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Abstract 

Stress during early development produces lasting effects on psychopathological outcomes. The impact of 

prior intermittent, physical stress (IPS) during early-adolescence (PD 22-33) on anxiety-related behaviour 

of female rats was analyzed in adulthood. After behavioural testing, serotonergic innervation was 

evaluated using immunohistochemistry for the serotonin transporter (SERT) in the medial prefrontal 

cortex (mPFC) and ventral hippocampus. Administration of IPS (i.e., water immersion, elevated platform, 

foot shock) in early adolescence increased rats’ anxiety-like behaviour in the elevated plus-maze but had 

no effects in the shock-probe burying test. In the social interaction test, IPS decreased social interaction, 

and this effect was driven by selective decreases in the duration of playfighting with no evident changes 

in contact or investigative behaviour.  Selective stress-induced increases in SERT-immunoreactive axon 

density were found in the infralimbic (IL) subregion of the mPFC, but not in the cingulate or prelimbic 

(PL) subregions. IPS in early adolescence did not affect serotonergic innervation profiles in any sub-fields 

of the ventral hippocampus. The findings confirm and extend on earlier evidence that stress during early 

adolescence promotes the emergence of an anxious phenotype, and provide novel evidence that these 

effects may be mediated, at least in part, by increased serotonergic innervation of the IL mPFC.  
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Chapter 1 

Introduction 

1.1. Early Adolescent Adversity in Humans 

The experience of environmental adversity early on in life is known to produce 

detrimental effects into adulthood. During the periods of childhood and adolescence, both 

intermittent and persistent adversity have strong and consistent impact in producing long-

lasting negative outcomes (Kessler et al., 2010; Smith, Ireland, & Thornberry, 2005; 

Thornberry, Henry, Ireland, & Smith, 2010). Early exposure to adverse experiences (i.e., 

prepubertal, prior to 12 years of age) leads to an increased risk of developing more severe 

and prominent psychiatric symptoms (Schoedl et al., 2010) and more internalizing 

symptoms (e.g., depression, anxiety; Heim et al., 2000; Heim & Nemeroff, 2001; Kaplow 

& Widom, 2007; Maercker, Michael, Fehm, Becker, & Margraf, 2004) in adulthood in 

comparison to postpubertal adversity. Of particular interest is the experience of adversity 

during the transition from late childhood to early adolescence, as the critical period of 

rapid brain development during this time may be related to the resulting increase in 

vulnerability to psychopathology and poor psychosocial outcomes (Casey, Galvan, & 

Getz, 2008; Spear, 2013; Timmermans, van Lier, & Koot, 2010). Timmermans et al. 

(2010) specified that stress from adverse events at age 10 accounted for the continuity of 

internalizing symptoms into adulthood (age 18), but not adversity during childhood (ages 

3 and 5). Similarly, massive social, emotional, and biological changes occur during early 

adolescence that implicate this time as a key period of vulnerability (Dahl & Gunnar, 
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2009). Thus, the period of early adolescence in humans is sensitive to disruptions that can 

affect long-term outcomes.  

As adversity during development cannot be randomized and controlled in human 

samples, human research on the consequences of early adversity is typically correlational 

or observational, and thus limited in determining causation. The use of animal models in 

these types of studies can help to address such limitations. Animal models provide more 

precise and thorough understanding of various stressor outcomes and the specificity of 

timing of adversity on development. Additionally, they serve as important tools to 

understanding the underlying neurobiological mechanisms involved that are currently 

unavailable in human studies (Haller, Harold, Sandi, & Neumann, 2014). However, these 

models must maintain face, predictive, and theoretical validity if applied to human mental 

disorders (Willner, 1986).  

1.2. Changes in Early Adolescence 

Adolescence in humans is referred to as a transitional period after childhood and 

before adulthood, typically beginning between 9 to 12 years of age (Crone & Dahl, 

2012). Importantly, the onset of adolescence in both humans and rodents is accompanied 

by both psychological and physiological changes (Brenhouse & Andersen, 2011) with 

peak increases in cortical plasticity (Crews, He, & Hodge, 2007). Changes include 

increased exposure to stressful life events (Arnett, 1999), enhanced stress reactivity 

(McCormick, Mathews, Thomas, & Waters, 2010; Romeo, 2010), and age-related 

changes in brain development in neural regions involved in stress reactivity and emotion 

regulation (Blakemore, 2012; Price & Drevets, 2012). These include the prefrontal cortex 

(PFC), hippocampus, and limbic system structures, which are particularly vulnerable to 
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the adverse effects of stress (Romeo & McEwen, 2006; Spear, 2000). Adolescence is also 

characterized by dramatic developments in social behaviour, which are sensitive to 

environmental influences as individuals shift away from family-based interactions to 

those with peers and significant others (Forbes & Dahl, 2010). Specifically, adolescents 

show increased sensitivity to environmental influence on social behavior in comparison 

to adults (Spear, 2000; Varlinskaya & Spear, 2002; Varlinskaya, Vogt, & Spear, 2012). 

In both in humans and rodents, adolescents spend more time engaged in peer-directed 

social interactions than younger and older individuals (Primus & Kellogg, 1989), as this 

developmental period is used as a staging ground to practice social behaviours that will 

be needed in later adult interactions (Forbes & Dahl, 2010; Spear, 2000). 

Stress is a natural response to threats or changes in the environment. However, 

chronic exposure to stress can lead to dysregulation of neurochemical systems involved 

in regulating stress responses (Andersen, 2003). The serotonin (5-hydroxytryptamine; 5-

HT) system regulates stress and emotional reactivity, mood regulation, social interaction, 

and anxiety responses in both humans and rodents (Ansorge, Morelli, & Gingrich, 2008; 

Canli & Lesch, 2007, Leonard, 2006). However, this system does not fully mature until 

late in adolescence and, consequently, its ongoing development is sensitive to disruption 

from adverse experiences (Andersen, 2003; Spear, 2003). Such disruptions can alter 

normal functioning of the 5-HT system, ultimately affecting the brain and giving rise to 

psychopathology (Andersen, 2003; Spear, 2003). In rodents, these include changes in 5-

HT synthesis accompanied by changes in anxiety-related behaviours (Luo et al., 2014; 

Watt, Burke, Renner, & Forster, 2009) and abnormal social behaviours (Marquéz et al., 

2013). However, outcomes vary by the type of stressor and the timing of stress 
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application during adolescence.  For example, stress in early adolescence (PD 27-33) led 

to increased anxiety-related behaviour and decreased 5-HT metabolite (Luo et al., 2014), 

while stress experienced only a few days later in mid-adolescence (PD 35-40) produced 

decreases in anxiety-related behaviour and increased 5-HT content (Watt et al., 2009). 

Changes to the 5-HT system following stress are discussed further below. More studies 

are needed in order to fully understand the impact of stress during early adolescence on 

the 5-HT system and its related behaviours (Booij, Tremblay, Szyf, & Benkelfat, 2015). 

When taking into account that the studies described above were conducted using only 

males, another need in the preclinical literature is to fill the gap in our understanding of 

females. 

In rats, adolescence is generally considered as the period from weaning to 

adulthood, between post-natal day (PD) 21 to approximately PD 55-60 (Ojeda & 

Urbanski, 1994). Previous studies sub-divide rat adolescence into 3 stages: early (pre-

pubertal; PD 21-34), mid (peri-pubertal; PD 35-46), and late (PD 47-59) adolescence 

(McCormick & Mathews, 2010; Tirelli, Laviola, and Adriana, 2003), which in humans 

roughly maps on to 8-11, 12-14, and 15-17 years of age, respectively (Brenhouse & 

Andersen, 2011). The following sections will review the long-lasting impact of early 

adolescent stress in rodents on anxiety-related responses and expression of social 

behaviours, as well as the involvement of the 5-HT system in this relationship. 

1.3. Animal Models of Early Adolescent Stress 

A previous study by Wilkin, Waters, McCormick, and Menard (2012) examined 

the impact of stress during early adolescence on rats’ anxiety-related responses in 

adulthood. They used an intermittent physical stress (IPS) paradigm, which was 
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composed of random exposure to three environmental stressors (elevated platform, water 

immersion, and foot shock) two times each, across a 12-day developmental period (early 

adolescence; PD 22-33). Control animals were briefly handled on stressor application 

days. The rats then underwent a battery of behavioural tests in adulthood (>PD 60) 

including the elevated plus-maze test of anxiety. In the elevated plus-maze (EPM) 

paradigm, rats are placed in the center of a plus-shaped maze with two open arms and 

two arms enclosed by walls (i.e., the closed arms of the maze). Anxiety is measured by 

the amount of open-arm exploration (Pellow, Chopin, File, & Briley, 1985). Typically, 

rats spend less time on the open arms as opposed to the open arms as they lack the 

vertical surface provided by the walls of the closed arms (Treit, Menard, & Royan, 1993). 

This innate preference to remain close to the walls is known as thigmotaxis and is 

reflective of anxiety in the rat (Simon, Dupuis, & Costentin, 1994). Wilkin et al. (2012) 

reported increases in anxiety-related behavior in both male and female rats exposed to 

IPS in early adolescence, as shown through decreased open-arm exploration in the EPM. 

Other studies involving stress application to rats during early adolescence resulted in 

decreased open-arm exploration in the EPM (Luo et al., 2014; MacKay et al., 2014; 

Tsoory, Cohen, & Richter-Levine, 2007), decreased exploration in an open field test or 

novel environment (Avital, Ram, Maayan, Weizman, & Richter-Levine, 2006; Luo et al., 

2014; Tsoory & Richter-Levine, 2006), and increased acoustic startle response (Avital et 

al., 2006; Tsoory et al., 2007) in adulthood, all of which are reflective of increases in 

anxiety-related behaviour. These results were observed across a range of stressors, 

including predator odour (cat urine; Tsoory et al., 2007), elevated platform stress (Avital 

et al., 2006), variable stress (elevated platform, restraint, and forced swim or footshock; 
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Luo et al., 2014; MacKay et al., 2014), and sporadic physical stress (foot shock, elevated 

platform, forced swim; Tsoory & Richter-Levine, 2006). Unfortunately, with the 

exception of Wilkin et al. (2012), none of the studies reviewed above examined the 

impact of stress during early adolescence in females. This is problematic since stress, at 

various points across the lifespan, can have differential outcomes that are sex-dependent 

in both humans (Kirschbaum, Wust, & Hellhammer, 1992; Kudielka & Kirschbaum, 

2005) and rodents (Bowman, Beck, & Luine, 2003; Shors, Chua, & Falduto, 2001). 

Women are twice as likely as men to develop stress-related psychiatric disorders, such as 

anxiety and depression (Kessler et al., 1993; Kessler et al., 2003). Importantly, this 

difference in incidence rates emerges following early adolescence (Thapar, Collishaw, 

Pine, & Thapar, 2012). Given these findings, the underrepresentation of females in the 

animal preclinical literature is of concern when attempting to fully understand these 

psychopathologies, as results from males are often simply applied to both sexes. In a 

review by Beery and Zucker (2011), they found no grounds for the exclusion of female 

animal models due to intrinsic biological variability.  

Pohl, Olmstead, Wynne-Edwards, Harkness, and Menard (2007) exposed both 

sexes to one of two types of environmental stressors (severe sporadic stress or chronic 

mild stress) across adolescence (PD 23-51) and found that overall, females appeared 

more sensitive than males to the impact of child-adolescent stress and exhibited a broader 

spectrum of outcomes. These included changes in both anxiety- and depression-like 

responses. These results are in accordance to the clinical literature, where the lasting 

impact of environmental adversity during development is more prominent in females than 

males, as reflected by increased prevalence and incidence of depression and anxiety in 
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adulthood (Piccinelli & Wilkinson, 2000; Weiss, Longhurst, & Mazure, 1999; Young & 

Korszun, 2010). As such, it is important to also understand the underlying mechanisms of 

stress-induced behavioural and neurochemical changes in females. Thus, one goal of the 

current study is to further characterize the outcomes of stress during early adolescence 

 using female rats in various animal models of anxiety.  

1.4. Animal Models of Anxiety and Social Behaviour 

In addition to the EPM, Wilkin et al. (2012) used the shock-probe burying test 

(SPBT) as another measure of anxiety-related behaviour. This test is comprised of a 

probe inserted through the wall of a chamber that contains a rat. An electric current 

passes through the probe upon contact with the rat, giving it a shock. After experiencing a 

shock, rats tend to bury the probe with bedding material from the floor of the test 

chamber in order to avoid further contact. Anxiety is measured by the amount of time 

spent burying the probe (Treit, Pinel, & Fibiger, 1981). Wilkin et al. (2012) observed that 

stress during early adolescence decreased open-arm exploration in the EPM in both sexes 

when tested in adulthood. However, an increase in shock-probe burying was only seen in 

stressed male rats—there was no significant difference in burying found between stress 

and control females. The authors suggested that the SPBT measures a different aspect of 

anxiety as opposed to the EPM, since open-arm avoidance and shock-probe burying share 

overlapping but distinct neural mechanisms (Hakvoort Schwerdtfeger & Menard, 2008; 

Menard & Treit, 1998, 2000; Pesold & Treit, 1995) and these behaviours are not 

correlated (De Boer & Koolhaas, 2003). Interestingly, shock-probe burying in males is 

highly correlated with territorial aggression seen in the resident-intruder paradigm (De 

Boer & Koolhaas, 2003). As a result, Wilkin et al. (2012) suggested that although stress 
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during early adolescence leads to long-lasting increases in anxiety-related responses in 

both sexes, it might increase aggression-related responses in males only. Therefore, in 

addition to the EPM, the current study will also utilize the SPBT as a means of testing the 

robustness of Wilkin and colleagues’ earlier findings.    

The social interaction (SI) test provides ethologically valid means to assess 

anxiety-related social behaviours. It is sensitive to both environmental and physiological 

factors that impact anxiety-related behaviour (File & Seth, 2003). The conventional 

social interaction test involves the manipulation of lighting and test chamber familiarity 

to assess the anxiogenic or anxiolytic effects of treatment in an open-field environment 

(File, 1980; Pellow, Chopin, & File, 1985). Anxiety-related behaviour is measured by 

scoring instances of “active” social interaction, forming a global measure of behaviour 

that includes sniffing, grooming, chasing, wrestling, and crawling over or under the 

partner. Decreased levels of active social interaction reflect increased anxiety-related 

behaviour (File & Hyde, 1978).  

Later research established three ethologically relevant categories to characterize 

social interactions in the rat: investigation, contact, and playfighting behaviours 

(Panskepp & Beatty, 1980, Varlinskaya, Spear, & Spear, 1999). These three categories 

are differentially affected by manipulation of environmental conditions (Vanderschuren, 

Niesink, Spruijt, & Van Ree, 1995) and drug treatments (Vanderschuren, Niesink, & Van 

Ree, 1997), and each has a unique ethological pattern and ontogeny (Meaney & Stewart, 

1981). For example, anxiogenics such as scopolamine, caffeine, amphetamine, and 

fluoxetine produced suppression of playfighting while increasing other types of social 

investigation (Vanderschuren et al., 1997), whereas anxiolytics such as chlordiazepoxide 
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increased playfighting (File & Hyde, 1978). The category of social playfighting 

behaviour is of particular interest, given that it is known to be a precursor to aggressive, 

sexual, and social behaviours in adulthood (Vanderschuren et al., 1997). As social 

interactions shift away from family- to peer-based interactions with the onset of 

adolescence, playfighting has been identified as one of the earliest forms of mammalian 

social behavior directed specifically at peers (Panskepp, Siviy, & Normansell, 1984; 

Vanderschuren et al., 1997). Levels of playfighting naturally peak during early 

adolescence (PD 30-35; Panksepp, Siviy, & Normansell, 1984; Spear & Brake, 1983; 

Varlinskaya & Spear, 2002; Varlinskaya, Spear, & Spear, 1999). The PFC undergoes 

significant neural changes as it matures during this period, and has been implicated in the 

regulation of social play behavior (Bell, McCaffrey, Forgie, Kolb, & Pellis, 2009; Pellis 

et al., 2006). Engaging in playfighting increased neuronal activity in medial PFC (mPFC) 

regions including the cingulate (Cg), prelimbic (PL), and infralimbic (IL) cortices 

(Cheng, Taravosh-Lahn, & Delville, 2008; van Kerkhof et al., 2014). Pharmacological 

inactivation of the PL and IL cortices significantly reduced the frequency and duration of 

playfighting, directly implicating the need for functional integrity of the mPFC in the 

expression of social behavior (van Kerkhof, Damsteegt, Trezza, Voorn, & 

Vanderschuren, 2013). Given the ongoing development of the PFC during early 

adolescence, it seems possible that adversity at that time might impact the development 

of these regions, and ultimately lead to long-lasting impairments in playfighting.  

Consistent with this, rats exposed to social isolation stress during adolescence displayed 

decreased social activity and atypical responses to territorial aggression in adulthood that 

suggested inadequate coping to social challenges (van den Berg et al., 1999). In addition, 



 

10 

 

adult hamsters with a history of abuse in adolescence (i.e., daily threat and attack from 

adults) showed lowered aggression to weight-matched partners in comparison to controls 

(Ferris, Messenger, & Sullivan, 2005). Interestingly, the addition of environmental 

enrichment during early adolescence reversed impairments in playfighting behaviours in 

rats previously exposed to early life stress, highlighting the importance of the external 

environment on this developmental period (Morley-Fletcher, Rea, Maccari, & Laviola, 

2003). Unfortunately, little is known about the impact of adversity during early 

adolescence on female rats’ social behaviours in adulthood as the studies above were all 

conducted using males only. Therefore, I chose to use female rats exposed to stress 

during early adolescence to examine social interaction behaviours in adulthood. I used 

two methods to analyze the data: First I analyzed the conventional global measure of total 

SI to facilitate comparisons with the bulk of the previous literature, and then I analyzed 

the three behavioural categories of social investigation, contact, and playfighting in order 

to assess social behaviour on a more ethologically relevant and detailed level. 

In summary, the behavioural arm of the current proposal aimed to replicate the 

previous findings of Wilkin et al. (2012), by examining the impact of adversity in early 

adolescence on anxiety-related behaviour in the EPM and SPBT. To extend on these 

findings, I proposed to examine whether stress during early adolescence impacts the 

social behaviours of female rats in adulthood in the social interaction test, with a specific 

focus on their playfighting behaviours.  

1.5. Serotonin as a Potential Contributor to the Lasting Impact of Adolescent Stress 

Serotonin (5-HT) plays an important neuromodulatory role in the brain, 

particularly within the limbic system. It has been implicated in the generation, regulation 
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and expression of affective states, including anxiety and depression (Dayan & Huys, 

2009; Hariri & Holmes, 2006; Hensler, 2006). In both rats and humans, acute stress has 

been shown to increase 5-HT levels in brain regions involved in these psychopathologies, 

such as the PFC, hippocampus, and amygdala (Anisman, Gibb, & Hayley, 2008; Hariri & 

Holmes, 2006). The ventral hippocampus (VH) and medial prefrontal cortex (mPFC) in 

particular are involved in the serotonergic modulation of anxiety-related behaviours. 5-

HT depletion in either the VH (Tu et al., 2014) or the mPFC (Pum, Huston, & Muller, 

2009; Rebello et al., 2014) increased anxiety-related behaviour in the EPM. In animal 

models of anxiety, 5-HT serves a dual role in the expression of defensive behaviour 

through the enhancement of responses to distal threat and the inhibition of responses to 

proximal threat (Blanchard, Griebel, Rodgers, & Blanchard, 1998; Graeff, 2002). 

Additionally, 5-HT has been linked to social behaviour in male and female rodents, as 

investigated using the resident-intruder (Holmes, Murphy, & Crawley, 2002), maternal 

aggression (Ferreria, Picazo, Uriarte, Pereira, & Fernandez-Guasti, 2000), and social 

interaction tests (Lightowler, Kennett, Williamson, Blackburn, & Tulloch, 1994; Starr et 

al., 2007). However, to the best of my knowledge no work has been done on examining 

the social behavior and 5-HT system of adult female rodents following stress during early 

adolescence.  

Since 5-HT is essential in guiding neurodevelopment well into adolescence, the 

serotonergic system is extremely sensitive to stress in early life (Ansorge et al., 2008; 

Kofman, 2002). 5-HT has a trophic role early on in development, guiding processes such 

as cell migration and synapse formation (Azmitia, 2001; Vitalis & Parnavelas, 2003). A 

second wave of neural reorganization occurs during adolescence, which involves massive 
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increases in synapses and receptor growth followed by rapid pruning and elimination 

(Andersen, 2003). For example, serotonin transporter (SERT) density in the forebrain 

continues to increase in across adolescence into adulthood (Moll et al., 2000). Both early 

life and adolescence are times of vulnerability to insult and adversity within the 

serotonergic system and developing brain (Spear, 2003). Experience of early adversity, 

such as maternal separation or post-weaning isolation, alters the density of 5-HT axons in 

the mPFC, hippocampus, and amygdala within the adult rodent brain (Braun, Lange, 

Metzger, & Poeggel, 2000; Gos et al., 2006; Kuramochi & Nakamura, 2009; Whitaker-

Azmitia, Zhou, Hobin, & Borella, 2000). However, comparatively fewer studies have 

specifically examined the impact of stress during early adolescence on the developmental 

trajectory of the serotonergic system. A study by Ishikawa and Ishikawa (2013) applied 

early weaning and social isolation stress to male rats from PD 14 to 28, which 

encompasses the start of early adolescence as previously defined (i.e., PD 21-34), and 

found decreased 5-HT axon density in the mPFC and no changes in the VH. However, as 

tissue processing began on the last day of stress administration (PD 28), this study did not 

examine the long-lasting effects of stress during early adolescence on 5-HT system 

development. It is possible that stress during adolescence leads to changes in the 5-HT 

system in the adult mPFC and VH, as adolescent stress caused enduring increases in 5-

HT terminals and afferent development in another region of the limbic system; i.e., the 

latero-anterior hypothalamus (Ferris, 2000; Ferris et al., 2005; Ricci, Morrison, & 

Melloni, Jr., 2012). It is also important to note that methodology used by Ishikawa and 

Ishikawa (2013) did not allow for behavioural testing after stress exposure, making it 

difficult to associate axon density changes with alterations in measures of anxiety-related 
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and social behaviours. These same researchers later applied chronic, unpredictable stress 

in early adolescence (PD 26-37) and looked at adult outcomes in tests of anxiety (i.e., 

open-field test, EPM), finding increased anxiety-related behaviour associated with 

decreased neuronal activity (as indexed by Fos) only in the IL subregion of the mPFC 

(Ishikawa, Nishimura, & Ishikawa, 2015). Nevertheless, there remains a gap in 

understanding the long-term impact of stress during early adolescence on the 5-HT 

system in the mPFC and the VH and whether subsequent serotonergic alterations in these 

regions in adulthood are accompanied by anxiety-related behavioural changes. In 

particular, it is not known whether stress during early adolescence produces lasting 

decreases in the density of 5-HT fibres targeting the mPFC and VH, ultimately leading to 

maladaptive behaviour. Another important aspect to consider is the effect of stress during 

early adolescence on 5-HT system development in females, as the two aforementioned 

studies by Ishikawa and colleagues exclusively used male rats. Therefore, the goal of the 

neurochemical arm of the current study is to determine whether the anxiety-related and 

social behavioural changes that follow stress during early adolescence in female rats are 

associated with long-lasting changes in 5-HT axon density in the VH and mPFC. 

One approach for examining 5-HT axon density in the brain is to label the tissue 

with an antibody for the SERT. SERT is responsible for reuptake of extracellular 5-HT 

back into the presynaptic membrane. In the adult brain, SERT mRNA is confined to 5-

HT neurons and is highly expressed in most serotonergic afferents to the forebrain 

(Brown & Molliver, 2000; Hale, Shekhar, & Lowry, 2012; Rattray et al., 1999). Neurons 

within the raphe nucleus are the source of 5-HT afferent fibres that target the forebrain 

(Delville, De Vries, & Ferris, 2000). Serotonergic afferent fibres from the dorsal raphe 
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also display high immunoreactivity for SERT (Brown & Molliver, 2000). Visualization 

of serotonergic axons by targeting SERT has been shown to be comparable to 

visualization using antibodies targeting 5-HT and may reduce non-specific background 

staining (Mamounas et al., 2000). Indeed, Nielsen, Brask, Knudsen, and Aznar (2006) 

demonstrated that SERT-ir axons were a better label of serotonergic axons than 5-HT 

itself due to the rapid metabolism of 5-HT in the brain. This permits the use of SERT as a 

tag to assess 5-HT immunoreactivity. The majority of these transporters are located on 

the axonal plasma membranes outside the synapse, capable of binding specific 5-HT 

ligands, and actively engage in high affinity 5-HT uptake (Zhou, Tao-Cheng, Segu, Patel, 

& Wang, 1998). Levels of SERT immunoreactivity have been used to determine the 

density of serotonergic axons in various brain structures, including the hippocampus 

(Owashi, Iritani, Niizato, Ikeda, & Kamijima, 2004), lateral hypothalamus (Ricci & 

Melloni, Jr., 2012; Ricci et al., 2012), PFC (Austin, Whitehead, Edgar, Janosky, & Lewis, 

2002), and the amygdala (Asan, Steinke, & Lesch, 2013; O’Rourke & Fudge, 2006). As 

previously mentioned, these structures have all been implicated in stress-induced changes 

in anxiety-related behaviours.  

1.6. Objectives of the Thesis 

 To summarize, the overall goal of this thesis was to be the first work to analyze 

the long-lasting effects of stress in early adolescence on anxiety-related behaviours and 

serotonergic innervation profiles in adult female rats. Use of a female animal model to 

study these behavioural and neurochemical changes aims to reduce the gap in the 

literature created by the bias towards using male subjects only. This is especially 

important in light of clinical evidence of a greater risk in females for developing anxiety 
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and depression (Piccinelli & Wilkinson, 2000; Weiss, Longhurst, & Mazure, 1999; 

Young & Korszun, 2010). Thus my thesis had three objectives: 

1. To replicate previous work by Wilkin et al. (2012) to show that IPS in early 

adolescence produces long-lasting increases in anxiety-related behaviour of 

female rats in the EPM. 

2. To determine potential changes in anxiety-related social behaviours (e.g. 

playfighting) of female rats in adulthood following adversity in early adolescence. 

My expectation was to see lower levels of social interaction and playfighting 

following IPS. 

3. To assess the 5-HT system following adversity in early adolescence by examining 

alterations in SERT-ir axon density profiles in the adult female mPFC (Cg1, PL, 

and IL subregions) and ventral hippocampus (DG, CA1, and CA3 subregions). I 

predicted that IPS in early adolescence would decrease 5-HT axon density in the 

mPFC and the VH. 
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Chapter 2 

Method 

2.1. Subjects 

Twenty-one-day-old female Long-Evans rats were weaned from an in-house 

breeding program and used in the experiment. They were housed individually in standard 

Plexiglas cages (26 x 48 x 20 cm) containing wood chips (BetaChips, NEPCO; 

Warrensburg, NY). Rats were maintained on a 12-hr/12-hr light/dark cycle (lights on at 

0700) with holding room temperature (21°C ± 2°C) and humidity (~ 50%) controlled. 

Food (LabDiet, PMI Nutrition International; Brentwood, MO) and water were available 

ad libitum. All procedures were conducted in accordance with guidelines of the Canadian 

Council on Animal Care (CCAC) and approved by the Queen’s University Animal Care 

Committee. 

2.2. Stress Regimen 

At the start of the study, rats were randomly assigned to either the control (no-

stress control) or experimental (early adolescent stress) treatment groups with the 

condition that no more than 2 animals per litter were assigned to a given group. Rats in 

the Stress treatment group were exposed to the three stress conditions (described below) 

across early adolescence (PD 22-33). Water immersion, elevated platform, and foot shock 

stress were administered two times each, randomly across the 12-day period between 

0900 and 1700, with the conditions that there was no more than one stress session per rat 

per day and each stressor type occurred once in the AM and once in the PM. After the 

stress exposure period, the rats were left undisturbed for 27 days, with the exception of 
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regular feeding and cage maintenance. On stressor application days, rats in the control 

treatment group were removed from the home cage, handled for approximately 30 

seconds, and returned to the home cage. This was done to equate the groups on handling 

experience.  

2.2.1. Water Immersion 

The apparatus consisted of four parts: the immersion tank, the stabilizer plate, the 

restraint tubes, and the ventilated restraint tube lids. The water immersion tank was an 

opaque plastic container (40 x 40 x 60 cm). Water was added to the tank and titrated to 

24°C. The height of the water varied according to the stress exposure status of the rats 

(i.e., 1st exposure: 6 cm; 2nd exposure: 8 cm). The Plexiglas stabilizing plate (35 x 50 cm) 

was equipped with holes (8 cm diameter) to allow insertion of the restraint tubes and is 

placed approximately 15 cm from the bottom of the tank to prevent the tubes from 

moving or falling under the water line. The restraint tubes (black polyvinyl chloride, 

PVC; 7 x 20 cm) allowed rats to stand or sit in the water but not locomote forward or 

backward. After placing an individual rat into a restraint tube, the tube was inserted 

through the stabilizer plate, lowered into the water-filled immersion tank and covered 

with a clear Plexiglas ventilated lid (2.5 x 10 x 35 cm; each ventilated lid covered three 

restraint tubes). All rats were monitored continuously throughout the 45 min water 

immersion, after which they were removed, dried off with a terry cloth towel, returned to 

their home cage, and transported to a separate room where they were placed under a heat 

lamp for 15 min before being returned to their colony room. The immersion tank was 

cleaned and filled with fresh water after each water immersion exposure. 
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2.2.2. Elevated Platform 

The elevated platform was a Plexiglas tower (10 x 10 x 100 cm) with a removable 

platform (10 x 10 cm). The platform was placed on top of the tower, which was centered 

in a Plexiglas open field (48 x 100 x 100 cm) lined with 4 cm-thick microfoam. Rats were 

individually placed on the elevated platform for 30 min. If a rat fell and/or jumped off the 

platform, the timer was stopped until the rat was replaced on the elevated platform. At the 

end of each exposure, the rat was removed from the platform, returned to its home cage 

and colony room, and the platform was cleaned with disinfectant (Swish Quatro 78, 

Swish Canada) and rinsed with water. 

2.2.3. Foot Shock 

Rats were individually placed into one of four operant boxes (29 x 22 x 20 cm; 

Med Associates Inc., St. Albans, VT) equipped with a grid floor. Three foot shocks (0.6 

mA for a period of three seconds) were administered randomly over a five minute 

exposure period via the grid floor. At the end of this exposure period, rats were returned 

to their home cages. The operant boxes were cleaned with disinfectant (Swish Quatro 78, 

Swish Canada) and rinsed with water after each rats’ exposure. 

2.3. Body Weight 

To determine if there were treatment effects on the general growth of the rats 

between no-stress control and early adolescent stress treatments, they were weighed on 

seven different occasions: after weaning (PD 21), before administration of the 12-day IPS 

regimen (PD 22), immediately after administration of the IPS regimen (PD 33), 

immediately after the EPM (PD 61), SPBT (PD 68), and SI test (PD 75), and immediately 

prior to the endpoint. 
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2.4. Behavioural Testing 

The following behavioural tests began on PD 61 with rats individually transported 

from their home cages to a separate testing room containing the apparatus. Due to the low 

invasiveness and high exploratory behavior involved in the EPM, this test was conducted 

first (McIlwain, Merriweather, Yuva-Paylor, & Paylor, 2001). In addition, previous 

researchers found that rats tested in the SI test before the SPBT show changes in anxiety-

related behaviour as reflected in their burying levels (Saldivar-Gonzalez, Gomez, 

Martinez-Lomeli, & Arias, 2000). Thus the SPBT was conducted second and the SI test 

third. The tests were recorded using a Sony Handycam Digital 8 (DCR-TVR315 NTSC) 

camcorder and the digital recording program Pinnacle Studio 15. Coding of behavioural 

data was conducted offline using Noldus Observer 5.0 (Wageningen, Netherlands). The 

coder was blind to the rats’ group status during testing and coding. 

2.4.1. Elevated Plus-Maze 

The elevated plus-maze (EPM) is a well-validated animal model of anxiety. It 

consists of a urethane-sealed wood maze composed of two opposing open (50 x 10 cm) 

and two opposing closed (50 x 10 x 40 cm) arms, elevated 50 cm from the floor. Rats 

were brought to the test room in their home cages and individually habituated in the 

presence of the tester and handled for five minutes each of the two days prior to the test 

session. The habituation process is thought to increase rats’ baseline levels of open-arm 

exploration to better detect the anxiogenic effects of stress. Testing took place on PD 61 

between 0900 and 1200. A rat was placed in the center of the maze facing a closed arm 

and observed for five minutes. The maze was cleaned with disinfectant (Swish Quatro 78, 

Swish Canada) and water after each test session. Untreated rats placed in the plus-maze 
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typically avoid the open arms, spending the majority of the testing period exploring the 

closed arms of the maze. This behaviour is known as open-arm avoidance, and is 

suppressed by anxiolytic (i.e., anxiety-reducing) agents and increased by anxiogenic (i.e., 

anxiety-increasing) agents, therefore supporting its use as an index of anxiety (Pellow et 

al., 1985). Open and closed arm entries are noted when the rat has all four paws in a 

given arm. Increased anxiety-related responses in this test can be indexed by a decrease 

in the time spent in the open arms and/or the number of entries made onto the open arms 

of the maze. To account for locomotor activity in the test, I used closed-arm entries as a 

measure as it loads exclusively and significantly on locomotor activity, making it a more 

relevant measure of baseline activity (Cruz, Frei, & Graeff, 1994; File, 1992; Rodgers & 

Dalvi, 1997).  

2.4.2. Shock-Probe Burying Test 

The shock-probe burying test (SPBT) is another well-validated animal model of 

anxiety. The apparatus consists of a Plexiglas chamber (40 x 30 x 40 cm) containing 

wood chips to a height of about 5 cm. Rats were habituated to the apparatus without the 

probe being present for 15 min on each of the four consecutive days before testing. On 

the test date (PD 68), an electrified, copper wire-wrapped Plexiglas probe (0.5 x 0.5 x 6 

cm) was inserted into the chamber through a hole centered on one far wall of the 

chamber, 8 cm from the floor. The intensity of the shock was set at 2.25 mA, using a 

2,000-V shock source. Whenever rats make contact with the probe, with either forepaws 

or snout, they receive a brief contact-induced shock, after which they typically push 

bedding material with their forelimbs toward and over an electrified probe. Burying 

behaviour is suppressed by anxiolytic agents and exacerbated by anxiogenic agents, 
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supporting the test’s use as a model of anxiety (Treit, 1990). The 15 min test began 

immediately after the rat’s first shock. After testing, the rat was returned to its home cage. 

The chamber was cleaned of fecal boli at the end of each test and the test chamber was 

replenished with clear bedding at the end of each test day. The total duration of time 

spent burying (i.e., pushing bedding material toward the probe using rapid, forward 

thrusts of the forelimbs or head), the duration of time spent immobile (i.e., absence of 

movement, except that needed for respiration), and the total number of shocks were 

coded. Because the shock intensity varies according to the magnitude and duration of 

contact rats make with the probe, a measure of rats’ immediate behavioral response to 

shock was recorded (i.e., shock reactivity). Shock reactivity is coded according to the 

following four-point scale: (1) head flinch; (2) whole body flinch; (3) whole body flinch 

with movement away from the probe; and (4) jump with rapid movement away from the 

probe (Menard & Treit, 1996). A mean shock reactivity score was calculated for each rat 

by summing their shock reactivity scores and dividing this number by the total number of 

shocks received. The primary index of increased anxiety-related behaviour in this test is 

indicated by increased levels of defensive burying without changes in general locomotor 

behaviour (indexed by duration of immobility; Treit, 1990; Treit, Pinel, & Fibiger, 1981).  

2.4.3. Social Interaction Test 

The social interaction (SI) test provides an ethologically based measure of anxiety 

involving the social interactions between pairs of rats. Administration of anxiolytics 

increases social interaction in the apparatus while anxiogenics decrease social interaction, 

supporting its use as an animal model of anxiety (File, 1980; Pellow et al., 1985). The 

testing apparatus consisted of a Plexiglas chamber (60 x 60 x 40 cm). Testing conditions 
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of light intensity and apparatus familiarity can be manipulated in order to target 

measurements of anxiolytic or anxiogenic effects. Social interaction from control animals 

is highest in low light, familiar test apparatus (File & Hyde, 1978). Thus, in order to 

measure possible anxiogenic effects of stress, my testing condition consisted of low light 

(~30 lux), measured using a photometer (Hagner Universal, Sweden), and a familiar 

apparatus. Rats were habituated to the apparatus on each of the two days prior to testing 

by placing them individually in the test chamber for 10 minutes/session. They were 

weighed after the second habituation session. Pairings were assigned using rats of the 

same experimental treatment (i.e., stress-stress, control-control) from separate litters to 

ensure novelty. Previously, Green, Barnes, and McCormick (2013) found decreased 

social interaction only between pairs of rats both previously exposed to adolescent social 

instability stress (stress-stress pairing), and not between control-stress pairings when 

compared to control-control pairings. Thus, in order to better uncover effects of early 

adolescent stress on social interaction, I chose to pair animals in the same experimental 

treatment together, a method that was also used by MacKay and colleagues (2014). I did 

not have a sufficient number of animals to include stress-control pairings. Weight 

differences between pairs were kept as small as possible to prevent one individual from 

having a size advantage. Testing occurred between 0900 and 1200 on PD 75. Pairs of 

animals were placed in the test box for 10 min. One rat per pair was marked on its sides 

using red permanent marker for identification purposes during coding. Fecal boli were 

removed and the box wiped down with disinfectant (Swish Quatro 78, Swish Canada) 

after each test session. Both the order of habituations and social interaction tests were 

randomized and counterbalanced according to treatment and age on the test date.  
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In the conventional SI test, a widely used animal model of anxiety, the time spent 

by pairs engaged in ‘active’ social interaction is assessed. This is a global measure of 

social behaviour including sniffing, grooming, chasing, wrestling, and crawling over or 

under the partner. Decreased levels of social interaction reflect increased anxiety-related 

behaviour (File & Hyde, 1978). Other researchers have devised a more ethologically-

relevant analytic approach by organizing social interactions into three distinctive 

categories of social behaviour: investigation, contact, and playfighting behaviours 

(Panksepp & Beatty, 1980; Varlinskaya, Spear, & Spear, 1999). Importantly, these three 

categories of behaviour are differentially affected by drug treatments (Vanderschuren, 

Niesink, & Van Ree, 1997) and each has a distinct ethological pattern and ontogeny 

(Meaney & Stewart, 1981). In addition, rats engage in social investigation and contact 

behaviours across the lifespan, whereas playfighting peaks during PD 30-35 (Panksepp, 

et al., 1984; Varlinskaya & Spear, 2002; Varlinskaya et al., 1999) 

In this modified scoring of the SI test, investigation includes both one-sided and 

mutual sniffing directed at the body of the partner. Contact consists of social grooming 

and crawling over or under the partner. Playfighting includes wrestling (i.e., the subjects 

engages in mutual or solo bouts of grappling or wrapping of the forearms around the 

partner’s torso; the bout ends when one rat is supine on its’ back while the other rat 

places its’ forepaws on the partner’s chest), chasing (i.e., one subject rapidly pursues the 

partner), grooming directed at the neck, and pouncing (i.e., one subject extends its’ 

forepaws and lunges at the partner). For the current study, I analyzed both the 

conventional broad measure of total SI (File, 1980), as well as the modified ethological 

behavioural categories within social interaction. For the conventional measure, I analyzed 
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the total frequency and total duration (sec) SI (individual and mutual sniffing, social 

grooming, crawling over or under the partner, neck grooming, wrestling, chasing, and 

pouncing). Each specific behavioural measure was scored for each subject and then 

summed to derive the broader composite measure. The index for increased anxiety-

related behaviour using File’s conventional version of the SI test is amount of time spent 

in SI. For my second analysis I used the modified scoring system and sorted the above 

behaviours into the categories as described previously (i.e. investigation, contact, and 

playfighting). For all behaviours the overall frequency, duration (sec) and latency to 

initiate (sec) those behaviours were measured for each subject, then these measures were 

sorted according to which category they were in. For my analysis I took the average 

frequency and duration measures for each of the three categories. In the case of latency to 

initiate, I used the first instance of any behaviour for each category. Decreases in the 

frequency and duration of playfighting behaviour and increases in the latency to initiate 

playfighting are markers of increased anxiety-related behaviour (Weiss, Pryce, Jongen-

Relo, Nanz-Bahr, & Feldon, 2004; Varlinskaya et al., 1999). No “serious” attacks (i.e., 

lunging directed at the partner’s rump; Blanchard & Blanchard, 1977) were observed 

between female pairs. The number of rearings was used as an index of general locomotor 

activity.  

Since I chose to analyze the 10 minute interaction sessions using both versions of 

the SI test measures (i.e., conventional and modified categories), I first analyzed the 

conventional broad composite SI measure to have my results be directly comparable to 

the bulk of the previous literature. I then performed a more detailed analysis of social 
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behavior using the individual categories (investigation, contact and playfighting) in order 

to provide a more informative understanding of the results.  

2.5. Neurochemical Analyses 

2.5.1. Tissue Collection and Slicing 

Rats were sacrificed approximately two weeks following behavioural testing. 

They were deeply anesthetized with isofluorine (5% at 5L/min) followed by an overdose 

injection of chloral hydrate (600 mg/kg, i.p.), and then were transcardially perfused with 

a phosphate-buffered saline (PBS; 0.1 M, pH 7.4), followed by a fixative solution of 4% 

paraformaldehyde. Brains were extracted, post-fixed for 60 min in the perfusion fixative, 

cryoprotected in 20% sucrose-infused PBS at 4°C for an initial 24 h, and then transferred 

to a 30% sucrose-infused PBS at 4°C for two to three days. Brains were flash frozen 

using isopentane and stored at -80°C before tissue processing began. Brains were sliced 

into 40 µm sections, consecutively along the coronal axis, using a Leica CM1850 cryostat 

(Heidelberg, Germany) and placed in an antifreeze solution (30% ethylene glycol, 25% 

glycerol, 45% PBS) at -20°C, until ready for use in the immunohistochemical run. 

2.5.2. Tissue Processing for SERT 

Slices were rinsed five times for 5 min each in PBS, then submerged in .5% 

hydrogen peroxide for 30 min. This was followed by a 1 hr incubation in a general 

blocking solution (1% bovine serum albumin + 5% normal goat serum + PBS-Tx), and a 

20 min incubation in 1:5 avidin:PBS-Tx then 1:5 biotin:PBS-Tx (avidin/biotin blocking 

kit, Vector Labs). Slices were rinsed five times for 5 min each in PBS-Tx. The primary 

rabbit antibody targeted SERT (Immunostar, #24330, Hudson, WI), which is only found 

on serotonergic cells. Samples were incubated for 48 h in 1:5000 primary antibody 
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diluted in PBS + 1% normal goat serum at 4°C on a rotator plate. For the second antibody 

incubation, slices were rinsed five times for 5 min in PBS-Tx, then incubated for 1 hr in 

1:500 biotinylated goat anti-rabbit antibody (Vector Labs, Burlingame, CA) plus 2% 

normal goat serum in PBS-Tx. Samples were rinsed again five times for 5 min each in 

PBS. Amplification of the secondary antibody for visualization was done with 

ABComplex (Vectastain Elite ABC kit, Vector Labs, Burlingame, CA), 50 µl A + 50 µl 

B in 10 ml PBS for 45 min. After a 15 min rinse in PBS, samples underwent the detection 

phase, using diaminobenzidine tetrahydrochloride (DAB) solution containing nickel 

(DAB kit, Vector Labs). Samples were rinsed in distilled water, plated on gelatin-coated 

slides, allowed to air dry, and cover-slipped using DPX Mounting Medium (Sigma-

Aldrich, St. Louis, MO). Slices from no-stress control subjects were processed 

concurrently to stress subjects in order to mitigate differences in immunohistochemical 

staining due to daily variance in ambient conditions. Immunohistochemical controls 

consisted of 1-2 slices incubated without primary antibody and 1-2 slices incubated 

without secondary antibody (Figure 1).  

2.5.3. Quantification of 5-HT Innervation 

5-HT axon density was estimated using Space Balls (Kreczmanski et al., 2009; 

Papesh & Hurley, 2012) provided by StereoInvestigator software (MBF Bioscience, 

Williston, VT) at 40X magnification on a Nikon E80i light microscope. Space ball probes 

consist of virtual spheres centered within the thickness of a tissue slice (average thickness 

of 15-20 µm following immunohistochemical processing). Use of a 3D configuration 

allows for unbiased estimation of linear anatomical structures by avoiding issues of tissue 

slice and/or structure orientation. It has previously been used to estimate the fibre density 
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of linear neural structures (Calhoun and Mouton, 2001; Shamy, Buckmaster, Amaral, 

Calhoun, & Rapp, 2007). Hemispheres with a radius of 10 µm (generated by 

StereoInvestigator while focusing through the section thickness) were systematically and 

randomly placed within a counting frame placed over each target region of interest in the 

VH (Figure 1) and mPFC. Hemisphere probes were used rather than full spheres to limit 

the degree in change in circle diameter for each adjustment in focal depth (Mouton, 

Gokhale, Ward, & West, 2002). Hemispheres had a guard zone of 2.5 µm between both 

the upper surface of the space ball sphere and between the lower surface of the section 

and the lower surface of the sphere. This spacing ensured an average of 20 Space Ball 

probes are placed within each region of each hemisphere of each tissue slice sample. 5-

HT axon density for each target region was obtained from the total number of 

intersections between SERT-ir axons and space ball hemispheres using the following 

formula: 

5-HT axon density  =  2 !
!!!!(!)

 

in which Q represents the number of intersections of the axons with the hemisphere, r 

represents the radius of the hemisphere (10 µm), and N represents the number of probes 

placed over the target region of interest. The researcher obtaining density measurements 

was blind to which treatment and testing group each sample belongs. Two researchers 

counted SERT-ir axons in six sample regions with random placement of the space ball 

probes by StereoInvestigator and were in complete agreement on the definition of axon 

intersections.  
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2.6. Data Analyses 

Outliers were identified as being further than three times the interquartile range, 

as shown on boxplots, of each measured variable. Shapiro-Wilk tests were done to ensure 

that the dependent variables are normally distributed for each experimental condition. 

Levene’s test was used to assess homogeneity of variance. Pairwise comparisons were 

not conducted on any of the following ANOVAs as the IV (treatment) had only two 

levels (no-stress control or early adolescent stress). Significance levels were set at p < 

.05. All statistics were performed using SPSS version 22 (IBM, Armonk, NY). 

2.6.1. Body Weight 

A repeated-measures analysis of variance (ANOVA) was used to determine if 

there were treatment (i.e., no-stress control or early adolescent stress; between-subjects 

variable) effects on the general growth of the rats using their weights from seven different 

timepoints (listed in more detail above; within-subjects variable): PD 21, PD 22, PD 33, 

PD 61, PD 68, PD 75, and immediately prior to the endpoint.  

2.6.2. Behavioural Testing 

Separate one-way ANOVAs were used to assess differences between no-stress 

control and early adolescent stress treatments on behaviours in the EPM, SPBT, and SI 

tests conducted in adulthood.  

2.6.3. 5-HT Innervation 

Separate one-way ANOVAs assessed differences in 5-HT axon density across 

various target structures in the ventral hippocampus (DG, CA1, CA3) and mPFC (Cg1, 

PL, IL) using the between-subjects factor of treatment (no-stress control or early 

adolescent stress).  
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2.6.4. Inter-rater Reliability 

To assess inter-rater reliability, a second researcher without knowledge of the 

treatment group scored random animals from the SI tests. The scores of the original 

researcher and the second were analyzed using Pearson’s bivariate correlations.  
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Chapter 3 

Results 

3.1. Body Weight 

The body weights of rats in no-stress control and early adolescent stress 

treatments were measured at seven different occasions (see Table 1). As expected, there 

was a main effect of age at weighing on body weight as rats grew over time, F(6, 174) = 

4243.89, p < .001, η2 = .99 such that younger rats weigh less than older rats at each of the 

body weight collection points. There was no main effect of treatment on body weight, 

F(1, 29) = .16, p = .695, η2 = .01, and no interaction between age at weighing and 

treatment on body weight, F(6, 174) = .37, p = .899, η2 = .01, at any of the collection 

points. 

 

Table 1. Mean (± SEM) body weight (g) across collection points. 
 
Age at weighing No-stress controls (n = 15) Early adolescent stress (n = 16) 
Wean (PD 21) 48.33 (1.55) 48.88 (1.50) 
Pre-stress regimen (PD 22) 50.80 (1.53) 51.25 (1.48) 
Post-stress (PD 35) 125.40 (2.80) 123.94 (2.71) 
EPM (PD 61) 223.20 (2.85) 222.75 (2.76) 
SPBT (PD 68) 235.47 (2.97) 234.75 (2.87) 
SI (PD 75) 250.80 (3.02) 249.06 (2.92) 
Endpoint 280.87 (4.43) 276.13 (4.29) 
Note. PD = post-natal day; EPM = elevated plus-maze; SPBT = shock-probe burying test; 
SI = social interaction test  
 

 

 



 

31 

 

3.2. Behavioural Testing 

3.2.1. Elevated Plus-Maze 

Exploratory analysis of the data using boxplots detected one subject that was an 

extreme outlier (i.e. more than three times the interquartile range away from the mean) in 

two variables of interest. This subject was from the early adolescent stress condition. 

Data from this subject was removed from the statistical analysis. 

   A one-way ANOVA showed a significant effect of treatment in open-arm time 

in the predicted direction (Figure 1), whereby animals previously exposed to stress in 

early adolescence (n = 15) spent less time on the open-arms than controls (n = 15), F(1, 

28) = 4.61, p = .041, η2
 = .14. In addition, animals in the stress condition made fewer 

open-arm entries than controls, but this difference narrowly missed significance (Figure 

2), F(1, 28) =  3.96, p = .056, η2
 = .12. There was no significant effect of treatment on the 

number of closed-arm entries, F(1, 28) = 1.07, p = .311, η2 = .04. Table 2 shows a 

summary of other EPM data. Measures of assessment show stress animals displaying a 

significantly higher percentage of protected head-dips, F(1, 28) = 13.40, p = .001, η2
 = 

.32, and protected stretch attends, F(1, 28) = 5.56, p = .026, η2
 = .17, in comparison to 

controls. 
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Figure 1. Mean (±SEM) duration of open-arm time in the elevated plus-maze displayed 
by no-stress control rats (n = 15) and rats previously exposed to early adolescent stress (n 
= 15). Asterisks denote a significant main effect of treatment (no stress-controls vs. 
stress), p < .05.  
 

 

Figure 2. Mean (±SEM) frequency of open-arm entries in the elevated plus-maze 
displayed by no-stress control rats (n = 15) and rats previously exposed to early 
adolescent stress (n = 15). 
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Table 2. Mean (±SEM) frequency and percentage of behaviours displayed in the EPM.  
 
 Controls (n = 15) Stress (n = 15) 
No. of closed-arm entries 10.20 (0.71) 9.07 (0.84) 
% of open-arm entries 24.57 (4.72) 18.23 (4.25) 
% of open-arm time 25.72 (6.14) 12.90 (4.39) 
% of protected head-dip 47.72 (8.17) 83.63 (5.42)* 
% of protected stretch-attends 68.35 (6.74) 85.64 (2.88)* 
Note. * p < .05 

3.2.2. Shock-Probe Burying 

No outliers were detected in the data. A one-way ANOVA showed no significant 

effect of treatment between controls (n = 15) and early adolescent stress (n = 16) 

conditions for duration of burying (sec) (Figure 3), and across all other variables of 

interest (see Table 3).  

 

 

Figure 3. Mean (±SEM) duration of burying (sec) in the shock-probe burying test 
displayed by no-stress control rats (n = 15) and rats previously exposed to early 
adolescent stress (n = 16). 
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Table 3. Mean (±SEM) duration and frequency of behaviours displayed in the SPBT. 
 
 Controls (n = 15) Stress (n = 16) 
Immobility (sec) 1.82 (0.86) 0.95 (0.39) 
No. of Shocks 3.86 (0.40) 4.53 (0.44) 
Mean Shock Reactivity 2.71 (0.14) 2.63 (0.16) 
 

3.2.3. Social Interaction Test 

No outliers were detected in the data. Levene’s test showed violations of 

homogeneity of variance in the frequency of contact and playfighting behaviour 

categories and the duration of playfighting. However, the robustness of the F test 

generally holds when sample sizes are equal or nearly equal (my sample sizes group ns 

differ by one subject; Tabachnick & Fidell, 2013). Consistent with this, the findings 

obtained with ANOVA held with subsequent nonparametric Kruskal-Wallis tests. For 

continuity across measures and ease of presentation, the ANOVA results are reported 

throughout.  

3.2.3.1. Conventional Global Analysis 

For the conventional SI test, a one-way ANOVA showed a significant treatment 

effect on the frequency of social interaction (broad composite measure; Figure 4), 

whereby animals in the early adolescent stress condition (n = 16) engaged in a fewer 

instances of social interaction relative to controls (n = 15), F(1, 29) = 9.41, p = .005, η2
 = 

.25. A significant treatment effect was also seen in the duration (sec) of social interaction 

(Figure 5), whereby animals in the early adolescent stress condition (n = 16) spent less 

time engaging in social interaction than controls (n = 15), F(1, 29) = 8.62, p = .006, η2
 = 

.23.  

 



 

35 

 

 

 

Figure 4. Mean (±SEM) frequency of social interaction in the SI test displayed by no-
stress control rats (n = 15) and rats previously exposed to early adolescent stress (n = 16). 
Asterisks denote a significant main effect of treatment (no stress-controls vs. stress), p < 
.05. 
 

 

Figure 5. Mean (±SEM) duration (sec) of social interaction SI test displayed by no-stress 
control rats (n = 15) and rats previously exposed to early adolescent stress (n = 16). 
Asterisks denote a significant main effect of treatment (no stress-controls vs. stress), p < 
.05. 
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3.2.3.2. Modified Categorical Analysis 

In the more detailed analysis of social behavior in the SI test, there was a 

significant treatment effect on the frequency of the playfighting behaviour (Figure 6), 

whereby animals in the early adolescent stress condition (n = 16) engaged in fewer 

instances of playfighting than controls (n = 15), F(1, 29) = 7.32, p = .011, η2
 = .20. There 

were no significant group differences found in the frequency of either investigation or 

contact behaviours (see Table 4).  

 

 
 

Figure 6. Mean (±SEM) frequency of investigation, contact, and playfighting in the SI 
test displayed by no-stress control rats (n = 15) and rats previously exposed to early 
adolescent stress (n = 16). Asterisks denote a significant main effect of treatment (no 
stress-controls vs. stress), p < .05.  
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Table 4. Mean (±SEM) frequency of category and individual behaviours displayed in the 
SI test.  
 

 

 

 

 

 

 

 

 

 

Note. * p < .05 

There was a significant treatment effect on the duration of the playfighting 

behaviour  (Figure 7), where animals in the early adolescent stress condition (n = 16) 

spent less time engaging in playfighting than controls (n = 15), F(1, 29) = 9.37, p = .005, 

η2
 = .24. There were no significant group differences found in the duration of either 

investigation or contact behaviours (see Table 5).  

 

 

Category Individual Behaviour Controls (n = 15) Stress (n = 16) 
Investigation Sniff (individual) 53.13 (3.80) 46.38 (3.67) 

Sniff (mutual) 45.80 (3.57) 45.00 (3.45) 
Total 98.93 (4.86) 91.38 (4.70) 

Contact Groom (social) 7.00 (1.11) 7.63 (1.08) 
Crawl (over/under) 13.87 (1.89) 10.00 (1.83) 
Total 20.87 (2.44) 17.63 (2.36) 

Play Groom (neck) 16.20 (4.32) 4.94 (4.19)* 
Wrestle 13.47 (3.91) 2.63 (3.78)* 
Chase 20.73 (1.76) 7.00 (1.71)* 
Pounce 6.67 (1.36) 3.44 (1.32)* 
Total 57.07 (10.37) 18.00 (10.04)* 

 Rearing 50.60 (2.86) 48.75 (2.77) 
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Figure 7. Mean (±SEM) duration (sec) of investigation, contact, and playfighting in the 
SI test displayed by no-stress control rats (n = 15) and rats previously exposed to early 
adolescent stress (n = 16). Asterisks denote a significant main effect of treatment (no 
stress-controls vs. stress), p < .05.  
 

Table 5. Mean (±SEM) duration (sec) of category and individual behaviours displayed in 
the SI test.  
 

 

 

 

 

 

 

Note. * p < .05 
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Category Individual Behaviour Controls (n = 15) Stress (n = 16) 
Investigation Sniff (individual) 69.50 (6.42) 63.65 (6.21) 

Sniff (mutual) 65.48 (3.29) 65.11 (3.19) 
Total 134.98 (6.69) 128.75 (6.48) 

Contact Groom (social) 8.42 (1.83) 10.41 (1.77) 
Crawl (over/under) 13.92 (2.82) 9.60 (2.73) 
Total 22.34 (3.90) 20.01 (3.77) 

Play Groom (neck) 17.08 (4.82) 2.72 (4.53)* 
Wrestle 16.26 (4.68) 2.72 (4.53)* 
Chase 24.62 (2.73) 5.60 (2.65)* 
Pounce 4.42 (0.98) 2.43 (0.95)* 
Total 62.37 (10.58) 17.29 (10.24)* 
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A one-way ANOVA showed a trend in the predicted direction in the latency to 

initiate playfighting between early adolescent stress animals (n = 16) and controls (n = 

15), F(1, 29) = 4.05, p = .053, η2
 = .12 (Figure 8). There were no group differences found 

in the latency of either investigation or contact behaviours (see Table 6). 

 

 
 

Figure 8. Mean (±SEM) latency to initiate (sec) investigation, contact, and playfighting 
behaviour categories in the SI test displayed by no-stress control rats (n = 15) and rats 
previously exposed to early adolescent stress (n = 16).  

 
 
Table 6. Latency (±SEM) to initiate (sec) category behaviours displayed in the SI test. 
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Category Controls (n = 15) Stress (n = 16) 
Investigation 3.25 (0.56) 4.35 (0.83) 
Contact 43.12 (8.30) 89.34 (22.46) 
Play 69.79 (9.35) 103.42 (13.58) 



 

40 

 

3.3. 5-HT Axon Density 

 Two controls (no primary antibody and no secondary antibody) performed in 

parallel with routine antibody staining for SERT abolished labeling of the serotonergic 

fibres in the brain tissue (Figure 9).  

 

  

 

 

 

 

 

 

 

 

 

Figure 9. Control treatments removed SERT labeling in the VH (and mPFC). Sections at 
40X processed from a single brain showing (A) lack of axon staining with the omission 
of the primary antibody, (B) lack of axon staining with the omission of the secondary 
antibody, and (C) normal axon staining using the primary antibody at 1:5000. 
 

3.3.1. Ventral Hippocampus 

No outliers were detected in the data. Due to tissue loss during brain slicing and 

immunohistochemical processing, only nine early adolescent stress and nine no-stress 

controls were available for measures of 5-HT axon density in the dentate gyrus (DG) and 

CA3 regions, and only six and seven stress and control animals respectively were 

available in the CA1 region for analysis. A one-way ANOVA revealed no group 

differences between early adolescent stress animals versus controls in axon density across 

regions of interest (see Table 7 for a summary). 

No primary A No secondary B SERT-ir C 
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Table 7. Mean (±SEM) 5-HT axon density (# of axons/probe) in regions of the VH.  
 

 
 
 
 
 

 

3.3.2. Medial Prefrontal Cortex 

Exploratory analysis of the data using boxplots detected one subject that was an 

extreme outlier (i.e., more than three times the interquartile range away from the mean) in 

one region of interest (IL). This subject was from the no-stress control condition. Data 

from this subject were removed from statistical analysis of the mPFC IL data. 

A one-way ANOVA revealed a significant effect of treatment on 5-HT axon 

density in the IL (Figure 10; Figure 11) where animals in the early adolescent stress 

condition (n = 10) had greater axon density than controls (n = 10), F(1, 18) = 7.76, p = 

.012, η2
 = .30. There were no significant group differences found in density in the Cg1 

and PL.  

 

 

 

Region Controls Stress 
 Density n Density n 
DG 16.90 (1.75) 9 16.68 (1.12) 9 
CA1 13.17 (1.14) 7 13.39 (1.32) 6 
CA3 16.03 (1.03) 9 15.84 (1.51) 9 
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Figure 10. 5-HT fibre staining in the mPFC. Sections at 40X showing tissue from (A) 
control and (B) stress subjects.  
 

 

  

 

Figure 11. Mean (±SEM) 5-HT axon density (# of axons/probe) in the Cg1, PL, and IL 
of the mPFC in no-stress control rats (n = 10) and rats previously exposed to early 
adolescent stress (n = 10). Asterisks denote a significant main effect of treatment (no 
stress-controls vs. stress), p < .05.  
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3.4. Inter-rater Reliability 

Two independent researchers who were blind to the rats’ treatment condition (i.e., 

stress vs. no-stress) coded the SI test. All videos were coded by one of the raters, and then 

the second rater coded a subset of those tapes. Inter-rater reliability analysis was 

conducted by bivariate correlations (i.e., score from rater 1 compared to score from rater 

2) for the main variables of interest. Inter-rater reliability was significant for each SI 

category of interest (i.e., playfighting frequency, r(6) = .89, p = .017; playfighting 

duration, r(6) = .81, p = .049). 
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Chapter 4 

Discussion 

4.1. Summary of Behavioural and Neurochemical Findings 

The current project examined the long-lasting effects of stress in early 

adolescence in adult female rats, as tested using anxiety-related behaviours in the EPM 

and SPBT, anxiety-related and social behaviours in the SI test, and 5-HT axon density in 

the VH and mPFC. First, I replicated the effects previously found by Wilkin et al. (2012), 

i.e., IPS in early adolescence increased adult rats’ anxiety-related behaviour in the EPM 

as reflected by decreases in open-arm activity, and there were no group differences in the 

duration of burying in the SPBT. Following this, I found that the experience of IPS 

during early adolescence decreased conventional global measures of total social 

interaction. The effects on total social interaction were specific to decreases in 

playfighting without group differences in social investigation and contact behaviours. 

Lastly, stress in early adolescence did not produce treatment effects on 5-HT axon 

density in the regions of the VH. However, stress in early adolescence did selectively 

increase 5-HT axon density in the IL region of the mPFC without affecting this measure 

in the Cg1 or PL regions. These are the first results to demonstrate that stress in early 

adolescence alters playfighting behaviour and the 5-HT system of female rats in 

adulthood. 

4.2. Body Weight  

 Exposure to stress in early adolescence did not produce group differences in body 

weight measures at any of the seven timepoints. Any observed differences over time 

reflect expected normal physical development in female rats, i.e. older rats weighed more 
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than younger rats. As a result, any difference in behaviour between groups is unlikely to 

be the result of abnormal physical growth. 

4.3. Behavioural Findings 

4.3.1. Anxiety-Related Behaviour in the EPM 

As hypothesized, adult females with a history of stress during early adolescence 

displayed increased anxiety-related behaviour in the EPM. These results are not 

attributable to general locomotor effects, as I did not find significant differences in the 

number of closed-arm entries made between groups.  

In general, these findings replicated the results obtained by Wilkin et al., (2012), 

who used the same stress protocol as the current experiment. Notably, others have 

similarly found that stress during early adolescence has lasting, anxiogenic-like effects in 

the EPM (MacKay et al., 2014; Tsoory et al., 2007). The results of the current study are 

also in line with work using stress during early adolescence that resulted in long-lasting 

increases in anxiety-related behaviour across several other tests, as demonstrated by 

decreased exploration in a novel environment (Tsoory & Richter-Levine, 2006) and 

open-field test (Saul et al., 2012; Avital, et al., 2006), as well as increased startle response 

in the startle response task (Avital et al., 2006). It is important to note that the studies 

mentioned above, with the exception of Wilkin et al. (2012), used exclusively male 

subjects. Thus, my findings show that female rats exposed to stress during early 

adolescence show similar increases in anxiety-related behaviour in the EPM and other 

tests of anxiety when compared to the past literature. 

Although I found decreases in open-arm activity using the raw scores, the ratio 

scores were either only trending in the predicted direction (percentage of open-arm time) 
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or not significant (percentage of open-arm entries). Whether this implies that my results 

in the EPM were of a lower magnitude than those of Wilkin et al. (2012) is not clear. 

Regardless, animals in the stress condition did show signs of increased anxiety-related 

behaviour on the other ethological variables in the test (i.e., higher percentage of 

protected head-dips and protected stretch attends). These risk assessment behaviours 

in the EPM are used as additional ethological measures to determine distinctions between 

general locomotor activity and emotional reactivity (Rodgers, Cao, Dalvi, & Holmes, 

1997). Pharmacological and non-pharmacological anxiogenic manipulations increase risk 

assessment while reducing other behaviours, reflecting its specificity as a measure of 

anxiogenic behaviour (Rodgers & Dalvi, 1997; Roy & Chapillon, 2004). Indeed, 

increases in risk assessment can indicate anxiogenic effects even in the absence of group 

differences in more conventional open-arm activity measures of anxiety-related 

behaviour (Rodgers & Dalvi, 1997). Thus, these findings, in combination with the 

decreases in open-arm activity discussed above, provide a strong indication that rats 

previously exposed to stress during early adolescence showed increases in emotional 

reactivity and anxiety-related behaviour on the EPM in adulthood. 

4.3.2. Anxiety-Related Behaviour in the SPBT  

IPS in early adolescence did not produce enduring changes in burying behaviour 

in the SPBT despite this test being a well-validated measure of anxiety-related behaviour. 

As there were no significant differences in the duration of immobility, the number of 

shocks received, or the mean shock reactivity scores, it is unlikely that general locomotor 

activity or pain sensitivity influenced the burying results. These null findings on burying 

behaviour are in line with the prior work by Wilkin et al. (2012), who also did not find 
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treatment effects on duration of burying in females exposed to stress early adolescence in 

comparison to no-stress controls. Similarly, female rats exposed to stress across the entire 

span of adolescence (PD 23-51; Ojeda & Urbanski, 1994; Spear, 2000) did not show 

treatment effects in burying duration (Pohl et al., 2007). In contrast, male rats exposed to 

adolescent stress did show increased burying duration, reflecting increased anxiety-

related behaviour in adulthood (Pohl et al., 2007; Wilkin et al., 2012). It is unlikely that 

these sex effects are due to the estrous cycle in the female rat, as previous work did not 

find sex-related differences in burying in the no-stress control group (Falconer & Galea, 

2003; Frye, Pertralia, & Rhodes, 2000; Treit, Terlecki, & Pinel, 1980), and females in 

proestrus, estrus, and diestrus show similar levels of burying when compared against 

males (Frye et al., 2000). Instead, it is possible that stress has differential effects on the 

underlying mechanisms involved in these tests of anxiety, producing test-specific effects 

in the EPM and SPBT. In support of this, studies have found that open-arm activity in the 

EPM and shock-probe burying have some distinct neural mechanisms (Calhoon & Tye, 

2015; Hakvoort-Schwerdtfeger & Menard, 2008; Menard & Treit, 2000). It is also 

important to note the differences between the EPM and SPBT in terms of the type of 

anxiety that is tested. More recently, animal models have distinguished various types of 

“state” anxiety that are measured using different types of tests (Calhoon & Tye, 2015; 

Sylvers, Lilienfeld, & La Prairie, 2011). The EPM falls under approach-avoidance 

conflict anxiety, which is a more ethological analysis driven by rodents’ innate avoidance 

of open, exposed spaces where they are vulnerable to potential predation and other 

environmental threats. In contrast, the SPBT measures active-avoidance anxiety to a 

discrete threat stimulus that is present in the animals immediate environment, and does 
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not involve possible changes in motivation such as exploration, novelty-seeking, or 

impulsivity (Cryan & Holmes, 2005). 

In line with this, behavioural measures between the EPM and SPBT are not 

correlated (De Boer & Koolhaas, 2003). However, other studies using males have shown 

that shock-probe burying is highly correlated with aggression as measured in the resident-

intruder paradigm (De Boer & Koolhaas, 2003). It may be that stress in early adolescence 

does increase anxiety-related behaviour in females, but is dependent on the type of 

anxiety that is measured and is not as involved in tests that tap into aggression-related 

responses. Interestingly, evidence from the clinical literature states that although males 

are more likely to engage in physical aggression than females, females engage subtler 

forms of indirect aggression that is more difficult to measure but occurs at a similar rate 

to males (Archer, 2004; Martel, 2013; Murray-Close, Ostrov & Crick, 2007).  Ultimately, 

it is important to use a battery of anxiety-related behavioural tests in order to ensure the 

validity of the results obtained from these measures. 

4.3.3. Anxiety-Related Social Behaviour in the SI Test 

 Adult female rats with exposed to stress in early adolescence displayed long-

lasting decreases in the frequency and duration of time they spent in social interaction. 

These effects were found using the conventional global measure of social interaction 

(File & Hyde, 1978), as stress in early adolescence led to decreases in the frequency and 

duration of engaging in social interaction. To ensure that the effects found were not due 

to changes in locomotor activity, I recorded the number of rearing events and did not find 

group differences between early adolescent stress and no-stress control animals. 

Consistent with previous findings in males, studies using stress in early adolescence 
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found similar decreases in social interaction during adulthood (Green, et al., 2013; Toth, 

Avital, Leshem, Richter-Levin, & Braun, 2008; Vidal et al., 2007), which is an index of 

increased anxiety (File & Hyde, 1978; File & Seth, 2003). From the current study, these 

patterns of anxiety-related decreases in social interaction following stress are also evident 

in female rodents.  

When the same SI behaviours used in the global measure were organized by 

category (i.e., contact, social investigation and playfighting), group differences were only 

seen in the playfighting category; there were no group differences in the investigation and 

contact categories. Female rats with a history of stress in early adolescence engaged in 

significantly less playfighting behaviour in comparison to no-stress controls, both in the 

frequency and duration of these events. Several other studies have also found decreases in 

playfighting behaviour associated with previous exposure to prenatal (Morley-Fletcher at 

al., 2003), adolescent (Ferris, 2005), and specifically early adolescent (MacKay et al., 

2014) stress, although again there exists a male bias in those studies. It is interesting to 

consider that stress appeared to specifically and exclusively affect playfighting behaviour 

without impacting investigation or contact behaviours.  The dissociation between 

playfighting and other behaviours (social investigation and contact) observed here 

underscores the importance of categorical analysis of behaviours in the SI test.  

Specifically, playfighting behaviors are uniquely affected by environmental 

manipulations (Vanderschuren et al., 1995), including adversity during early adolescence 

(current results), pharmacological treatments (Vanderschuren et al., 1997), and display 

different ethological patterns and ontogeny relative to social investigation and contact 

(Meaney & Stewart, 1981). It is important to note that playfighting is typically initiated in 
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stress-free conditions (Graham & Burghardt, 2010), and is a means to engage in and 

practice behaviours that are necessary for survival (Vanderschuren & Trezza, 2014). 

Therefore, stress experienced during the volatile transition from childhood to adolescence 

appears to impact the underlying brain mechanisms involved in playfighting, leading to 

maladaptive responses to conspecifics and peers. In terms of an ethological explanation, 

it is possible that female rats with a history of stress are less likely to engage actively, 

vigorously, and competitively with unrelated, novel conspecifics in their environment. 

This maladaptive response potentially endangers both the affected animal, and in the case 

of females, their offspring. Importantly, the current findings demonstrate effects of stress 

on social interactions that are unrelated to forms of male or maternal aggression, with 

playfighting being a more general, non-aggressive form of social behaviour that is 

engaged in by both sexes (Vanderschuren & Trezza, 2014). 

It is important to note that my results in the SI test were obtained without 

controlling for estrous cycle in the female subjects. Since all subjects were singly housed 

in the same room, airborne chemical communication is sufficient to produce estrous 

synchrony (McClintock & Adler, 1978), eliminating confounds due to cycle stage 

between testing pairs. Nevertheless, the findings of the current study suggest that stress 

during early adolescence produced effects strong enough to be observed in the SI test 

irrespective of the timepoint in the estrous cycle. 
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4.4. Neurochemical Findings 

4.4.1. 5-HT Axon Density in the VH 

IPS in early adolescence did not produce enduring changes in 5-HT axon density 

in the VH. The current null results are in line with those of Ishikawa and Ishikawa 

(2013), who did not find immediate changes in 5-HT axon density in the CA3 and DG 

regions of the VH following early weaning and social isolation stress from PD 14 to 28. 

It is important to note that this study only looked at the immediate effects of stress on the 

5-HT system; the present study is the first to assess long-term early adolescent stress 

effects on serotonergic innervation in the VH. Nevertheless, my findings are unexpected 

from a behavioural standpoint, given the roles that the VH and 5-HT activity at that site 

play in modulating stress, emotion, and anxiety-related behaviours (Ansorge et al., 2008; 

Canli & Lesch, 2007; Fanselow & Dong, 2010; McHugh et al., 2011; Risold & Swanson, 

1996). Changes in the 5-HT system of the VH have previously been observed following 

adolescent stress and were accompanied by behavioural alterations in the EPM. 

Specifically, Watt and colleagues (2009) applied social defeat stress in mid-adolescence 

(PD 35-40) and found increased 5-HT content in the VH in adulthood. As these 

researchers used high performance liquid chromatography to measure 5-HT content at 

this site, it is possible that I might have found effects by using this approach. 

Alternatively, it might be that stress in early versus mid adolescence has differential 

effects on the 5-HT system in the VH. In line with this, both the current study and Wilkin 

et al. (2012) have shown that stress during early adolescence decreases open-arm 

exploration in adulthood, whereas stress during mid-adolescence has been shown to have 
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the exact opposite effect (i.e., increases in open-arm exploration; Watt et al., 2009; 

Wilkin et al., 2012). 

4.4.2. 5-HT Axon Density in the mPFC 

 Contrary to what I predicted, I actually observed an increase in 5-HT axon density 

in the IL subregion of the mPFC in rats with a history of stress in early adolescence. 

These results are opposite to Ishikawa and Ishikawa (2013), who found decreases in 5-

HT axon density in across the entire mPFC immediately after exposure to early weaning 

stress and social isolation from PD 14 to 28. Some factors that might account for our 

disparate findings include the type of stress administered (IPS versus early weaning and 

social isolation), or the breed of rat used (Sprague Dawley vs. Long-Evans). Another 

important difference is that Ishikawa and Ishikawa (2013) looked at the immediate effects 

of stress on the 5-HT system, whereas the current study assessed long-term stress 

outcomes. However, the most important factor might be the timing of the stress 

experience (PD 14-28 versus PD 22-33 in the current study), as the 5-HT system 

undergoes rapid changes during the developmental periods prior to early adolescence 

(Booij et al., 2015). These rapid changes presumably render the brain more vulnerable to 

stress earlier on in development, ultimately resulting in a broader impact of stress on the 

5-HT system, resulting in changes throughout the mPFC as opposed to the regional 

effects in the IL seen in the present findings. The differences in timing might also account 

for the opposing direction of my results. In support of this, while Ishikawa and Ishikawa 

(2013) also observed decreases in noradrenaline (NA) axon density following their early 

weaning/social isolation stress protocol (PD 14-28), Kuramochi and Nakamura (2009) 

applied post-weaning social isolation stress starting on PD 28 and saw increases in NA 
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axon density in the mPFC. NA is another monoamine that, like 5-HT, plays a critical role 

in stress-related anxiety disorders (Belzung, El Hage, Moindrot, & Griebel, 2001). Thus, 

it appears stress during the early adolescent period produces long-lasting increases in 

anxiety-related behaviour accompanied by increases in 5-HT axon density in the mPFC. 

Interestingly, the increases in NA axon density seen by Kuramochi and Nakamura 

(2009) were restricted to the IL subregion. Thus, their findings are somewhat in line with 

the current study where increased 5-HT axon density was found only in the IL, and not 

the Cg1 or PL subregions. The IL is known to be involved in mediating anxiety-related 

behaviours, as lesions to this area decreased open-arm activity in the EPM (Jinks & 

McGregor, 1997). In this respect, the IL differs from the PL and the Cg1 subregions, 

which are more involved in cognitive and motor behaviours respectively (Dalley, 

Cardinal, & Robbins, 2004; Heidbreder & Groenewegen, 2003; Vertes, 2006). In 

contrast, the IL is thought to play a specific role in regulating behaviours associated with 

aversive outcomes (Jinks & McGregor, 1997). In the context of the present study, stress 

during early adolescence had selective effects on the 5-HT system in that subregion. It is 

possible that the behavioural consequences of increased 5-HT axon density manifested as 

increased anxiety-related behaviour and decreased playfighting, as changes in IL 

morphology were associated with abnormal regulation of these behaviours. Enduring 

changes in morphology specific to the IL have been observed following stress. Maternal 

separation stress produced increases in the latency to initiate contact in a social 

interaction test and long-lasting increases in IL dendritic length (Farrell, Holland, 

Shansky, & Brenhouse, 2016). Footshock stress during early adolescence (PD 21-25) 

increased depressive-like behaviours and reduced spine density only in the IL, not the PL 
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cortex in adulthood (Lyttle et al., 2015). Finally, chronic restraint stress in adulthood led 

to significant long-term dendritic retraction and loss in the IL that was still apparent 28 

days after the end of the stress regimen (Goldwater et al., 2009). The latter finding is 

unexpected, given that stress effects typically dissipate after 21 recovery days in the adult 

period (Conrad, LeDoux, Magarinos, & McEwen, 1999; Luine, Villegas, Martinez, & 

McEwen, 1994). This raises the possibility that the IL is uniquely vulnerable to the 

impact of stress across the lifespan relative to other mPFC cortical regions. In other 

words, the sensitivity of the IL to stress may not be exclusive to the early adolescent 

period. Future work should focus on determining whether the long-lasting effects seen in 

5-HT axon density in the IL are also apparent when stressors are given at other 

developmental time periods, i.e., in mid or late adolescence, or adulthood. 

4.5. Limitations and Future Directions 

 It has previously been established that stress-stress pairings in the SI test produce 

the greatest effects on anxiety-related behaviour in comparison to stress-control or 

control-control pairings (Green et al., 2013). This anxiogenic effect of the stress-stress 

pairing condition has also been seen in other studies (File & Seth, 2003; MacKay et al., 

2014). Therefore, I chose to only use stress-stress pairings and compared them to control-

control pairs in order to increase the likelihood of observing behavioural changes, since 

this was the first study to examine the effects of stress during early adolescence on 

female rats using the SI test. However, one limitation of the current study is that stress-

control pairings were not observed. In order to fully understand the impact of stress 

during early adolescence on SI behaviours, future work should add animals to this third 

pairing and all three types should be analyzed to compare partner effects. 
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Rats were individually housed in the current study as social housing can promote 

stress resilience, as seen in adults previously exposed to social defeat (de Jong, van der 

Vegt, Buwalda & Koolhaas, 2005; Nakayasu & Kato, 2011), and chronic restraint stress 

(Liu et al., 2013). While social isolation is regarded as a stressor (Ishikawa & Ishikawa, 

2013; van den Berg et al., 1999), it is important to note that both stress and control 

animals were isolated in the current study, controlling for potential housing effects 

between groups. As a result, any effects due to IPS observed go above and beyond the 

any potential underlying stress due to housing condition. It is also important to note that 

social isolation has inconsistent effects in the EPM and SI tests. For example, isolation-

rearing decreased (Sciolino et al., 2010; Weiss et al. 2004), or did not change (Brenes, 

Padilla & Fornaguera, 2009; Fone, Shalders, Fox, Arthur, & Marsden, 1996) open-arm 

exploration in adulthood. Levels of social interaction increased (Han, Wang, Shao, & Li, 

2011) or decreased (Lukkes, Watt, Lowry, & Forster, 2009) following social isolation. In 

spite of these conflicting findings, social isolation housing does limit generalizability to 

human populations, as experience of abuse and neglect does produce long-lasting effects 

in the absence of social isolation (Casey et al., 2008; Kessler et al., 2010; Schoedl et al., 

2010). The impact of social isolation housing on the results of the present study cannot be 

determined. Future work may want to consider including group-housed animals to fully 

understand the effects of housing condition on stress and behavioural outcomes. 

As shown in the current study, stress during early adolescence impacts the brain 

and behaviour into adulthood. In addition to the administration of IPS during early 

adolescence, experience also includes the behavioural tests that were conducted in 

adulthood. The influence of testing effects on the current findings is unlikely as the 
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animals in this study were sacrificed two weeks after experiencing their final behavioural 

test, not immediately after testing. Nonetheless, in order to completely control for the 

effects of the testing process on changes in 5-HT, it would be preferable to include two 

groups of animals (early adolescent stress and no-stress controls) that do not undergo 

behavioural testing in adulthood.  An extension from the current study would be to 

process the tissues of these animals for 5-HT axon density in order to ensure that the 

current results are independent of previous exposure to testing environments. However, it 

is important to balance this and the previous limitations with the Canadian Council on 

Animal Care’s “replacement, reduction, and refinement” mandate. The current study 

aimed to limit the number of animals used, while implementing these changes requires 

the justification of using more animals.  

 Stereology measures the distribution of objects in 3-D space from the anterior to 

the posterior pole of a given structure to obtain a true volume estimate. However, this 

method requires sampling from brain slices that are evenly spaced throughout the entire 

region of interest. Due to technical difficulties during the immunohistochemistry process 

that resulted in tissue loss, I was unable to use the traditional stereology techniques to 

estimate the density and distribution of 5-HT axons in 3-D space. Instead, I sampled 

slices at a single plane within each region of interest to obtain axon densities. It may be 

that the stereological approach would yield different findings. This said, in the current 

study I made use of an approach utilized by others in the field also looking at 5-HT axon 

density (Maciag et al., 2006; Nielsen et al., 2006; Noristani, Olabarria, Verkhratsky, & 

Rodriguez, 2010).  
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An extension of the current study would be to count tryptophan hydroxylase- 

(TPH) immunoreactive cells in the dorsal raphe nucleus as a second way to assess 

changes in the 5-HT system following stress during early adolescence in addition to 5-HT 

axon density in the VH and mPFC. TPH is the enzyme that catalyzes the rate-limiting 

step in 5-HT synthesis, which predominantly occurs in the dorsal raphe in both humans 

and rodents (Walther et al., 2003; Zill et al., 2007). Thus, counting levels of TPH in this 

region could assess possible changes in 5-HT synthesis following stress. These findings 

would allow for analysis of the 5-HT system at both ends of the circuit (i.e., site of 

production and projections to the forebrain) 

Following stress during early adolescence, Ishikawa et al. (2015) observed 

increased anxiety-related behaviour in the EPM and open-field tests in adult rats. In 

response to open-field exposure, this effect was accompanied by decreased neuronal 

activity (measured using c-Fos) specific to the IL of the mPFC. Given that increases in 5-

HT axon density were also restricted to the IL in my study, it would be interesting to see 

if increased 5-HT innervation at this site is indeed associated with reduced neuronal 

activation in response to an acute stressor. Thus, a potential extension of the current work 

could apply IPS during early adolescence (PD 22-33) in females to see if a negative 

relationship exists between 5-HT axon density and c-Fos levels following exposure to the 

EPM, and whether these results are specific to the IL.  

In light of the current literature reviewed in the discussion, it appears that the IL 

may be particularly impacted by stress independent of the timing of the stress experience. 

Further experiments are needed to determine if stress during early adolescence produces 

unique alterations in the 5-HT system and behaviour, or if the IL itself is uniquely 
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sensitive to stress, in general, without regard to the developmental period of the stress 

experience. Therefore, IPS should be applied in adulthood first to see if there is increased 

vulnerability of the IL during this time, or whether changes are due to stress during 

specific developmental time periods. If adult IPS does not produce changes in the IL and 

on behaviour, then stress can be applied at additional timepoints (e.g., mid- and late-

adolescence or post-weaning) to accumulate a fuller understanding of the role of stress on 

the IL throughout the lifespan. 

One goal of the current study was to add to the literature by contributing to a 

comprehensive behavioural and neurochemical knowledge base on the long-term effects 

of stress in female rats. However, sex-specific effects have been found following 

adolescent stress in several studies examining anxiety-related behaviours (Pohl et al., 

2007; Wilkin et al., 2012) and the 5-HT system (Mitsushima et al., 2006). Future analysis 

will compare the effects of stress during early adolescence on adult behaviours and 

neurochemistry in both sexes, using the female data reported here and analogous data 

collected using their male siblings. Specifically, the male siblings from the same breeding 

session that produced the current female subjects also underwent the same IPS protocol 

during early adolescence and were tested in the EPM, SPBT, and resident-intruder test, a 

male variant of the social interaction test that specifically targets aggression, and their 

brains were also processed and analyzed for 5-HT axon density by a colleague in the 

Menard Lab. It will be of interest to compare the two data sets for potential sex 

differences.  

 Stress during early adolescence produced alterations in the brain and behaviour of 

female rats as shown through increased anxiety-related behaviour, reduced playfighting, 
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and increased 5-HT axon density in the IL of the mPFC. However, it would be interesting 

to see if these changes are potentially reversible by using environmental enrichment to 

mitigate the effects of stress. Previously, environmental enrichment of rats’ home cages 

(Morley-Fletcher et al., 2003), the addition of palatable food to the diet (MacKay et al., 

2014), the addition of an exercise wheel (Ishikawa & Ishikawa, 2013), decreased anxiety-

related behaviour in rats previously exposed to stress in early life, including adolescence. 

By providing environmental enrichment following stress during early adolescence 

immediately after the stress experience or later on development, the timeline for 

ameliorating the impact of stress can be uncovered. Establishing the importance of the 

external environment and the timeline of reversing changes may provide additional 

treatment avenues to consider when dealing with the negative outcomes of stress and 

adversity.  

4.6. Conclusion 

 To summarize, in the present thesis I found that stress during early adolescence 

produces long-lasting effects on anxiety-related and social behaviours in adult female 

rats, accompanied by changes in the 5-HT system in the IL subregion of the mPFC. I 

replicated the effects previously found by Wilkin and colleagues (2012), whereby IPS in 

early adolescence led to decreased open-arm activity in the EPM without group 

differences in the duration of burying in the SPBT. I also found that stress during early 

adolescence decreased global measures of SI, and this effect was singularly driven by 

decreased playfighting behaviour. In addition to these behavioural changes, stress during 

early adolescence impacted the development of the 5-HT system, resulting in increased 

5-HT axon density in the IL of the mPFC. Overall, my findings are the first to suggest 
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that adversity in early adolescence leads to maladaptive anxiety-related and social 

responses in adult females that may be due to stress-related increases in IL 5-HT.  
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