adolescent rats, consisting of alternating social isolation and unfamiliar 

cagemate stressors, increased adult anxiety on the elevated plus maze (McCormick, Smith, & 

Mathews, 2008). It also reduced hippocampal cell proliferation and spatial memory 

(McCormick, Nixon, Thomas, Lowie, & Dyck, 2010). In mice, social instability induced by 

changing cagemates two times per week during adolescence resulted in increased anxiety in both 

the open field and elevated plus-maze tasks. Interestingly, this was accompanied by hyperactivity 

of the HPA-axis (Schmidt, et al., 2007). 

 

While these social stressors do demonstrate that long-lived changes in mood-related 

behavior do develop after adolescent stress exposure, they do not have clear face validity for 

human populations. One model that does have good face validity for adolescent social stress is 

social defeat. Here, an adolescent mouse or rat is forced to intrude on the territory of a larger 

more aggressive conspecific. The animal is repeatedly confronted and overpowered for a period 

of days to weeks. When an adolescent rat is exposed to social defeat and allowed to grow into an 

adult, they have increased anxiety- and depression-like behavior in the elevated plus-maze, 

forced swim test, sucrose preference, and social interaction tests (Vidal, et al., 2007). This 

demonstrates that social defeat is a powerful stressor during adolescence, but it must be noted 

that social defeat is a strongly physical stressor and cannot tease apart the purely emotional from 

the purely physical aspects of the stressor. To further characterize the long-lasting effects of 

stress during adolescence on life-long health and neurobiology, it is critical that similar studies 

be carried out using an animal model that is capable to teasing apart the difference between 

purely physical and emotional effects. 

 

To this end, the following set of experiments were designed to assess whether exposure 

to CON, ES, or PS during adolescence would result in long-lasting changes to a battery of 

behavioral tasks designed to assess changes in mood.  
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Methods 

Animals 

Mice were male, fed ad libitum, allowed a 1-week habituation period before experimental 

manipulation, and housed at 23-25C on a 12 hr light/dark cycle (lights on at 7 AM). Five week-

old (postnatal day [PD] 35) male c57BL/6J mice (Jackson Labs, Bar Harbor, Maine), and CD1 

retired breeders (Charles River), were used in this study. Mice were housed in clear 

polypropylene boxes containing wood shavings c57BL/6J (four per cage prior to stress, singly 

housed following stress), and CD1 (one per cage). Experiments were conducted in compliance 

with the guidelines for the Care and Use of Laboratory Animals (Council, 2003), and approved 

by the Florida State University Animal Care and Use Committee. 

 

Stress Exposure and Experimental Design 

Adolescent mice were randomly assigned to be exposed to a daily session (10 min per session) of 

emotional (ES), physical (PS), or control (CON) stress for 10 consecutive days. Briefly, the 

home cage (23.5cm x 45.5cm x 15cm) of a CD-1 retired breeder was separated into two 

compartments by a perforated clear Plexiglas divider, allowing olfactory, acoustic and visual 

signals to be shared between the compartments. The mouse in the ES condition was placed into 

the empty compartment adjacent to the CD-1 aggressor, while the physically stressed (PS) mouse 

was placed into the compartment containing the aggressor, as previously described (Berton, et 

al., 2006; Krishnan, et al., 2007; Krishnan, et al., 2008). During this time, the PS mouse was 

attacked by the CD-1 mouse and adopted a defensive posture. After ten minutes, the PS-exposed 

mouse was removed while the ES-exposed mouse was left overnight in the adjacent 

compartment. This process was repeated for ten consecutive days, such that each day the ES-

exposed mouse ‘witnessed’ the defeat of a novel mouse by a novel CD-1. CON-exposed mice 

were housed by pair, one on each side of a perforated Plexiglas partition, and handled daily 

(Krishnan, et al., 2007). Mice were then left undisturbed for 30 days. Long-term (PD70+), their 

behavioral responses to various stimuli were assessed. All animals (adolescent and adults) were 

single housed at the initiation of stress treatment and remained single housed for the duration of 

the study. Aggressors, male CD-1 retired breeders (Charles River, NC), will be single housed 

upon arrival. 
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Social Interaction Test 

The social interaction test is a test of social avoidance (Krishnan, et al., 2007; Krishnan, et al., 

2008). Social approach/avoidance will be measured long-term (see timeline above) after ES or 

CON exposure. Briefly, this is a two-session test. In the first session, a mouse is allowed to 

explore an open field arena for 2.5 minutes. Along one side of the arena is a wire mesh cage that 

remains empty during the first trial (no target). This mouse is removed and a novel CD-1 male 

mouse is placed into the wire mesh cage. The test mouse is replaced and the amount of time he 

spends in the “interaction zone” (an 8 cm wide corridor surrounding the cage), as well as the 

time spent in the “corners” farthest from the mesh cage, are measured during the 2.5-minute trial 

(target present). Socially defeated animals explore the interaction zone less when another mouse 

is present and spend more time in the corners. Interestingly, chronic antidepressant treatment 

alleviates this behavioral phenotype, but acute treatment does not (Tsankova, et al., 2006; 

Wilkinson, et al., 2009). This makes the social interaction test a highly valid model of 

antidepressant efficacy and is thus a good model to test for depression-like affect. 

 

 Sucrose Preference Test 

 The sucrose preference paradigm has been used extensively to assess motivational state in 

animals, including stress-induced anhedonia (a depression-related symptom) (Bolaños, et al., 

2003; Bolaños, et al., 2008), and I am experienced in using this behavioral assay (Iniguez, et al., 

2008). This test consists of a two-bottle choice paradigm in which mice are given the choice 

between consuming water and sucrose. The preference for sucrose over water is used as a 

measure for animals’ sensitivity to a natural reward. Thus, anhedonia is revealed by a reduction 

in sucrose preference (Bolanos, et al., 2003; Pijlman, Wolterink, et al., 2003). 

 

Open Field Test (OFT) 

The open field test is generally used to assess locomotor activity or behavioral reactivity to a 

novel environment. It consists of a square box (44 cm x 44 cm x 44 cm) that mice can explore 

freely. Mice will be placed into the corner of the open field and allowed to explore for 15 

minutes. Measurements of distance traveled (cm), time spent in the periphery, latency to enter 

the center and time spent in the center will be recorded. Lower total motor activity will be 

interpreted as decreased sensitivity to reward associated with exploring a novel environment, 
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since novelty has positive incentive valence (Bevins & Besheer, 2005). Additionally, the open 

field will be used as a measure of anxiety-like behavior. Mice will initially avoid the center of 

the box, but as they become familiar with their surroundings they will leave the periphery and 

explore the center. Mice deemed “anxious” will tend to spend less time in the center and will 

take longer to leave the periphery (Britton & Britton, 1981). Unfortunately, some results 

obtained from the open field may have explanations besides anxiety or anhedonia; thus, I will 

use different, but complimentary behavioral paradigms to get a more complete behavioral 

profile. 

 

Elevated Plus Maze (EPM)  

The EPM is a classic test of anxiety-like pharmacologic activity in rodents (Barrot, et al., 2002; 

Hogg, 1996; Iniguez, et al., 2008). The apparatus consists of two perpendicular intersecting 

runways, shaped like a plus sign. One runway has no walls (open arms) while the other arm has 

tall walls (closed arms). Animals are placed into the closed arm and allowed to explore for 5 

minutes. The total time spent in the open arms is interpreted as a measure of anxiety-like 

behavior. The runways are 6 cm wide, 33 cm long and the closed walls are 25 cm tall. The 

runways are 50 cm from the floor. I have validated this test with diazepam, which increases the 

time that an animal spends in the open arms. Additionally, our lab is very experienced in this 

technique (Iñiguez, et al., 2009; Krishnan, et al., 2008). 

 

Novelty Induced Hypophagia (NIH) 

Novelty induced hypophagia is a valid measure of anxiety (Bechtholt, et al., 2007; Dulawa & 

Hen, 2005; Thiebot, et al., 1984). The mice are habituated to receive a dilute (1:3 milk:water) 

sweetened condensed milk (carnation) solution for 30 minutes per day for 3 consecutive days. 

On day 4, the latency to drink the milk in the animal’s home cage is measured. On day 5, the 

animal is placed into a novel clean cage (without bedding) under bright lights (~1000 lx) with 

white paper under the cage to increase the aversion. Mice taking longer to drink the solution in 

this novel environment are interpreted as having increased anxiety. 
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Forced Swim Test (FST) 

The FST is a classic model of depression-like behavior with a high degree of predictive validity 

(Dulawa, et al., 2004; Duman, et al., 2008; Porsolt, Bertin, et al., 1977; Porsolt, Le Pichon, et al., 

1977). The FST was performed according to previously described methods (Porsolt, Bertin, et 

al., 1977) with some modifications. Mice were placed individually into 5L beakers (27 cm x 18 

cm) containing 4L of water (23±1 °C) for 6 minutes. During this time the mouse adopts an 

immobile posture, characterized by motionless floating and the cessation of struggling. The 

latency to adopt this posture and total time spent immobile was recorded. In this model, animals 

receiving antidepressant drugs struggle longer and take more time to adopt the immobile posture 

(Dulawa, et al., 2004; Iñiguez, et al., 2009; Porsolt, Bertin, et al., 1977). 

 

Antidepressant Treatment and Reversal 

A separate group of animals was exposed to CON, ES, or PS from PD35-44 and given a single 

daily injection of fluoxetine (20 mg/kg) (Berton, et al., 2006). Treatment began at PD45 and 

continued until PD75. Twenty-four hours after the last injection, mice were re-exposed to the 

social interaction test. 

 

Statistical Analyses 

Data analysis was assessed using mixed-design (between and within variables) analysis of 

variance (ANOVA) followed by Least Significant Difference (LSD) post hoc tests. When 

appropriate, Student’s t tests were used to determine statistical significance of preplanned 

comparisons. Data are expressed as the mean ± SEM. Statistical significance was defined as p< 

0.05. 

 

  
Figure 10.  Timeline showing order of testing.  Mice are exposed to emotional stress (ES) or 

physical stress (PS) from posdtnatal day 35 to 44.  Then behavioral testing is performed 
one month after the last stress session. 

 

Testing: PD 90+PD 44

ES, PS, or Control

Long-term

PD 35

Adolescence

PD 0 PD 21

WeaningBirth
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Results 

Social Interaction Test 

The consequences of 10 days of ES or PS on social interaction were assessed one month 

after the last stress session (Fig. 9). One-way ANOVA (stress by target present) revealed that 

social interaction varied by stress exposure (F(2, 28)= 6.8, p< 0.01) following ten days of exposure 

to CON, ES, or PS. As expected, PS exposure reduced time spent interacting with a social target 

when compared to CON-exposed mice.  Interestingly, ES-exposed mice also showed social 

avoidance when compared to CON-exposed mice, suggesting that social avoidance is long 

lasting in adolescent mice. 

Elevated Plus-Maze 

To determine the effect of stress exposure on anxiety-like behavior, a group of mice was 

exposed to the EPM one month after the last stress session. Time spent in the open arms of the 

EPM varied as a function of stress exposure (F(2, 27)= 5.3; p< 0.05). Exposure to ES induced a 

robust decrease in the time spent in the open arms of the EPM, which provides a measure of 

anxiety-like behavior, one month after the last stress session (Fig. 10). Interestingly, ES- and PS-

exposed mice avoided the open arms to a similar degree. 

Open Field Test 

To further characterize the effect of stress exposure on anxiety-like behavior, a separate 

group of mice was exposed to the OFT one month after the last stress session. Time spent in the 

center of the OFT did not vary as a function of stress exposure (Fig. 11A; p> 0.05).  

To test for changes in locomotion as a result of stress exposure, we also measured total 

distance travelled during the OFT. No differences in total locomotion were seen in ES- or PS-

exposed mice when compared to control mice (Fig. 11B; p> 0.05), suggesting that locomotor 

activity is not influenced by ES or PS exposure at this time point. 

Novelty Induced Hypophagia 

To determine the effect of stress exposure on anxiety-like behavior, novelty induced 

hypophagia was assessed one month after the last stress session (Fig. 12). Latency to consume a 

sweet solution did not vary in either the home cage or the novel environment (p>0.05). 
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Forced Swim Test 

To assess for responses to acute stress, ES- and PS-exposed mice were analyzed in the 

forced swim test one month after the last stress session (Fig. 13). Total time spent immobile 

varied as a function of stress exposure (F(2, 29)= 6.4, p< 0.01). ES exposure and PS exposure 

increased total time spent immobile, a depression-like behavior, when compared to control mice. 

Sucrose Preference Test 

 Stress exposure did not influence sucrose preference (p> 0.05) one month after the last 

stress session (Fig. 14). 

Fluoxetine Reversal 

 Given the results that witnessing stressful events induces behavioral and physiological 

dysregulation reminiscent of PTSD or depression, I tested whether antidepressant treatment 

could reverse the deficits in social interaction observed in ES-exposed mice. Groups of mice 

were first exposed to ES, PS, or control conditions for 10 days. Twenty-four hours after the last 

stress exposure, social interaction was assessed, mice were then divided into either acute or 

chronic fluoxetine treatment groups with equivalent mean social interaction scores, and were 

given either a single day or thirty days of fluoxetine injections (20 mg/kg/day). As previously 

demonstrated (Berton, et al., 2006; Tsankova, et al., 2006; Warren, et al., 2013; Wilkinson et al., 

2011), a single injection of fluoxetine was not capable of reversing stress-induced social 

avoidance in ES- or PS-exposed mice (Fig. 15A). However, following chronic treatment with 

fluoxetine, a two-way ANOVA revealed main effects of drug (F(1, 50)= 7.6; p< 0.01) and stress 

(F(2, 50)= 7.4; p< 0.01), and a significant interaction (F(2, 50)= 4.8; p> 0.05). Specifically, chronic 

fluoxetine treatment reversed stress-induced social avoidance in both ES- and PS-exposed mice 

(Fig. 15B), demonstrating that chronic, but not acute, fluoxetine is capable of reversing ES-

induced social aversion. 
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Figure 11. Long-lived effects of adolescent exposure to control stress (CON), emotional stress 

(ES), or physical stress (PS) on social interaction. Exposure to ten days of ES or PS 
reduced social interaction when compared to CON-exposed mice one month after the last 
stress session (p< 0.05). *Significantly different from CON-exposed mice (p< 0.05). Data 
are presented as a ratio of the total time spent with a social target to the total time spent in 
the interaction zone without a social target (mean ± SEM). 
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Figure 12. Long-term effects of adolescent exposure to control stress (CON), emotional (ES), or 

physical stress (PS) on anxiety-like behavior. Exposure to ten days of ES or PS decreased 
time spent in the open arms of the elevated plus-maze when compared to CON-exposed 
mice one month after the last stress session (p< 0.05), with no differences in total 
locomotion (B). *Significantly different from CON-exposed mice (p< 0.05). Data are 
presented as percentage of time in the open vs. closed arms of the elevated plus-maze and 
total distance travelled in cm (mean ± SEM). 
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Figure 13. Long-term effects of adolescent exposure to control stress (CON), emotional stress 

(ES), or physical stress (PS) on open field behavior. (A) Exposure to ten days of ES or PS 
did not influence time spent in the center of the open field, nor total locomotion (B) when 
compared to CON-exposed mice one month after the last stress session (p> 0.05). Data 
are presented as total time spent in the center of the open field and total distance travelled 
in cm (mean ± SEM). 
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Figure 14. Long-term effects of adolescent exposure to control stress (CON), emotional stress 

(ES), or physical stress (PS) on novelty induced hypophagia. Exposure to ten days of ES 
or PS did not influence latency to initiate feeding in the novel environment when 
compared to CON-exposed mice one month after the last stress session (p> 0.05; right 
panel); nor was there an effect on latency to initiate feeding in the home cage (left panel, 
p> 0.05). Data are presented as latency to feeding in seconds (mean ± SEM). 
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Figure 15. Long-lived effects of adolescent exposure to control stress (CON), emotional stress 
(ES), or physical stress (PS) on behavioral despair. Exposure to ten days of ES or PS 
increased time spent immobile in the forced swim test when compared to CON-exposed 
mice one month after the last stress session (p< 0.05). *Significantly different from CON-
exposed mice (p< 0.05). Data are presented as total time spent immobile in seconds 
(mean ± SEM). 
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Figure 16. Long-lived effects of adolescent exposure to control stress (CON), emotional stress 
(ES), or physical stress (PS) on sucrose preference. Exposure to ten days of ES or PS did 
not influence sucrose preference one month after the last stress session (p> 0.05). Data 
are presented as total percentage of liquid consumed from sucrose-paired bottle versus 
water-paired bottle. 
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Figure 17. Effects of acute or chronic fluoxetine on long-term social interaction after adolescent 

exposure to control stress (CON), emotional stress (ES), or physical stress (PS). (A) 
Acute exposure to fluoxetine had no effect on ES or PS induced social avoidance one 
month after the last stress session (p> 0.05).  (B) Thirty days of fluoxetine reversed ES 
and PS induced social avoidance when compared to SAL-treated mice one month after 
the last stress session (p> 0.05). *Significantly different from CON-exposed mice (p< 
0.05). ωSignificantly different from SAL-treated controls.  Data are presented as a ratio 
of the total time spent with a social target to the total time spent in the interaction zone 
without a social target (mean ± SEM). 
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Figure 18. Long-term effects of adolescent exposure to control stress (CON), emotional stress 

(ES), or physical stress (PS) on neuroendocrine stress response. Exposure to ES or PS 
increased serum corticosterone when compared to CON-exposed mice one month after 
the last stress session (p< 0.05). *Significantly different from CON-exposed mice (p< 
0.05). Data are presented as concentration of corticosterone in picograms/milliliter (mean 
± SEM). 
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Discussion 

 There is a scarcity of animal models attempting to measure the life-long consequences of 

exposure to emotional or physical stress during adolescence. This is important, because exposure 

to maltreatment during early life is a risk factor that is increasingly implicated in risk for 

developing psychiatric disorder. Here, I show that exposure to ES or PS during adolescence 

induces long-lasting changes in mood-related behaviors that extend into adulthood. More 

specifically, exposure to ES or PS during adolescence increased anxiety- and depression-like 

behaviors in adulthood. 

 Mice exposed to ES or PS during adolescence (PD35-44) avoid a social target in 

adulthood (i.e., up to one month after the last stress session). This is similar to results seen in 

adult mice that have been exposed to ES or PS. Since these deficits have been shown in adults to 

be reversible by antidepressants, but not anxiolytic drugs, it has been hypothesized that social 

avoidance may represent a depression-like behavior (Berton, et al., 2006; Warren, et al., 2013). 

This is a logical assumption, given that social withdrawal is symptomatic of major depressive 

disorder.  While social avoidance in the physically stressed mice is not surprising given previous 

reports using social defeat, it was somewhat surprising that ES-exposed mice showed deficits 

one month after the last exposure.  Because these mice were single-house after social defeat, it is 

unknown whether the deficit in social interaction is due to prolonged social isolation, or the 

effects of stress exposure.  However, because ES and PS-exposed mice were significantly 

different from CON-exposed mice, who also remained single housed after ten days of CON 

condition, these effects are likely due to stress exposure.  Furthermore, single housing of mice is 

commonly believed to be less stressful than group housing (Chourbaji, Zacher, Sanchis-Segura, 

Spanagel, & Gass, 2005; Gonder & Laber, 2007), since male mice can be highly aggressive to 

their cagemates (Van Loo, Mol, Koolhaas, Van Zutphen, & Baumans, 2001; Zwirner, Porsolt, & 

Loew, 1975).  Indeed, single housing of mice yields much more physiologically similar subjects 

than group housing (Nagy, Krzywanski, Li, Meleth, & Desmond, 2002).  

 In order to determine the effect of ES or PS on anxiety-like behavior, a separate group of 

adolescent mice was exposed to ten days of ES, PS, or CON and their behavioral reactivity to the 

EPM was assessed one month later. Mice exposed to ES or PS spent significantly more time in 

the closed arms of the EPM, an anxiety-like response. This parallels results seen in adult animals 
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(Warren, et al., 2013) and suggests that exposure to ES or PS during adolescence increases 

anxiety-like behavior up to one month after the last stress session.   

 To further characterize the effect of ES or PS on anxiety-like behavior, a group of mice 

was exposed to the open field test one month after the last stress session. In this test, a mouse is 

allowed to explore a square arena. Typically, mice initially explore the periphery, but will 

eventually explore the center. The time spent in the center is a measure of anxiety-like behavior, 

since anxiolytic drugs tend to increase time spent here (Choleris, Thomas, Kavaliers, & Prato, 

2001; Siemiatkowski, Sienkiewicz-Jarosz, Czlonkowska, Bidzinski, & Plaznik, 2000). 

Interestingly, there were no differences between ES and PS and control mice in time spent in the 

center of the open field at this time point. While it is possible that mice exposed to ES or PS truly 

do not show anxiety-like behavior in the OFT, it is also possible that mice were not left long 

enough in the open field to unmask differences. Typically, differences can be seen within the 

first fifteen minutes (Hughes, 1993), but it is possible that differences in exploration won’t 

emerge until control mice have returned to baseline levels of exploration. The open field test can 

also serve as a test of locomotor activity. Since we found no differences in total locomotion in 

the open field test, it is likely that other tests were not biased by changes in total locomotion. 

 To explore changes in anxiety-like behavior more thoroughly, we also exposed mice to 

ES or PS and assessed novelty-induced hypophagia one month after the last stress session. In this 

task, mice are trained to drink sweetened condensed milk from a conical tube that is presented 

once per day in their home cage. On the test day, they are transferred into a novel environment 

under bright lighting and presented with the solution. The amount of time it takes for them to  

consume the solution is a measure of anxiety-like behavior, since chronic stress increases the 

latency to feed (Dulawa & Hen, 2005). Here, I found that mice exposed to ES or PS did not take 

longer to consume the solution than control mice. This is interesting since it suggests that ES and 

PS exposed adolescent mice do not show increased anxiety-like behavior later in life. However, 

the data appear to show a clear trend. Both ES- and PS-exposed mice show a trend toward 

increased latency to feed in the novel environment. It is possible, then, that subsequent 

experiments with larger number of animals could reveal differences. 

 As an additional measure of depression-like behavior, I also assessed response to 

behavioral despair as measured in the FST. Here, mice are forced to swim for six minutes in an 
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inescapable cylinder that has been filled with water. Under normal circumstances, mice will 

struggle initially, but eventually will adopt an immobile posture. Antidepressant drugs increase 

the amount of time spent struggling, while chronic stress reduces it (Porsolt, Brossard, Hautbois, 

& Roux, 2001). Here, I demonstrate that ES and PS exposure increases time spent immobile in 

the forced swim test, a depression-like response, up to one month after the last stress session. 

Although not unexpected, given previous reports in adult animals showing that ES and PS 

increase immobility in the forced swim test (Warren, et al., 2013), that adolescent rats will show 

this behavior later in adulthood is striking. However, conflicting reports have failed to see 

differences in forced swimming behavior at this time point in adult animals exposed to social 

defeat (PS) (Krishnan, et al., 2007). This is likely due to methodological differences, since earlier 

reports used Noldus Ethovision to track immobility while I used unbiased observers to score the 

behavior. While tracking software is excellent at tracking movement of animals, it is notoriously 

difficult to measure immobility in the forced swim test using software. This is because any 

movement, including movement caused by moving water, is recorded as struggling. Therefore, 

subtle differences are often washed out by considerable “noise” from moving water, ripples, and 

currents. 

 While the forced swim test is considered to be a gold-standard measure of depression-like 

behavior, it was important to use a multifaceted approach to defining the consequences of ES and 

PS. As an additional measure of depression-like behavior, separate groups of mice were exposed 

to the sucrose preference test. In this test, they were given a choice between a sweetened sucrose 

solution and water. Typically, mice prefer the sucrose solution, but animals that have been 

exposed to chronic stress will consume significantly less of the sweet solution. Here, I found that 

one month after the last stress session, there were no differences between CON, ES, and PS on 

sucrose preference. This is surprising, since adult mice exposed to ES or PS show reduced 

sucrose preference at this time point. It is possible that adolescence is a period of increased 

plasticity of reward circuitry, and is able to compensate by adulthood. While natural rewards do 

not seem to unmask aberrant reward sensitivity in ES or PS exposed mice, it is currently 

unknown whether sensitivity to drugs of abuse would be altered in these animals. 

 To demonstrate predictive validity in the social interaction test, separate groups of mice 

were exposed to ES and PS during adolescence, and then given either acute or chronic injections 

of the antidepressant selective serotonin reuptake inhibitor fluoxetine. Interestingly, results 
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paralleled those seen in adult animals. That is, a single injection of fluoxetine failed to reverse 

deficits in social interaction after ES or PS, while thirty days of fluoxetine did reverse the social 

avoidance seen after ES and PS. This finding demonstrates that this model has good predictive 

validity, and makes the model even more interesting since only thirty days of fluoxetine was able 

to reverse the social deficits. This more closely parallels clinical effects of SSRIs, since they are 

only efficacious when used chronically (Cipriani et al., 2005). This may make this model even 

more valid than the forced swim test, since antidepressants are paradoxically efficacious within 

24 hours in reversing stress-induced deficits in the forced swim test. 

 Taken together, it is clear that ES and PS have long-lasting effects on mood-related 

behavior. While changes in social interaction, sensitivity to elevated plus-maze and forced swim 

test were clearly apparent, other changes that would be expected to accompany these deficits did 

not manifest. For example, no differences were seen in sucrose preference, open field, or 

novelty-induced hypophagia. It is certainly possible that these tasks are simply not sensitive 

enough to detect more subtle changes in neurobiology, but an equally plausible explanation is 

that susceptibility or resilience to ES or PS may not emerge until adulthood. Because so much of 

the work involving social defeat is done in adult animals, it is hard to judge the merits of this 

suggestion. However, given that many of these behavioral tasks did reveal deficits in ES and PS 

exposed mice at twenty four hours after the last stress session, but did not reveal them later in 

life, it is likely that these mice either universally experience a reduction in mood-related deficits, 

or just a few mice improve. This is an interesting thought, and subsequent experiments with a 

repeated-testing regime would be necessary to hash out the individual differences in the 

trajectory of the aberrations. 

 Unfortunately, the neurobiological underpinnings of these findings are unclear. Given 

that many brain areas are undergoing major neurobiological changes during adolescence, there 

are several brain regions that have been implicated in potentially mediating these behaviors, 

including the prefrontal cortex, mesolimbic dopamine system, and hippocampus (Spear, 2000, 

2004).  Chapter four provides a more detailed discussion of the neurobiology of ES and PS 

during adolescence.  
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CHAPTER FOUR 

NEUROBIOLOGICAL SEQUELAE OF EMOTIONAL AND 

PHYSICAL STRESS IN ADOLESCENT MALE MICE 

Introduction 

While adolescence is widely accepted as being a period of increased vulnerability to 

stress, little is known about the neurobiological underpinnings. It is surprising, then, that few 

pharmacotherapies exist to treat mood disorder in this age group. In fact, fluoxetine is the only 

antidepressant currently approved by the FDA to treat major depressive disorder in youngsters 

(Emslie et al., 2004; Emslie et al., 2002). This is particularly shocking, since even fluoxetine’s 

efficacy in treating this age group is controversial (Jain, Birmaher, Garcia, Al-Shabbout, & Ryan, 

1992). Given increasing rates of depression in childhood, it is unsettling that there is a relative 

paucity of studies aimed at identifying novel targets for therapeutics in this age-range. It is likely 

that at least part of the scarcity of studies could be due to uncertainty about which brain areas 

should be investigated. Adolescence is a critical period in brain development and massive 

changes are taking place within the brains of adolescents (Spear, 2000, 2004). Given increased 

reward valence, risk taking, and drug use during adolescence, the mesolimbic dopamine circuit 

has been hypothesized to be undergoing changes during this timeframe (Andersen, 2005; Spear, 

2004; Tomasi & Volkow, 2012). 

Increasing evidence indicates that the mesolimbic dopamine system may also be 

important in mediating the effects of stress (Krishnan, et al., 2008; Nestler & Carlezon, 2006). 

The mesolimbic dopamine system consists of dopaminergic projections from the midbrain 

ventral tegmental area (VTA) to diffuse regions of the brain, including the nucleus accumbens, 

prefrontal cortex, hippocampus, amygdala, and other important limbic areas (Nestler & 

Carlezon, 2006). This circuit is strongly implicated in the rewarding and motivating effects of 

natural rewards, such as food, sex, consuming a sweet sucrose solution (Bardo, Donohew, & 

Harrington, 1996; Hajnal & Norgren, 2001; Koob, 1999; Robbins & Everitt, 1996). It is also the 

primary neural circuitry that is hijacked by drugs of abuse to exert their reinforcing effects 

(Catlow & Kirstein, 2007; Di Chiara & North, 1992; Ikegami & Duvauchelle, 2004). Because 
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sensitivity to hedonic stimuli is often disrupted in individuals with major depression, the 

mesolimbic dopamine circuit is increasingly being investigated for its role in mood disorder 

(Markou, Kosten, & Koob, 1998; Naranjo, et al., 2001; Nestler & Carlezon, 2006). 

When an animal is exposed to a rewarding stimulus, like palatable food, sex, or drugs, 

dopamine is released from the VTA onto afferent brain areas (Bardo, et al., 1996). It is this 

release of dopamine that has been hypothesized to underlie the hedonic value of rewards (Hajnal 

& Norgren, 2001; Ikegami & Duvauchelle, 2004). However, recent studies have demonstrated 

that increased dopamine output from the VTA also occurs in response to stressful, or aversive 

situations. This paradoxical increase is initially perplexing, since it is easy to think of dopamine 

as a kind of “reward juice.” However, in response to these findings, a new hypothesis has 

emerged to explain this phenomenon. In this new paradigm, dopamine output from the VTA can 

be thought of not as coding for reward, but rather as coding for emotional valence (Faure, 

Reynolds, Richard, & Berridge, 2008). Therefore, an increase in dopamine output from the VTA 

just primes the brain to treat incoming stimuli as particularly relevant, whether it is aversive or 

rewarding. 

Given the VTA’s keystone role in the mesolimbic dopamine tract and this circuitry’s 

increasingly clear role in mood disorder, it is important to determine whether early life ES or PS 

could alter the neurobiology of this brain region. Changes in neurotrophin signaling in the VTA 

have been demonstrated following exposure to chronic stress (Altar, 1999; Berton, et al., 2006). 

Furthermore, administration of exogenous BDNF to the VTA induces a depression-like state in 

rats (Eisch, Bolaños, et al., 2003), while knockdown of BDNF in this circuit is anti-depressant 

(Berton, et al., 2006). Subsequent studies looking at intracellular signaling cascades downstream 

of BDNF have demonstrated that the extracellular signal regulated kinase (ERK) signaling, in 

particular, seems to be important in mediating the effects of stress in the VTA (Iñiguez et al., 

2010). Upregulation of ERK in the VTA results in a pro-depressant and stress-susceptible state, 

while viral knockdown of ERK results in a stress-resilient phenotype (Iñiguez, Vialou, et al., 

2010; Iñiguez, Warren, & Bolaños-Guzmán, 2010). Taken together, this makes the neurotrophin 

signaling cascade an excellent target for further investigation into the neurobiology of stress 

during adolescence. 

However, ERK signaling in the VTA is not only mediated by neurotrophin signaling.  In 

fact, there is evidence that glutamatergic input may also drive ERK signaling. This is particularly 
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intriguing given recent evidence for the glutamatergic hypothesis of depression (Mitchell & 

Baker, 2010; Musazzi, et al., 2012).  Clinical studies recently surprised the field of mood 

disorder research by demonstrating that low doses of ketamine can rapidly alleviate depression 

symptoms for long after the ketamine has been degraded, even in otherwise intractable forms of 

depression (Aan Het Rot, Zarate, Charney, & Mathew, 2012; Berman, et al., 2000; Glue, Gulati, 

Le Nedelec, & Duffull, 2011; Katalinic, et al., 2013). While the biology of these findings is still 

controversial and under intense investigation, they may be due - at least in part, to synaptic 

plasticity and the regulation of glutamate receptors within the synapse (LaPlant, et al., 2010). 

Glutamate receptors, along with other ion channels and receptors are attached to the cell 

membrane at the postsynaptic density by the shank (SH3 and multiple ankyrin repeat domains) 

family of scaffold proteins (Herbert, 2011; Orlowski, Elfving, Muller, Wegener, & Bjarkam, 

2012). Shank3 is a multidomain scaffold protein located in the postsynaptic density.  Shank 

proteins anchor receptors, ion channels, and membrane proteins to the cytoskeleton.  They are 

heavily involved in spine formation and maturation (Herbert, 2011).  Shank proteins, Shank3 in 

particular, have recently been implicated in psychiatric illness.  Specifically, Shank3 mutations 

have been linked to autism spectrum disorder (Durand et al., 2012; Herbert, 2011; Moessner et 

al., 2007), and may be responsible for some of the social deficits seen in autism (Bozdagi, et al., 

2010). Since mice exposed to both ES and PS show deficits in social interaction, this makes 

Shank3 an interesting target for study (Warren, et al., 2013). 

Therefore, the following set of experiments was designed to determine the effects of ES 

or PS during adolescence on VTA neurobiology by analyzing gene transcription, translation, and 

protein phosphorylation. 

 

Methods 

Animals 

Mice were male, fed ad libitum, allowed a 1-week habituation period before experimental 

manipulation, and housed at 23-25C on a 12 hr light/dark cycle (lights on at 7 AM). Five week-

old (postnatal day [PD] 35) male c57BL/6J mice (Jackson Labs, Bar Harbor, Maine), and CD1 

retired breeders (Charles River), were used in this study. Mice were housed in clear 

polypropylene boxes containing wood shavings c57BL/6J (four per cage prior to stress, singly 
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housed following stress), and CD1 (one per cage). Experiments were conducted in compliance 

with the guidelines for the Care and Use of Laboratory Animals (Council, 2003), and approved 

by the Florida State University Animal Care and Use Committee. 

Stress Exposure and Experimental Design 

Adolescent mice were randomly assigned to a daily session (10 min per session) of 

emotional (ES), physical (PS), or control (CON) stress for 10 consecutive days (PD35-44). 

Briefly, the home cage (23.5cm x 45.5cm x 15cm) of a CD-1 retired breeder was separated into 

two compartments by a perforated clear Plexiglas divider, allowing olfactory, acoustic and visual 

signals to be shared between the compartments. The mouse in the ES condition was placed into 

the empty compartment adjacent to the CD-1 aggressor, while the physically stressed (PS) mouse 

was placed into the compartment containing the aggressor, as previously described (Berton, et 

al., 2006; Krishnan, et al., 2007; Krishnan, et al., 2008). During this time, the PS mouse was 

attacked by the CD-1 mouse and adopted a defensive posture. After ten minutes, the PS-exposed 

mouse was removed while the ES-exposed mouse was left overnight in the adjacent 

compartment. This process was repeated for ten consecutive days, such that each day the ES-

exposed mouse ‘witnessed’ the defeat of a novel mouse by a novel CD-1. CON-exposed mice 

were housed by pair, one on each side of a perforated Plexiglas partition, and handled daily 

(Krishnan, et al., 2007). Behavioral testing began 24 h after the last stress session. All animals 

(adolescent and adults) were single housed at the initiation of stress treatment and remained 

single housed for the duration of the study. Aggressors, male CD-1 retired breeders (Charles 

River, NC), were single housed upon arrival.  

RNA Sequencing 

Adolescent male mice were sacrificed 24 h after the last stress session. Punches were 

taken from VTA (1.25 mm) and stored at -80°C until use. Three biological replicates were 

pooled from the VTAs of six mice each. mRNA was isolated using MicroPoly(A) Purist kit 

(Ambion). Samples were fragmented to ~250 bp by chemical fragmentation. First strand cDNA 

was synthesized using Superscript II reverse transcriptase (Invitrogen), random hexamer and 

oligo(dT) primers.  Second strand cDNA synthesis was performed using DNA polymerase I and 

ribonuclease H to degrade RNA. Double stranded cDNA templates were blunt ended using End-
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It Repair kit (Epicentre). A-overhangs were added at both ends with Klenow fragment (3’5’ 

exo-minus). Illumina GAII sequence adaptors were ligated to both ends of cDNA templates 

using Fast-Link DNA ligation kit (Epicentre). I then enriched the cDNA templates by performing 

multiplex incorporating polymerase chain reactions. Cycle number was kept low to avoid 

introducing biases that could skew relative abundance of transcripts in each sample, since this 

could influence differential gene expression estimates accuracy. Following enrichment, the 

cDNA products were isolated using gel purification to obtain 250 to 550 bp fragments. During 

PCR, unique index sequences (Illumina) were also incorporated into each biological sample to 

allow identification of reads from each sample since multiple samples were sequenced on a 

single lane of the flow cell. Paired-end sequencing was carried out by loading the samples into a 

single lane (nine samples per lane) of a flow cell and run on an Illumina Genome Analyzer IIx 

sequencer using 72 cycles per end of each pared-end read. 

Transcriptome Analysis 

Sequence reads from each sample were mapped to the M. Musculus genome sequence 

allowing 12 mismatches per 72 bp read. To maximize the number of mapped reads for detecting 

differential expression and difference in transcript splice junctions, we also used MapSplice, 

which allows reads to map across exon junctions. More stringent criteria were used for reads that 

mapped across exon junctions ( 4) due to the higher degree of sequence ambiguity compared to 

read mapping within exons. Uniquely mappable exon and junction reads were included in the 

downstream analysis. 

Gene annotations in M. Musculus were used to assign gene identity for transcriptome 

quantification. Gene expression levels were quantified using a two-parameter generalized 

Poisson (GP) model. Compared to the traditional Poisson model, the GP model introduces an 

additional parameter, λ, to correct for potential biases in library preparation and the sequencing 

process. The GP model is more versatile than alternative models (e.g., Poisson and negative 

binomial) because of its ability to take into account both overdispersion and underdispersion of 

gene expression data. This allows for more accurate expression estimates, facilitates 

normalization across samples, and improves identification of differentially expressed transcripts 

in mRNA-seq experiments. Differentially expressed genes were identified using the log 

likelihood approach with a FDR cutoff of 0.05. FDR was controlled using the Benjamini–
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Hochberg method. Uncorrected P-values for comparisons between pairs of genotypes that 

correspond to a FDR cutoff of 0.05 were P < 0.003–0.02. I also performed our analyses using the 

traditional Poisson model to detect and measure differential gene expression, and all genes 

identified as differentially expressed using the GP model were also identified as differentially 

expressed using the Poisson model.  

Real Time PCR 

Mice were sacrificed either 24-h or 2-months after the last exposure to CON, ES, or PS. 

Punches were taken from VTA (1.25 mm) and stored at -80°C until use. RNA was isolated using 

RNEasy Micro kits (Qaigen) and cDNA was created from these samples using iScript cDNA 

synthesis kit (Bio-Rad; Hercules, California). qPCRs were performed in triplicate using 96 well 

PCR plates and RealMasterMix (Eppendorf) with an Eppendorf MasterCycler Realplex2 

according to manufacturer’s instructions. Threshold cycle [C(t)] values were measured using the 

supplied software and analyzed with the ΔΔC(t) method as described previously (LaPlant, et al., 

2010; Vialou et al., 2010). Primer sequences for Gapdh, Mapk1, Creb1, Crebbp, Shank1, 

Shank2, Shank3, Serpini1, and Kcnq2 are listed in Table 1. 

Western Blotting 

Tissue punches of VTA (1.25 mm diameter) from mice were sonicated in a standard lysis 

buffer and then centrifuged at 14,000 rpm for 15 min. Samples (20 g; estimated through 

Bradford assay) were treated with -mercaptoethanol and subsequently electrophoresed on 

precast 4%-20% gradient gels (Biorad, Hercules, California), as previously described (Iñiguez et 

al., 2011). Proteins were transferred to a polyvinylidene fluoride membrane, washed in 1X Tris-

buffered saline with 0.1% Tween-20 (TBST), and blocked in milk dissolved in TBST (5% 

weight/volume) for one h at 25C. Blots were probed (overnight at 4C) with antibodies against 

phosphorylated ERK2, stripped with Restore (Pierce Biotechnology, Rockford, Illinois) and re-

probed with antibodies against total ERK2, Shank3, and GAPDH. All antibodies were from Cell 

Signaling (Beverly, Massachusetts) and were used according to manufacturer’s instructions in 

5% milk dissolved in TBST. After further washes, membranes were incubated with peroxidase-

labeled goat anti-rabbit IgG or Goat anti-mouse IgG (1:5,000; Vector Labs, Burlingame, 
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California). Bands were visualized with SuperSignal West Dura substrate (Pierce Biotechnology, 

Rockford, Illinois), quantified using ImageJ (NIH) and normalized to GAPDH. 

Viral Vectors and Reversal Experiment 

Based on the results from the behavioral experiments described in chapters one and two, 

separate groups of adolescent male mice were exposed to stress from PD35-44. Twenty four h 

after the end of drug treatment (PD45), they were microinjected with herpes simplex virus 

(HSV) vectors encoding either green fluorescent protein (GFP) or a shank3-GFP (shank3) within 

the VTA to assess whether increasing shank3 levels itself would rescue the ES- and PS-induced 

behavioral deficits as measured in the social interaction test and elevated plus-maze. The 

construction of the HSV vectors has been described previously (Neve, Howe, Hong, & Kalb, 

1997; Robinson et al., 1996) and the HSV vectors have been validated in vivo and in vitro 

(Iñiguez, Vialou, et al., 2010; Krishnan, et al., 2007; Russo et al., 2007). The average titer of the 

recombinant virus stocks was 4.0 X 107 infectious units/ml. Titers did not differ by >10% among 

preparations. The behavioral experiment was commenced on day three after viral surgery 

(PD48), a time at which maximal transgene expression caused by these vectors is observed 

(Barrot, et al., 2002; Carlezon et al., 1998). As previously reported, expression of the HSV-

encoded transgenes was limited to an area of ~1 mm3 around the injection site, and viral 

expression was not apparent in either afferent or efferent regions of the injected area (Bolaños, et 

al., 2003; Iñiguez et al., 2008; Krishnan, et al., 2008). 

Animal Surgery 

For stereotaxic delivery of the viruses, mice were anesthetized with a ketamine/xylazine 

cocktail (80/10 mg/kg; intraperitoneal); afterward, mice were given bilateral microinjections (0.5 

l per side over 10 min of either HSV-GFP or –shank3) into the rostral region of the VTA 

[anteroposterior, –3.2 mm, lateral, +1.1 mm, dorsoventral, –4.6 mm below dura (Paxinos & 

Watson, 1997)] using a 32 gauge Hamilton syringe angled at 10 from the midline, to avoid 

piercing the sinus system. The local anesthetic bupivacaine was applied directly along the wound 

edges to minimize any potential postoperative discomfort. The VTA injection sites were 

confirmed in all mice by standard histology methods (described below). 
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Histology and Transgene Detection 

At the end of the forced swim test, mice were given an overdose of ketamine and 

perfused transcardially with 0.9% saline, followed by cold 4% paraformaldehyde. The brains 

were removed, postfixed overnight in 4% paraformaldehyde and stored in 20% glycerol. Coronal 

sections (40 µm) through the midbrain were taken on a microtome and stored in 0.1 M sodium 

phosphate buffer with 0.05% azide. Sections were processed to examine the ability of HSV 

construct to drive expression of GFP and Tyrosine Hydroxylase (TH) within the VTA as 

previously described (Iñiguez, Vialou, et al., 2010; Russo, et al., 2007). Midbrain free-floating 

coronal sections were processed for immunohistochemistry using the following antibodies: rabbit 

anti-GFP (1:1000; Abcam, Cambridge, Massachusetts), and anti-TH (mouse; 1:5000, Chemicon, 

Temecula, California), a marker of VTA dopamine neurons. Adjacent sections were blocked in 

3% normal donkey serum (NDS) and incubated overnight in one of the primary antibodies 

mentioned above, along with 0.3% Triton X-100 (Fisher Scientific, Pittsburgh, Pennsylvania) 

and 1% NDS. Sections were incubated with anti -rabbit or -chicken secondary antibody (Jackson 

ImmunoResearch, West Grove, Pennsylvania) for two h at room temperature. Stained sections 

were then slide mounted (Fisher Scientific), dehydrated in ethanol and citrosolv, and 

coverslipped with clear DPX adhesive (Sigma, St. Louis, Missouri). Slides were then visualized 

and photographed using a fluorescence microscope and a digital camera. Data obtained from 

mice with placements outside the intended brain regions (<10% of all experimental animals) 

were not included in the analyses. 

 

Results 

 

Whole Transcriptome Expression Analysis of CON, ES, or PS Exposed Mice 

Previous work demonstrated robust changes in VTA gene expression after PS and 

directly linked several of these changes to the stable behavioral abnormalities seen under these 

conditions (Krishnan, et al., 2007; Krishnan, et al., 2008). Therefore, as a first step to explore the 

neurobiological underpinnings of the ES-induced behavioral abnormalities, RNA was isolated 

from the VTA of mice 24 hr after the last exposure to 10 days of CON, ES, or PS during 
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adolescence and analyzed by RNA-seq using Illumina Genome Analyzer IIx sequencer. Venn 

diagrams illustrate the considerable overlap in genes regulated similarly by ES and PS exposure 

compared to control conditions (Fig. 18). In ES-exposed mice, 141 transcripts were upregulated, 

and 404 were downregulated when compared to control mice. In PS-exposed mice, 114 

transcripts were found to be upregulated and 204 transcripts were downregulated when compared 

to control mice. Interestingly, 51 transcripts were upregulated in both ES- and PS-exposed mice, 

while 161 transcripts were downregulated in both ES- and PS-exposed mice when compared to 

controls.  

Effects of Adolescent ES, PS, or CON Exposure on Shank3-Related Signaling in the VTA 

mRNA levels within the VTA were measured 24-h after adolescent exposure to CON, 

ES, or PS using qPCR (Fig. 19A-B; N= 24; 8/group). Shank3 (F(2,23)= 5.3, p< 0.05), but not Erk2 

(p> 0.01) mRNA varied as a function of adolescent stress exposure 24-h after treatment. ES and 

PS exposure increased ERK2 (p< 0.05), but decreased Shank3 mRNA when compared to the 

CON-exposed mice (p< 0.05). 

Figure 19C-D shows the effects of CON, ES, or PS exposure on mRNA levels 1-month 

after adolescent stress exposure (N= 24; 8/group). Separate one-way ANOVAs indicated that 

ERK2 (F(2,23)= 6.2, p< 0.01) and Shank3 (F(2,23)= 13.6, p< 0.01) mRNA varied as a function of 

adolescent stress exposure. More specifically, ES and PS exposure decreased Shank3, but 

increased ERK2 mRNA when compared to the CON-exposed mice (p< 0.05, respectively). 

We further assessed the activity of shank3-related signaling both 24 h (Fig. 20A-B) and 1-

month (Fig. 21A-B) after CON, ES, or PS exposure during adolescence as inferred from the level 

of shank3 protein and the phosphorylation of ERK2 protein (N= 18; 6/group). Short-term, ES 

and PS exposure increased levels of phosphorylated ERK2 (F(2,17)= 5.3, p< 0.05), but decreased 

levels of Shank3 (F(2,17)= 6.0, p< 0.05) protein within the VTA when compared to the CON-

exposed mice (all normalized to GAPDH and presented as % of phosphorylated protein). Long-

term, however, ES and PS exposure increased levels of phosphorylated ERK2 (F(2,17)= 3.9, p< 

0.05), and decreased levels of Shank3 (F(2,17)= 3.8, p< 0.05) protein within the VTA when 

compared to the CON-exposed mice. No changes in levels of total ERK2 or GAPDH protein 

were detected when compared to CON-exposed mice at either timepoint (p> 0.05). 
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Reversal of ES- and PS-Induced Behavioral Deficits in Adulthood 

Based on the ability of adolescent ES and PS exposure to decrease Shank3 expression 

within the VTA, and since aberrant shank3 function has been linked to psychiatric disorder 

(Durand et al., 2007; Moessner, et al., 2007), it was of interest to assess the functional 

consequences of increasing shank3 activity in this brain region on depression-like behavior, 

namely the social interaction test. To this end, Shank3 expression was increased within the VTA 

of mice exposed to CON, ES, or PS as adolescents by local injection of HSV-wtShank3 and 

social interaction was assessed. As a control, separate groups of CON, ES, or PS mice received 

injections of HSV-GFP into the VTA. 

Validation of Viral-Mediated Gene Transfer in the VTA 

Figure 22A shows the region of the VTA to which sham or microinjections of HSV 

vectors (HSV-GFP or –wtShank3) were targeted. As reported previously, viral-encoded transgene 

expression was maximal between days three and four after injection (data not shown), 

significantly declining thereafter, and undetectable one week after the microinjection (Barrot, et 

al., 2002; Carlezon et al., 1997; Olson et al., 2005). Fluorescent microscopy (Fig. 22B-D) 

revealed that the percentage of TH-positive neurons overexpressing GFP in the VTA (~55%) was 

similar to previous findings (Olson, et al., 2005; Russo, et al., 2007) with no detectable expression 

of the viral-encoded transgenes in glial cells (data not shown). 

Overexpression of Shank3 in the VTA Reverses ES- and PS-Induced Social Avoidance 

The effects of CON+HSV-GFP, CON+HSV-wtShank3, ES+HSV-GFP, ES+HSV-

wtShank3, PS+HSV-GFP, and PS+HSV-wtShank3 surgeries on social interaction are shown in 

figure 23. Social interaction varied as a function of viral post-treatment (F(1,32)= 10.5, p< 0.01) 

and stress exposure (F(2,32)= 9.5, p< 0.001), with a significant interaction between the two 

(F(2,32)= 6.2, p< 0.01). Specifically, ES- and PS-exposed mice receiving intra-VTA infusions of 

HSV-GFP showed significantly decreased interaction time (p< 0.05). However, in ES and PS-

exposed mice that received intra-VTA infusions of HSV-Shank3 to overexpress Shank3 in the 

VTA, this difference disappeared and they were not significantly different from CON-HSV-

Shank3 mice(p>0.05). No significant differences were apparent between the groups when 

locomotor activity was assessed during the No Target phase of social interaction (p> 0.05). 
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Overexpression of Shank3 in the VTA Reverses ES- and PS-Induced Behavioral Despair 

 The effects of CON+HSV-GFP, CON+HSV-wtShank3, ES+HSV-GFP, ES+HSV-

wtShank3, PS+HSV-GFP, and PS+HSV-wtShank3 surgeries on forced swim test behavior are 

shown in figure 24. Total immobility varied as a function of viral post-treatment (F(1,32)= 7.5, p< 

0.05) and stress exposure(F(5,32)= 5.0, p< 0.05), but no significant interaction (F(2,32)= 2.8, p= 

0.076). Specifically, ES- and PS-exposed mice receiving intra-VTA infusions of HSV-GFP 

showed significantly increased immobility (p< 0.05). However, ES and PS-exposed mice that 

received intra-VTA infusions of HSV-Shank3 to overexpress Shank3 in the VTA, did not behave 

differently from CON-HSV-Shank3 mice (p>0.05). 

Table 1. List of PCR primers 

Gene Forward Reverse 

Gapdh AGGTCGGTGTGAACGGATTTG TGTAGACCATGTAGTTGAGGTCA 

Mapk1 GGTTGTTCCCAAATGCTGACT CAACTTCAATCCTCTTGTGAGGG 

Creb1 AGTGACTGAGGAGCTTGTACCA TGTGGCTGGGCTTGAAC 

Crebbp GGCTTCTCCGCGAATGACAA GTTTGGACGCAGCATCTGGA 

Shank1 AGAGGCTTCTAAGAGAGTACCCT CTCGGGTCTTGTAGCGGAAC 

Shank2 CGAGGGGCAAAAGCCGATA AGAAGTCCCCGGTCCTTAGTC 

Shank3 TGACCTCCTGAAGGTTCTCC ACTATGGTACAGGGGCGTCA 

Serpini1 TCTTCTCTCCACTAAGCATTGCC TCAGACCCTCATATCCCATTGAA 

Kcnq2 TGACTGCCTGGTACATTGGC CTCTTGGACTTTCAGGGCAAA 

Table showing forward and reverse primer sequences used in qPCR reactions. 
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Figure 19. Acute effects of control stress (CON), emotional stress (ES), or physical stress (PS), 
on cFos expression within the VTA. (A)Exposure to ES or PS increased immunoreactivity for 
cFos within the VTA when compared to CON-exposed mice 40 min after one stress session (p< 
0.05). (B) Representative fluorescence images of cFos immunoreactivity (in blue) in tyrosine 
hydroxylase-positive cells (in red). *Significantly different from CON-exposed mice (p< 0.05). 
Data are presented as percentage of control level of cFos reactivity (mean ± SEM). 

Sample Total Reads Mapped reads % Mapped 

CON_A 11312230 9105534 80.5 

CON_B 16338062 12745776 78.0 

CON_C 17749400 13733022 77.4 

ES_A 21575425 16558404 76.7 

ES_B 26192808 20953485 80.0 

ES_C 19543773 16726442 85.6 

PS_A 19437900 16765555 86.3 

PS_B 23971671 20165891 84.1 

PS_C 30892760 26218019 84.9 

RNAseq mapping statistics showing total number of reads, mapped reads, and percentage 
mapped.  

Table 2. RNAseq mapping statistics. 
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Figure 20. Effects of control stress (CON), emotional stress (ES), or physical stress (PS) on 

VTA gene expression. Venn diagrams showing total number of transcripts up- or down-
regulated in ES, PS, or both ES and PS exposed mice 24 hr after ten stress sessions.  Up- 
or down-regulated genes with log2 fold change are listed below.  Significant values are 
listed in bold. 
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Figure 21. Effects of control stress (CON), emotional stress (ES), or physical stress (PS) on 
Shank3 and ERK2 expression. Immediately after the ten days of ES or PS exposure, 
Shank3 was downregulated (A), while ERK2 was no different (B) when compared to 
CON-exposed mice. One month after the last stress session, ES and PS exposure reduced 
Shank3 gene expression (C), while increasing ERK2 expression within the VTA (D) 
when compared to CON-exposed mice. 
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Figure 22. Short-term effects of control stress (CON) emotional stress (ES), or physical stress 

(PS) on protein expression and phosphorylation within the VTA. (A)Exposure to ES or 
PS reduced levels of Shank3 within the VTA when compared to CON-exposed mice 24 
hr after the last stress session (p< 0.05). (B) Phosphorylation of ERK2 was increased in 
PS-exposed mice 24 hr after the last stress session. *Significantly different from CON-
exposed mice (p< 0.05). Data are presented as percentage of control level of optical 
density normalized to GAPDH (mean ± SEM). 
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Figure 23. Long-term effects of control stress (CON), emotional stress (ES), or physical stress 

(PS) on protein expression and phosphorylation within the VTA. (A)Exposure to ES or 
PS reduced levels of Shank3 within the VTA when compared to CON-exposed mice one 
month after the last stress session (p< 0.05). (B) Phosphorylation of ERK2 was increased 
in ES- and PS-exposed mice one month after the last stress session when compared to 
CON-exposed mice (p< 0.05). *Significantly different from CON-exposed mice (p< 
0.05). Data are presented as percentage of control level of optical density normalized to 
GAPDH (mean ± SEM). 
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Figure 24. Immunofluorescent image of viral transgene expression in the VTA. Injections of a 
herpes simplex virus coding for Shank3+GFP (HSV-Shank3) into the VTA induces GFP 
expression (green) in VTA TH neurons (red).  
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Figure 25. Viral overexpression of Shank3 in the VTA reverses social avoidance in emotional 

stress (ES)- and physical stress (PS)-exposed mice. Injections of a herpes simplex virus 
coding for Shank3 (HSV-Shank3) normalized the social deficits seen in ES and PS-
exposed mice when compared to HSV-GFP control mice (p< 0.05). *Significantly 
different from CON-exposed mice (p< 0.05). βSignificantly different from HSV-GFP 
controls (p< 0.05). Data are presented as a ratio of the total time spent with a social target 
to the total time spent in the interaction zone without a social target (mean ± SEM). 
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Figure 26. Viral overexpression of Shank3 in the VTA reverses depression-like behavior in 

emotional stress (ES)- and physical stress (PS)-exposed mice. Injections of a herpes 
simplex virus coding for Shank3 (HSV-Shank3) into the VTA normalized the depression-
like behavior seen in ES and PS-exposed mice when compared to HSV-GFP control mice 
(p< 0.05). *Significantly different from CON-exposed mice (p< 0.05). βSignificantly 
different from HSV-GFP controls (p< 0.05). Data are presented as total time spent 
immobile in seconds (mean ± SEM). 

 

Discussion 

Maltreatment early in life is an experience commonly linked to the development of 

psychiatric disorder, however little is known about the long-lived neurobiological effects of 

exposure to stress during the adolescent period. Here, I delineate the effects of exposure to 

emotional or physical stress during adolescence in male mice. Using whole transcriptome 

sequencing, I found that several hundred transcripts were regulated by emotional (ES), physical 

(PS), or both stressors when compared to control, non-stressed mice. Using this list as a guide, I 

focused on Shank3 by looking to see whether Shank3, along with several related genes were 

indeed regulated using qPCR. I followed this analysis up with Western blotting to determine 

whether transcriptional changes were also translated into protein changes. Subsequently, I 

infused a herpes simplex viral vector which upregulated Shank3 into the VTA to reverse the 

behavioral abnormalities seen after adolescent exposure to ES or PS. 
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Based on our findings of VTA activation following exposure to ES or PS, using cFos 

expression as a measure of activation, I chose to focus on this area for subsequent biochemical 

analyses. RNAseq analysis revealed several hundred transcripts that were regulated by ES and 

PS within the VTA. Interestingly, more genes were downregulated than were upregulated.  This 

finding opposes earlier findings in adult animals, showing a majority of upregulated genes 

(Warren, et al., 2013).  It is possible that overall downregulation of gene expression in the VTA 

could denote epigenetic regulation (Vialou, Feng, Robison, & Nestler, 2013).  This is plausible, 

since histone modification is known to occur as a result of social defeat stress (Vialou, 2010; 

Wilkinson, et al., 2011).  However, further experimentation is required to determine whether 

epigenetic mechanisms are involved.  Not surprisingly, there was substantial overlap between the 

gene list generated here in adolescent mice, and gene lists previously generated in adults 

(Krishnan, et al., 2007; Krishnan, et al., 2008; Warren, et al., 2013). For instance, 

demethyltransferase 3a has a clearly defined role in mediating some of the effects of stress in 

adult mice (LaPlant, et al., 2010). Nor was it surprising to find CREB binding protein (Crebbp) 

or Irs2, given these proteins’ role in ERK-related signaling (Shen, Tsimberg, Salvadore, & 

Meller, 2004).  Another one of these genes, Shank3, was reported in adult animals exposed to ES 

and PS (Warren, et al., 2013). Here, I find that Shank1, Shank2, and Shank3 were each 

downregulated by exposure to ES or PS, making this family of proteins particularly interesting. 

Shank3, in particular, is significantly regulated in ES-exposed mice, but not PS-exposed mice. 

This finding made Shank3 a particularly exciting gene to explore further. However, because we 

only performed RNAseq twenty four hours after the last stress session, since this was expected to 

be the period of maximal gene transcription, long-term analysis and validation of these genes 

was performed using real time PCR. 

 To validate the RNAseq results, I exposed a separate group of mice to ES and PS and 

measured RNA transcription within the VTA twenty-four hours after the last stress session, at 

the same time point as the RNAseq was performed. I measured the transcription of several genes 

regulated by RNAseq and confirmed that they were altered in these mice as well. I also measured 

genes, including ERK2, that had not been identified by RNAseq. Interestingly, I found that 

ERK2 was not regulated 24 hr after the last stressor, but only showed a significant upregulation 

until one month after the last stress exposure. It is possible then, that changes in ERK signaling 

could mediate some of the long-lived changes in behavior seen after ES or PS. Indeed, it might 
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partially explain the anxiolytic-like finding in the EPM at 24 hr after the last stressor that became 

anxiogenic after a one month incubation. I also confirmed that Shank3, a gene identified as being 

downregulated in the RNAseq experiment, was downregulated up to one month after the last 

stress session. Therefore, Shank3 was of specific consideration for potentially mediating some of 

the behavioral effects observed in Chapters two and three. 

 However, changes in RNA do not always mean changes in protein, the functional unit of 

most genes. Therefore, I exposed separate groups of mice to ES and PS during adolescence and 

looked at protein levels in the VTA using Western Blotting either twenty-four hours or one 

month later. I found that Shank3 protein was downregulated in both ES and PS mice at both 

twenty-four hours and one month after the last stress session. Interestingly, I found that 

phosphorylated ERK2 was upregulated after PS, but not ES at the twenty-four hours time point. 

Surprisingly, it was upregulated in both ES and PS exposed mice at one month after the last 

stressor, suggesting that the effect on ERK signaling might incubate over time. This is 

particularly interesting since ERK2 mRNA is not regulated immediately after stress, but only 

becomes upregulated one month after the last stress session. Given earlier findings that ERK2 

signaling in the VTA mediates behavioral response to stress- and anxiety- eliciting situations 

(Iñiguez, Vialou, et al., 2010; Iñiguez, Warren, et al., 2010), it is particularly interesting that the 

changes in ERK signaling seem to mirror the changes in anxiety-like behavior. 

 Based on my findings indicating downregulation of Shank proteins in the RNAseq that 

were confirmed with qPCR and Western Blot, and found that Shank3 in particular is 

downregulated for up to one month after stress, I decided to show causality between Shank3 and 

the behavioral abnormalities seen after exposure to ES and PS. To this end, a herpes simplex 

viral vector that was capable of overexpressing Shank3 in neurons was designed. I injected this 

viral vector into the VTA of stressed mice and observed their behavioral reactivity to social 

interaction and elevated plus-maze 3 days later, when transgene expression was maximal. I 

found that viral-mediated upregulation of transgenic Shank3 in VTA neurons did return ES- and 

PS-exposed mice to control levels of social interaction and elevated plus-maze reactivity. 

Together, this suggests that Shank3 may play a role in the effects of adolescent exposure to ES 

and PS, possibly due to involvement of glutmatergic signaling or changes in spine morphometry 

within the VTA (Durand, et al., 2012; X. Wang et al., 2011). However, subsequent experiments 

will be required to more clearly elucidate the role of Shank3 in stress neurobiology. 
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 Here, I show that powerful changes in gene transcription and translation occur following 

exposure to ES or PS during adolescence. Interestingly, these changes seem to persist into 

adulthood. Furthermore, I demonstrate a role for downregulation of Shank3 in potentially 

mediating the behavioral effects of exposure to ES or PS. Taken together, exposure to ES or PS 

causes discrete changes to VTA neurobiology that appear to be causally linked to the anxiety- 

and depression-like state that develops after exposure to these stressors.  
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CHAPTER FIVE 

DISCUSSION AND FUTURE DIRECTIONS 

Early life maltreatment is an experience commonly linked to neuropathology in 

adulthood. Individuals exposed to emotional or physical stress as youths appear to be worse off 

as adults. Adults with a history of childhood maltreatment have increased rates of substance 

abuse, sexual promiscuity, and psychiatric disorder (Anda, et al., 2008; Dube, et al., 2005; 

Edwards, et al., 2003; Teicher, et al., 2006). With children and adolescence spending more and 

more time online, bullying has moved from being primarily physical to predominantly emotional 

“cyber-bullying” (J. Wang, Iannotti, & Luk, 2012; J. Wang, Iannotti, & Nansel, 2009; Wolak, 

Mitchell, & Finkelhor, 2007). However, it’s startling that little is known about the long-lasting 

effects of exposure to emotional stress during adolescence. This is partly because few animal 

models are capable of clearly delineating the effects of emotional versus physical stress. 

Therefore, my dissertation has focused on introducing and developing a novel model of 

emotional stress in adolescent male mice that is capable of teasing apart these differences. 

In the first chapter, I show that exposure to ten days of emotional stress (ES) or physical 

stress (PS) during adolescence increases depression- and anxiety-like behavior in male mice.  

First, I assessed whether exposure to ES or PS would induce changes in physiological 

measurements known to be indicative of stress. I found that exposure to ES and PS both 

decreased weight gain and increased serum corticosterone, a hormone released in response to 

stress. To determine the effects on mood-related behavior, I also exposed these animals to a 

battery of behavioral tasks designed to measure mood in rodents. Twenty-four hours after the last 

stress session, ES and PS increased depression- and anxiety-like behavior in the social 

interaction test, open field test, novelty-induced hypophagia, elevated plus maze, and forced 

swim tests. Interestingly, though, no effect was seen in sucrose preference. 

Surprisingly, some of these changes persist into adulthood. Adult mice that were exposed 

to ES or PS during adolescence and allowed to grow into adulthood also show deficits in mood-

related behavior. More specifically, ES- and PS-exposed mice significantly avoided a social 

target, spent significantly less time in the open arms of the elevated plus-maze, and spent 

significantly more time immobile in the forced swim test. I was also curious to know whether 
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antidepressant treatment would be able to reverse these deficits. Therefore, I injected separate 

groups of mice with either a single or repeated injections over one month of the SSRI fluoxetine. 

Only chronic injections with fluoxetine reversed stress-induced social deficits in the social 

interaction test. This suggests that the model may have good predictive validity, especially since 

the effects of the antidepressants took several weeks to become apparent, much like clinical 

effects of antidepressant drugs (Cipriani, et al., 2005). 

What is particularly intriguing, though, is that certain behavioral abnormalities did not 

become apparent until adulthood. For example, elevated plus-maze initially showed an 

anxiolytic-like effect in ES- and PS-exposed mice. This finding was, paradoxically, reversed in 

adulthood. Separate groups of adult mice that were exposed to ES or PS in adolescence and 

tested in the elevated plus-maze as adults showed increased anxiety-like behavior. Even more 

puzzling, adolescent mice tested in the open field test, a separate measure of anxiety-like 

behavior, 24 hours after the last stress session showed increased anxiety-like behavior.  

However, it is possible that these tests may reveal differences in trait versus state 

anxiety(Belzung & Griebel, 2001). In other words, the open field test might reveal differences in 

stable trait anxiety, while the elevated plus-maze with its fear-inducing height component could 

show changes in state anxiety. Nevertheless, it is perplexing that these two indices are not in 

alignment. Given increased risk-taking characterizing the adolescent period, it is plausible that 

mice exposed to ES or PS could have increased basal levels of anxiety, demonstrated by the open 

field, with increase in risk seeking demonstrated by the elevated plus-maze. This hypothesis 

could also explain why the elevation in elevated plus-maze open arm time disappears in 

adulthood, as risk taking diminishes and state anxiety is revealed, without influencing open field 

behavior.  In this case, one would expect that an anxiolytic or anxiogenic drug given to mice 

prior to the short-term elevated plus-maze could reveal changes in anxiety-like behavior that are 

not due to changes in risk-taking behavior.  This is an interesting possibility; however, 

subsequent experiments will be required to tease apart these two possibilities. 

A frequent criticism of mood research is that animal models cannot truly model mood 

disorder (Flint & Shifman, 2008; Matthews, Christmas, Swan, & Sorrell, 2005; Nestler & 

Hyman, 2010). While it’s true that many diagnostic criteria are impossible to measure in 

animals, many of them do have convincing analogues. For example, diminished interest or 

pleasure in activities, or anhedonia, is modeled with the sucrose preference test (Konkle et al., 
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2003; Papp, Willner, & Muscat, 1991). Just like the DSM-IV diagnosis for depression does not 

require all symptoms to be present (American Psychiatric Association. & American Psychiatric 

Association. Task Force on DSM-IV., 2000), neither do we need to see all of the criteria present 

to conclude a “depression-like” phenotype. Thus, an animal with overlapping behavioral deficits 

in a variety of tests thought to measure changes in “depression-” or “anxiety-like” behavior is 

considered to have a “depression-like” behavioral phenotype. Furthermore, there is considerable 

overlap between anxiety- and depression-like behaviors. For instance, it is plausible that 

increased “anxiety” could cause a mouse to avoid social targets in the social interaction test. 

Likewise, changes in hedonia could bias results in the novelty induced hypophagia test. To 

mediate these concerns, I have purposefully included multiple overlapping behavioral assays to 

try to more clearly define the effects of ES and PS exposure. While not all of the measures used 

in this dissertation demonstrated significant differences, since several tests measuring 

depression-like or anxiety-like behavior did reach significance, it is likely that ES or PS may 

alter mood in mice. Nevertheless, these results must be interpreted with caution. 

Furthermore, it is important to note that each of the behavioral tasks used in this 

dissertation have been rigorously validated not only in our lab, but worldwide.  Each of these 

tasks are among the most common “gold-standard ” behavioral measures of mood, which 

increases interpretability and makes is more easily integrated into the existing literature.  

However, when assessing animal models, determining the reliability and validity of a task can be 

complicated.  When assessing animal models, it is critical to consider three types of validity: face 

validity, predictive validity, and construct validity (Nestler & Hyman, 2010).  Face validity 

estimates how well a test appears to measure a criterion.  Predictive validity refers to the ability 

of an operation to predict a future outcome.  Finally, construct validity refers to the ability of the 

theory behind the test to measure what it is said to.  Construct validity is the most difficult type 

of validity to ascribe to a test of mood, since the true cause of mood disorder is currently 

unknown.  Therefore, face validity and predictive validity are the most useful.  Each of these 

tasks has excellent face validity, as they all appear to measure what they claim to.  For example, 

it is conceivable that an anxious mouse would prefer to stay hidden in the closed arms of the 

elevated plus-maze or that a socially defeated mouse would prefer to avoid social interactions.  

These models also have excellent predictive validity, since antidepressants or anxiolytic drugs 

can reverse deficits seen in either depression-like behavioral tasks or anxiety-like behavioral 
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tasks, respectively (Avgustinovich, Lipina, Bondar, & Kudriavtseva, 1999; Hogg, 1996; Nestler 

& Hyman, 2010; Porsolt, Bertin, et al., 1977; Porsolt, Le Pichon, et al., 1977).  However, though 

these models have strong validity, they should still be interpreted with caution. 

Since even less is known about the effects of adolescent emotional and physical stress on 

neurobiology, chapter 4 assessed changes in transcription and translation within the mesolimbic 

dopamine circuit that might mediate some of the behavioral effects found in chapters 2 and 3. In 

chapter 4, I first determined which brain areas could be activated by exposure to ES or PS by 

looking at cFos activation after a single session of stress. Not surprisingly, the VTA showed 

strong activation. This makes sense, given reports that changes in VTA signaling may mediate 

some of the effects of stress, especially the effects of social defeat on mood related behavior 

(Iñiguez, Vialou, et al., 2010; Krishnan, et al., 2008; Miczek, Yap, & Covington, 2008). To 

determine what, if any, changes in transcription took place after exposure to ES or PS, I then 

sequenced the entire transcriptome within the VTA after ten days of stress. Interestingly I found 

considerable overlap between ES and PS. Given strong similarities between the behavior of ES- 

and PS-exposed animals, I was interested in genes that were similarly up or down-regulated, 

since these genes are likely to be the ones involved in mediating those behaviors. Because the 

entire Shank family of proteins was similarly downregulated in both ES and PS mice, I chose to 

follow up with qPCR and Western blots to show that not only is the change in transcription real, 

it also translates into protein differences. This was important to show that Shank3, specifically, 

may play a role. To further elucidate that role, I injected a viral vector that overexpresses shank3 

into the VTA of ES- or PS-exposed mice and found that it reversed social deficits seen after ES 

or PS exposure. This further solidified that Shank proteins, and Shank3 in particular, seem to 

play a role in mediating mood-related behavior following exposure to stress in adolescence. 

While this finding is novel, and causality has never been so clearly demonstrated for Shank3 in 

the VTA, this study was not without precedent. Given previous findings that adult exposure to 

ES and PS also downregulates Shank3, there appears to be substantial support that Shank 

proteins may be involved in dysregulation of mood.  However, it is currently unknown whether 

manipulation of Shank3 could influence the deficits seen in anxiety-like behavior following 

exposure to ES or PS.  Future experiments will be needed to determine whether upregulation or 

inhibition of Shank3 in the VTA could influence anxiety-like behaviors as well.  This is 

particularly important given paradoxical findings in anxiety-like behavior between the short- and 
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long-term findings, since changes in Shank3 could underlie the incubation of anxiety-like 

behavior. 

While these findings suggest a role for Shank3 short-term, it is still unknown whether 

upregulation or downregulation of Shank3 later in life could rescue the enduring deficits in 

behavior. Therefore, future studies will need to expose mice to ES, PS, and CON conditions 

during adolescence and wait until adulthood to deliver the viral vector. Because downregulation 

of Shank3 persists into adulthood, it is plausible that this manipulation could still influence 

behavior. However, it is equally plausible that chronic downregulation of Shank3 during the 

critical period of adolescence induces irreversible changes to VTA neurobiology. Furthermore, it 

would be particularly interesting to also look for changes in the transcriptome at this time point. 

Comparing RNAseq results between the short- and long-term groups could more clearly 

elucidate changes in the pattern of transcriptional changes that might more clearly indicate how 

Shank3 and ERK interact and potentially identify other targets that could change over the course 

of development of the behavioral aberration.  

Given similarly striking findings with ERK2, it is also possible that viral manipulation of 

ERK could nullify some of the deficits in mood-related behavior. Indeed earlier reports by our 

laboratory provide substantial support for this hypothesis (Iñiguez, Vialou, et al., 2010). We 

showed that ERK2 within the VTA mediated not only response to drugs of abuse, but also to 

stress. Specifically, social defeat stress increased ERK2 in the VTA, and that viral 

overexpression of ERK2 in the VTA leads to increased susceptibility to social defeat (Iñiguez, 

Vialou, et al., 2010). It is likely, then, that viral manipulation of ERK2 in the VTA might be 

effective in changing behavior of ES- and PS-exposed mice, as well, though more studies will be 

needed to test this hypothesis. It is also interesting to note that there is evidence that changes in 

Shank3 could influence ERK signaling via disruption of glutamatergic signaling. This is 

interesting, especially in light of recent evidence that the NMDA receptor antagonist ketamine 

can have antidepressant properties and that these effects may be due, at least in part, to changes 

in ERK signaling in the VTA (Parise et al., 2013; Peng, Zhang, Zhang, Wang, & Ren, 2010). 

Taken together, this dissertation demonstrates for the first time that witnessing stress 

during adolescence can induce life-long changes in behavior and neurobiology. I show that 

witnessing and physically experiencing social defeat stress induce similar behavioral profiles, 
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even later in life and demonstrate a role for dysregulation of gene transcription within the VTA 

in mediating these behaviors. Furthermore, I show that I can reverse social deficits in these 

animals by upregulating Shank3 within the VTA, suggesting that Shank3 may play a role in the 

acquisition of socially defeated phenotype. This makes the Shank family of proteins a potentially 

exciting target for future therapeutic interventions for mood disorder.
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