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Abstract 

Adolescence is a critical time of brain development for regions governing social 

behaviour and social learning. In adolescence, social experiences may influence the ongoing 

maturation of the neural structures involved in social behaviour and ultimately modify the social 

behaviours of adults in response to social cues. Social instability stress in adolescence (SS; daily 

1 hour isolation + change of cage partner in postnatal days [PND] 30-45) leads to deficits in 

social behaviour in SS rats compared with non-stressed (CTL) rats in males; less is known in 

females. The main goal of my thesis is to investigate the effects of adolescent SS procedure on 

the development of social behaviour and brain regions underlying social behaviour in female rats 

when tested soon after and long after the end of the SS procedure. In the second chapter, I found 

that SS in male and female rats reduced time spent in social interaction when tested soon (PND 

46) or long (PND 70) after the SS procedure in comparison to CTL rats. Irrespective of time 

post-stress and sex, SS rats spent less time in social interaction than did CTL rats, and female 

rats spent less time in social interaction than did male rats. The results from the third chapter 

demonstrated that SS females had higher corticosterone concentrations and lower Zif268 

immunoreactive cell counts in the cingulate gyrus after the SI test than did CTLs when tested at 

PND 46. Furthermore, in the fourth chapter, brains were collected at PND 46 and PND 70 for 

RT-qPCR in female rats. Effects of SS on mRNA expression were observed for oxytocin 

receptor, vasopressin 1a receptor, corticotropin-releasing hormone receptor1, glucocorticoid 

receptor, and mineralocorticoid receptor that depended on age (time since the SS) and brain 

region (medial prefrontal cortex [mPFC], hippocampus). Some of the differences between SS 

and CTL rats were evident irrespective of age at which tested at PND 46 (such as GR in mPFC 
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and MR in the hippocampus), whereas others emerged in adulthood at PND 70 (such as OTR 

and GR in the hippocampus).  

Keywords: adolescence; social instability stress; social interaction; corticosterone; female 

rats  
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Preface  

Social learning in adolescence plays a pivotal role in the ontogeny of many social animals 

because it is critical to the display of appropriate social behaviour in adulthood. Thus, the quality 

of social experience (e.g., stressful or non-stressful, solitary or with peers) in adolescence has the 

potential to modify adult social behaviour (Buwalda et al., 2011; McCormick et al., 2015), which 

leads to the overarching hypothesis of my thesis research (tested in the rat as the animal model): 

Social stress in adolescence modifies the developmental trajectory of social behaviour such that 

the effects of the stress will be evident long-after the stress exposures. There is compelling 

evidence to support this hypothesis from previous studies in male rats (e.g., Hodges et al., 2017; 

Green & McCormick, 2013). Little is known, however, about the effects of adolescent stressors 

on social behaviour in female rats. The main purpose of my thesis is to investigate the effects of 

social instability stress (SS) on social behaviour and its associated brain regions in the days soon 

after and several weeks after the stress procedure in female rats. I tested the main hypothesis in 

three major studies. In the first chapter, I investigated the effects of adolescent SS on social 

interaction soon after and long after the SS exposures in rats both males and females, with the 

prediction that SS female rats would show a comparable decline in social interaction relative to 

control, non-stressed rats, as has been found previously in male rats (Hodges et al., 2017 ; Green, 

et al, 2013). In the second chapter, I investigated the neural activity of brain regions involved in 

social behaviour, including the medial prefrontal cortex (mPFC), dorsal lateral septum (dLS), 

nucleus accumbens, hippocampus, and piriform cortex in female rats. I also measured plasma 

corticosterone concentrations in rats before and after a social interaction test to investigate the 

extent to which SS rats find social interaction stressful, based on my results from the first 

chapter. I predicted that SS female rats would have higher corticosterone concentrations than 
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control (CTL) rats after social interaction with an unfamiliar partner, which I would interpret as 

indicating that SS rats find social interaction more stressful than do CTL rats. I also predicted 

that SS and CTL female rats would differ in the pattern of neural activity (as indicated by the 

extent of protein product of immediate early genes) during social interaction test. Finally, in the 

fourth chapter, I investigated the effects of SS procedure on the expression of genes that are 

involved in the development of social behaviour soon after (PND 46) and long after (PND 70) 

the SS procedure in female rats. I predicted that the differences in gene expression of proteins 

relevant for neural plasticity and social function in the mPFC and hippocampus between SS and 

CTL female rats would be evident irrespective of the time since the stress exposures.  
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Chapter 1: General introduction 

                                                  A. Introduction 

Stress is defined as the body’s response to internal and environmental perturbations 

(Stein-Behrens and Sapolsky, 1992). Stressors are events that lead to stress responses, and 

they can be categorized as psychological (e.g., relationship conflicts) or physical (e.g., injury) 

stressors (Anisman & Matheson, 2005). One of the major stress response systems of the body 

is the hypothalamus-pituitary-adrenal (HPA) axis; the endpoint of activation of this axis is the 

release of glucocorticoid hormones. Although glucocorticoids have many roles in the body, of 

most relevance for my thesis research is their involvement in the regulation of brain 

development. Glucocorticoids have effects on various neural mechanisms in the central 

nervous system (CNS) including protein synthesis, neural excitability, and neurotransmitter 

systems (Keller-Wood and Dallman, 1984; McEwen, 1980) as well as neurodevelopmental 

mechanisms such as neurogenesis, synaptogenesis, remodeling the arborization of dendrites 

and axons, cell survival, and cell death (McEwen, 2000). Elevation or suppression of 

glucocorticoid concentrations can modify the development and function of the brain, and 

thus, behavioural development. 

It is well established that exposure to glucocorticoids during the prenatal period, the 

time of greatest brain development, has major effects on adult behaviour (Lupien et al., 2009). 

For example, high exposure to glucocorticoids in prenatal rats leads to learning impairments, 

heightened anxiety, depression-related behaviours, and sensitivity to drug abuse (reviewed by 

Lupien et al., 2009). In adulthood, chronic stressors can influence some aspects of 

neuroplasticity, for example, dendrite morphology (McEwen and Magariños, 1995; Conrad et 

al., 1999), neurogenesis (Pham et al., 2003), and the volume of the hippocampus (McEwen, 
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2000) in rats. Whereas exposure to stressors during the prenatal period can lead to long-

lasting consequences on brain and behaviour, the effects of stressors in adulthood typically 

dissipate with time (e.g., Luine et al., 1994). Relative to research efforts on the perinatal and 

adult periods of development, far less is known about the effects of adolescent stress on the 

development of brain and behaviour. Even less is known regarding the consequences of 

adolescent stress exposures in females. Adolescence also may be a vulnerable time to 

stressors and the resulting heightened exposure to glucocorticoids because of the ongoing 

brain maturation in adolescence.  

In section (B), first I provide an overview of the HPA axis. I also describe the sex 

differences in the function of the HPA axis in response to stressors in adulthood, which is the 

basis for postulating that the consequences of stress responding in adolescence are likely to be 

sex-specific. Next, I describe adolescence in rats and the behavioural changes that emerge 

during this period of life as well as the brain morphological and functional shifts that occur in 

adolescence. I then review some of the models used to investigate social stress in 

adolescence, focusing on the model that I use in my experiments. In section E, I describe the 

goals of my thesis research.  
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B. HPA axis overview 

B.1. The function of the HPA axis in adulthood 

The HPA axis is one the major physiological stress response systems of the body that 

ultimately allows the body to adapt to new situations and to cope with stressors to survive. This 

axis consists of three main structures: the paraventricular nucleus of the hypothalamus (PVN), 

the anterior pituitary gland, and the adrenal gland. The PVN is a part of the hypothalamus that is 

activated by other regions of the brain, such as the amygdala, when a threat is perceived or 

anticipated. There are two types of stressors that activate the HPA axis response: psychological 

stressors and physical stressors (Anisman & Matheson, 2005). Psychological stressors are 

defined as emotional and cognitive stress that is caused by various life events such as loss of a 

loved one or fear of a potential danger when walking alone late at night. The PVN receives 

inputs primarily from limbic forebrain regions such as the amygdala and the bed nucleus of the 

stria terminalis (BNST) to stimulate the HPA response during psychological stress exposure (see 

Figure 1.). Various nuclei of the brainstem send inputs to the PVN when confronting physical 

stressors (e.g., hypotension, blood loss) and trigger the activation of the HPA axis (reviewed by 

Spencer & Deak, 2017).  
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Figure 1. Main regions of the hypothalamus-pituitary-adrenal (HPA) axis. PVN = 

paraventricular nucleus of the hypothalamus; CRH = corticotropin releasing hormone; 

ACTH = adrenocorticotropin releasing hormone. +: activates the HPA axis, ×: inhibits the 

HPA axis activity. 

 

In rodents, the neuroendocrine neurons of the PVN are composed of two main divisions 

based upon the size of neurons and their projections: the lateral magnocellular and medial 

parvocellular divisions (Swanson & Kuypers, 1980). The medial parvocellular is the region most 

relevant to the HPA axis. It consists of neurosecretory cells that synthesize and secrete two 
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peptide hormones, corticotrophin releasing hormone (CRH) and arginine vasopressin (AVP). 

These hormones travel through the hypophyseal portal system and bind to their receptors on 

corticotrophs located in the anterior pituitary gland, where they stimulate the production of 

adrenocorticotropin hormone (ACTH). ACTH is released into the general blood circulation and 

binds to its receptor, melanocortin receptor-2 on the cortex of adrenal gland, and triggers the 

synthesis of glucocorticoids, which are primarily cortisol in humans and corticosterone (CORT) 

in rodents (Whitnall, 1993). Glucocorticoids are steroids, and similar to the other steroid 

hormones, they are transported through the bloodstream by binding to carrier proteins, which 

increase the solubility of steroid hormones in water. In the bloodstream, the action of 

glucocorticoids is mostly regulated by binding to corticosteroid binding globulin (CBG). CBG 

has a high affinity for blood CORT such that, in rats, about 78% of the total plasma CORT is 

bound to CBG at body temperature. There is sex difference in the basal CBG concentration in 

male and female rats. Females have higher baseline levels of plasma CBG than do males (Gala & 

Westphal, 2015; McCormick et al., 2002). Approximately 10% of CORT hormone is free in the 

bloodstream and has the potential to enter cells and bind to glucocorticoid receptors. During 

stress, the concentration of free CORT increases in the blood stream, thus a higher concentration 

of the hormone is available to bind to the receptors. The remaining amount of CORT is loosely 

bound to serum albumin (Björn & Jan A ,2008).  

Glucocorticoid receptors can be detected in almost all cell types of the body and they 

have the potential to affect the development and function of various organs, including the brain, 

by modulating the expression of the target genes (Dallman et al., 1987). There are two main 

mechanisms of actions for glucocorticoid receptors, transactivation and transrepression of genes. 

Glucocorticoid receptors are nuclear receptors and they are present in the cytoplasm of the cell as 
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a multimeric protein complex consisting of the receptor and chaperones such as heat shock 

proteins (HSP90 and HSP70) and the protein FKBP51. The activity of the receptor is triggered 

by interaction of the hormone and the receptor in the cytoplasm which causes formation of the 

ligand-receptor complex and release of the heat shock proteins. The activated ligand-receptor 

complex translocates to the nucleus. This homodimer binds to some specific sequences of the 

target DNA that include glucocorticoid response elements (GREs) as a part of the promotor or 

intragenic region of GR-MR regulated genes and ultimately up-regulates the expression of the 

target genes (Ratman et al., 2013). Glucocorticoid receptors can also inhibit the transcription of 

the target gene which is referred to as transrepression or transcriptional repression. There are 

different mechanisms of transrepression. For example, receptors bind to a negative GRE or 

modify the expression of the genes involved in GREs compounds or bind directly to transcription 

factors (Ou et al., 2001; Biddie et al., 2011).  

There are two types of glucocorticoid receptors, type 1 (mineralocorticoid receptors; MR) 

and type 2 (glucocorticoid receptors; GR). In adults, MR and GR have a different pattern of 

distribution in the central nervous system and also different affinity for binding to 

glucocorticoids. MR are mainly located in limbic regions, especially in the hippocampus, and 

GR are more widespread across all neural structures with higher distribution in the hippocampus, 

PVN, and frontal cortex (De Kloet & Reul, 1985; Reul & De Kloet, 1986 ; Eekelen et al., 1987). 

MR have a higher affinity for binding to CORT hormone in comparison to GR (De Kloet & 

Reul, 1987). In nocturnal animals such as rodents, MR are occupied during the light phase of 

circadian rhythm when the concentration of free plasma corticosterone is low. For example, 

during the light phase, approximately 80% of MR is occupied in the hippocampus in rats, 

whereas hippocampal GR are only occupied about 10-15% (De Kloet & Reul, 1985). Therefore, 
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GR has more sensitivity to rises in CORT concentration, and it is considered more relevant in 

stress regulation. Activated MR and GR have the potential to supress the activity of the HPA 

axis. The negative feedback system is activated by binding CORT to its receptors in the adrenal 

gland, pituitary gland, PVN, and other brain regions such as the hippocampus and prefrontal 

cortex, which results in the termination of the HPA stress response (Herman et al., 2005).   

  Although the HPA axis stress response has adaptive value, chronic or repeated stressors 

can lead to negative consequences resulting from high, prolonged CORT release. For instance, 

exposure to high concentrations of glucocorticoids in adult rats is associated with changes in the 

morphology of the dendrites and in the function of the brain regions involved in learning and 

memory such as the hippocampus, amygdala, and medial prefrontal cortex (Howland & Wang, 

2008, Roozendaal et al., 2009, Hains and Arnsten, 2008). Chronic stress accompanied by a high 

exposure to CORT in adult rats also reduced neurogenesis in the dentate gyrus (subregion of the 

hippocampus) (Cameron & Gould, 1994; Dagyte et al., 2009) and altered the structure of 

dendrites in the hippocampus (McLaughlin et al., 2007 ;Watanabe et al., 1992), the medial 

prefrontal cortex, and the basolateral amygdala (Vyas et al., 2002). The effects of chronic stress 

on the brain in learning and memory performance have been well documented in adult rats and in 

most cases these effects are not enduring and dissipate within several days (Luine et al., 1994; 

McEwen & Sapolsky,1995; Sousa et al., 2000). Alterations in the morphology of dendrites in the 

hippocampus and amygdala also are mostly reversible with time in the absence of the stressor 

(Conrad et al., 1999; Dagyte et al., 2009; Heine et al., 2004; Sousa et al., 2000 ; A. Vyas et al., 

2004). 
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B.2. Sex differences in the function of adult HPA axis 

The HPA stress response system is different in females and males. For example, female 

rats have higher level of CRH expression in the PVN than do male rats (Seale et al., 2004; 

Iwasaki-sekino et al., 2009; Babb et al., 2013). In response to various types of acute stressors, the 

release of ACTH from the anterior pituitary is greater in female rats than in male rats. 

(Drossopoulou et al., 2004 ; Viau et al., 2005). Female rats also release greater concentrations of 

CORT in response to stressors than do male rats, and female rats have a slower recovery time to 

return to basal titers than do male rats. Moreover, under baseline conditions, CORT 

concentration is higher in females compared with males in rats (Weinstock et al,. 1998). 

Furthermore, although the mRNA expression of c-fos (an immediate early gene used as a marker 

of neural activity) did not differ between male and female rats in brain regions involved in the 

stress response such as the amygdala, prefrontal cortex ,and lateral septum, there was a 

significant upregulation of the c-fos expression in three regions including PVN, the anteroventral 

division of the bed nucleus of the stria terminalis, and the medial preoptic area in females 

compared with males (Babb et al., 2013).  

Part of the basis for the sex differences in the HPA response to stressors is the different 

concentrations of sex hormones in males and females. Estradiol has an augmentative role in 

corticosterone release from adrenal glands, whereas androgens have a dampening effect (Nowak 

et al., 1995; Figueiredo et al., 2007; Ajdžanović et al., 2015). In female rats, the concentrations 

of sex hormones (progesterone and estradiol) fluctuate across the estrous cycle, which is 

typically a 4-5 day cycle and consists of 4 stages. Proestrus, estrus, metestrus, diestrus are stages 

of the estrous cycle, and each of the stages can be characterized by the cell types detected with 

vaginal smears and the cyclic pattern of progesterone and estradiol across the cycle. It has been 
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found that there is a correlation between the phase of the estrous cycle and the concentration of 

stress hormones. For example, estradiol begins to increase during metestrus, has the highest 

concentration in proestrus phase, and returns to basal titer during the estrus stage. Progesterone 

levels increase during the proestrus phase and decrease at the estrus phase (Spornitz et al., 1999 ;  

Smith et al., 1975). Therefore, there are some differences in CORT release in response to 

stressors across the estrous cycle, and at all phases, females secrete more CORT in response to 

stressors than do males (Viau & Meaney, 2014). Thus, it is not surprising that the consequences 

of stress exposures in adults for learning and memory, neurogenesis, and dendrite arborization 

differ between male and female rats (McCormick & Mathews, 2007; McCormick & Mathews, 

2010).  

 

C. Adolescence 

C.1. Definition of adolescence period 

 Adolescence is a transitional period from childhood to adulthood and the beginning and 

end of adolescence is not clearly defined (Sisk & Foster, 2004). Nevertheless, both in humans 

and rats, there are some differences in behaviour and physiology that are hallmarks of this period 

of ontogeny. A broad definition of adolescence in rats includes three stages of adolescence: 

prepubescent (the early adolescent period from postnatal day [PND] 21 to 33, the mid-adolescent 

period from PND 34 to 45 during which puberty is attained (Tirelli et al , 2003), the late 

adolescent period from PND 46 to 59 (Spear, 2000). Puberty can be considered as an important 

hallmark of the adolescence period, although adolescence and sexual maturity (puberty) are two 

independent developmental stages (Sisk & Foster, 2004). In rats, physical indications of puberty 

manifest at about PND 32-36 in females (as marked by vaginal opening and first ovulation) and 
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in males at about PND 40-47 (as marked by the separation of the prepuce from the glans penis, 

which coincides with the onset of sperm production) (McCormick et al., 2017) (see Figure 2). 

Throughout this thesis, the ages of PND 30 – PND 45 will be referred to as mid-adolescence and 

PND 60 and beyond will be referred to as adulthood.  

In both humans and rats, behavioural changes in adolescence emerge that are essential for 

maturation and independence. For instance, adolescent rats demonstrate higher levels of risk-

taking, novelty seeking (Stansfield & Kirstein, 2006) and impulsivity (Burton & Fletcher, 2012) 

than do adults (reviewed in  Spear, 2000). The differences in many social behaviours emerge in 

adolescence both in humans and rats; adolescent rats spend more time in social interaction and 

social play with peers than with family members (e.g., Primus & Kellogg, 1989), and they find 

social interaction more rewarding than do adults (Spear, 2011; Trezza et al., 2010). For instance, 

in a study done by Klein and collogues, adolescent rats demonstrated higher frequencies of social 

behaviours such as play and social investigations with peers than did adult rats (Klein, et al, 

2009). Moreover, adolescent humans and rats have higher sensitivity level to the rewarding 

effects (Friemel et al., 2010) and lower sensitivity to the aversive effects (Doremus-fitzwater et 

al., 2010) of natural rewards and drugs of abuse. Thus, results from behavioural comparisons 

between adolescents and adults lead to the conclusion that there is an ongoing maturation in the 

social repertoire during adolescence. 

 Adolescence is a sensitive period of the lifespan and the behavioural changes are 

associated with restructuring of the brain regions that develop over the adolescence (see reviews 

by Mills et al., 2014; Brenhouse & Andersen, 2011; Cooke & Shukla, 2011). Studies in rats 

suggest that there are particular neural structures undergoing prominent functional changes over 

adolescence. Prominent changes occur in the prefrontal cortex (PFC) and limbic system that 
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include the hippocampus, amygdala, nucleus accumbens, the hypothalamus, and prefrontal, 

frontal and orbital frontal cortices, all of which are involved in social behaviour. For example, in 

rats, the volume of the PFC decreases significantly (Uylings & Eden, 1990). Dopaminergic and 

serotonergic inputs to the PFC region increase significantly in adolescence (Kalsbeek et al., 

1988). In the limbic regions, the morphology of the dendrites and axons undergoes significant 

remodeling during adolescence in regards to dendritic arborization and synaptic pruning (as 

reviewed by Crews et al., 2007 ; Giedd, 2004). The hypothalamus is another brain region that 

matures in adolescence, and it is one the main neural structures of the HPA axis (Choi Kellogg., 

1992; Choi et al., 1997). The ongoing development of the HPA axis and CNS leads to 

differences between adolescents and adults in the consequences of exposure to various types of 

stressors.  

C.2. The function of the HPA axis in adolescence 

In rats, different aspects of the HPA axis develop through the adolescent period. For 

example, the concentration of CORT begins to increase at approximately PND 21 – 28 days of 

age in the prepuberty period, and the concentration of glucocorticoid receptor (GR) reaches the 

adult level in about the first two weeks of life (McCormick & Mathews, 2007). Although 

adolescents do not differ in the affinity of GR and MR and in GR mRNA expression from adults, 

the adrenal glands of adolescents may have higher sensitivity to ACTH than adults, which may 

be part of the increased release of CORT in response to stressors in adolescents relative to adults 

(Romeo, 2013). 

Previous studies have reported that the release of glucocorticoids in response to various 

types of stressors differs between adolescents and adults in rats. For example, in response to 

acute stressors such as intermittent foot shock (Goldman et al., 1973), exposure to a novel 
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environment for 2 hours (Novak et al., 2007), 30 minutes of restraint, or ether inhalation 

(Vazquez & Akil, 1993), adolescent male rats demonstrated higher and more prolonged release 

of glucocorticoids than do adults. Other studies suggested that adult male rats have more 

prolonged activation of the HPA axis than do adolescent males in response to injection of 

nicotine (Cao et al., 2010; Cruz et al., 2008), lipopolysaccharide (Goble et al., 2011), and 

confinement in an elevated platform (McCormick et al., 2008) than do adolescent males. Other 

studies have found no differences between these two groups of rats in response to 1 hour 

isolation (Hodges et al, 2014), or forced swim (Mathews et al., 2008). Most of these studies are 

limited to male rats, and less is known in female rats. However, some studies suggested that 

adolescent female rats differ from adult males in response to acute stressors. For example, in 

early adolescence, rats had a greater release of corticosterone in response to 30 minutes of 

restraint when compared with adults (Romeo et al., 2004; Viau et al., 2005). In contrast, 

adolescents had lower concentration of corticosterone in recovery blocks (15 and 30 minutes) 

after a 90 min restraint stress compared to adults (Doremus-fitzwater, et al, 2009). Therefore, 

depending on the type of stressor, the function of the HPA axis differs between adolescence and 

adulthood in a sex-specific manner. Thus, some of the differences in HPA function between 

adolescents and adults involve more than the adrenal gland. The differences may be based in age 

differences in the brain. 

To investigate the basis for different stress responses to stressors between two age 

groups, the neural activity of involved brain regions has been measured using Fos or Zif268 

neural activity markers. Adolescents and adults were found to differ in the pattern of neural 

activity in stress-related brain regions after exposure to stressors. For example, male rats in early 

adolescence demonstrated greater Fos expression (maker for neural activity) than did adults in 
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response to acute stressors such as 30 minutes restraint stress in the paraventricular nucleus (Lui 

et al., 2012; Romeo et al., 2006 ; Viau et al., 2005) and in response to two hours in a novel 

environment in stress-related brain regions including PVN, medial amygdala, cingulate gyrus of 

the medial prefrontal cortex, and lateral septum (Novak et al., 2007). In a study done by Kellogg 

and colleagues, however, there was no difference in Fos expression in the PVN region in 

response to either 15 minutes or 2 hours restraint stress between adolescent and adult rats 

(Kellogg et al., 1998). Moreover, it has been suggested that in male rats, adolescents had greater 

protein expression of Zif268 in the cingulate gyrus after exposure to 1 hour isolation relative to 

adult rats (Hodges & McCormick, 2015). Therefore, adolescent rats differ from adults in 

response to various types of stressors in the function of neural structures that are involved in the 

stress response system.  

There have been fewer investigations of stress response in adolescent female rats, 

although there are known sex differences in adult rats that involve the dampening effect of 

testosterone (higher in males) and the enhancing effect of estradiol (higher in females) on HPA 

function (Handa & Weiser, 2013). Some studies indicate no difference in the release of 

corticosterone between post-pubertal (PND 45) and adult female rats in response to 15 minutes 

confinement to an elevated platform (McCormick et al., 2008) and forced swim (Mathews et al., 

2008). In contrast, the other studies reported, in response to a 30 minutes restraint stress, 

prepubertal adolescent female rats (PND 30) had greater concentrations of corticosterone than do 

adults. Further, several studies indicate that there are sex differences in HPA function in 

adolescence (as reviewed by (Goel et al, 2014)) and in brain development in adolescence (Spear, 

2004) and thus it is to be expected that the consequences of stressors are sex-specific.  
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Figure 2. Time-line portraying some of the developmental biomarkers of rats from 

gestation to adulthood. Adapted from McCormick & Mathews (2010). 

 

D. Administration of social instability stress in adolescent rats 

D.1. Social instability stress procedure  

             In rats, various types of stressors have been administered during adolescence. For 

example, restraint stress, social defeat, and social isolation are well-established means of 

administering chronic or repeated stress exposures. Restraint stress is a psychological stressor 

that involves confining the animal in a hemi-cylindrical ventilated plastic tube that restricts rat 

movements. This stressor is widely used to study stress response mostly in adult rats. There is 

evidence that when restraint stress is applied as chronic/repeated sessions in adulthood, the long-

lasting consequences dissipate within days after the exposures (e.g., Radley & Morrison, 2005). 
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However, mild restraint stress (shorter durations) in adolescence leads to enduring effects on the 

HPA function and neurogenesis after the stress exposures (Barha et al., 2011). These results are 

consistent with the hypothesis that adolescents are more vulnerable to stressors than are adults. 

However, there is evidence that both adolescent and adult male rats habituate to repeated 

restraint stress (e.g., Hodges et al., 2014). 

Social defeat (introducing a rat into the cage with a larger aggressive conspecific) and 

social isolation are also used as stressors. In both adolescents and adults, social defeat has 

enduring effects on brain and behaviour, especially when it is associated with social isolation 

housing condition (as reviewed in Buwalda et al., 2011). Social isolation involves housing the 

rats individually and depriving them from any social contact with the colony for a specific 

duration, typically three weeks. Social isolation is not accompanied by the steep rise and 

prolonged elevation in glucocorticoid concentration that is the main feature of other stress 

models, and so the consequences of social isolation may be because of the lack of social learning 

that is necessary for proper social behaviour in adulthood (Green & McCormick, 2013). 

The quality of social relationships, rather than the presence versus absence of social 

relationships, may also shape adult social behaviour. Social instability stress can be used to alter 

social relationships in adolescence, while also increasing the exposure to glucocorticoid 

hormones. Social instability stress (SS) was developed in the laboratory of Dr. McCormick. The 

stress procedure includes two different components, an isolation component (similar to restraint 

stress) and a social instability component. The isolation component involves separating rats from 

the colony and housing them individually for one hour daily in a 10 × 12 cm ventilated container 

for 16 consecutive days. The isolation housing increases corticosterone concentration in 

adolescents during the session and the concentration declines quickly to baseline level after 
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exposure (McCormick et al., 2007), similar to mild stress models (McCormick et al., 2001; 

McCormick et al., 2002). Moreover, the isolation component is akin to restraint stress that is a 

well-documented stress procedure in adult rats. 

            The second component of this model is the social instability procedure, which involves 

introducing a new cage partner in a new home cage each day, immediately after the 1 hour 

isolation (see Figure 3 for depiction of the social instability stress procedure). Mid-adolescence 

(PND 30- PND 45) is the period of time for administering SS procedure and the rationale is that 

administration of SS in mid-adolescence is followed by prolonged and greater release of CORT 

compared with administration of SS exposures in adulthood (PND 70-85) (Hodges et al, 2015). 

The consequences of social instability stress on different aspects of behavioural and brain 

development have been investigated. For example, social instability stress leads to prolonged 

hyperactivity of the HPA axis as measured by corticosterone concentration during the stress 

exposures (McCormick et al., 2007). However, the alterations in the function of the HPA axis 

resulting from adolescent SS exposures are short-lived. For example, the adolescent SS rats do 

not differ from control rats in the release of corticosterone after two weeks of recovery in 

response to different stressors such as swim stress or confinement to the open arm of the plus 

maze in both female and male rats (McCormick et al., 2008; Mathews et al., 2008;  McCormick 

et al., 2005). Nonetheless, the adolescent SS procedure has long lasting effects on sensitivity to 

drugs of abuse in female rats (McCormick et al., 2004). Thus, any consequences of SS on 

behaviour are not attributable to altered HPA function.  
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Figure 3. Depiction of the Social Instability Stress procedure, adapted from Hodges et al., 

(2017) . 

 

 

 

D.2. The immediate and enduring effects of social instability stress on social behaviour 

The immediate and long-lasting effects of adolescent social instability stress on the 

development of social behaviours have been well-investigated in male Long Evans rats. For 

example, male rats that underwent SS exposures spent less time in social interaction with 

unfamiliar peers than did controls when they were tested soon after the procedure in adolescence 

(Hodges et al., 2017) or weeks after the procedure in adulthood (Green et al., 2013). Moreover, 

male rats that underwent SS displayed reduced social recognition compared with control rats. 

However, the social reward value of social interactions is not the basis for the decreased social 

interaction in male rats. SS and control male rats did not significantly differ in time spent in 
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social approach to an unfamiliar peer when it was behind wire mesh, and SS and CTL rats did 

not differ when tested in a social conditioned place preference paradigm (Green et al., 2013; 

Hodges et al., 2017). SS male rats performed more poorly than CTL male rats in a social 

recognition test (Hodges et al., 2017), which suggests that SS may impair social memory. 

Heightened anxiety does not seem to be the basis for the reduced social interaction in SS male 

rats, based on the lack of difference between SS and CTLs in the elevated plus maze test of 

anxiety (Hodges et al., 2018). In contrast, SS female rats demonstrated enhanced anxiety-like 

behaviour compared with control group as measured by the elevated plus maze test (McCormick, 

et al., 2008). Whether SS females show differences in social interaction, however, is not known. 

 In studies of male rats, SS in adolescence leads to other alterations in social behaviour, 

including heightened competition for access to rewarding substances (Cumming et al., 2014; 

Marcolin et al., 2018), and altered sexual behaviour (McCormick et al., 2013; McCormick et al., 

2016). The focus of this thesis, however, is the social interaction test after SS in female rats, and 

thus these other studies are mentioned only to support the hypothesis that stress in adolescence 

can alter adult social function.  

D.3.Brain regions implicated in social behaviour 

My thesis research focusses on five brain regions that are important in initiating and 

performing appropriate species-typical social behaviour in rats, and many of these regions also 

send inputs to hypothalamic regions involved in the stress response system (see Figure 4).  

(1) Medial prefrontal cortex (mPFC): mPFC is one the regions of the prefrontal cortex 

that is related to social play in rats. Rats with mPFC lesions demonstrated some deficits in 

coordinating sequences of movements and actions of social play in interaction with their peers 

(Bell et al., 2009). Moreover, it has been found that juvenile rats that were deprived from social 
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play differ in the neural structure of the mPFC from the rats that experienced social play (Bell, 

2008). In rats, the mPFC undergoes morphological changes from adolescence to adulthood. For 

example, the number of neurons in the mPFC decreased from PND 35 to PND 45 (mid-

adolescence) and further into adulthood in female and male rats (Willing & Juraska, 2015).  

Subregions of the mPFC include the cingulate gyrus, infralimbic cortex, and prelimbic 

cortex. The cingulate gyrus (CG1) is involved in social cognition and recognizing familiar versus 

unfamiliar partners (Apps et al., 2016). Infralimbic and prelimbic cortex have different effects on 

the HPA axis. The infralimbic cortex dampens the activation of the HPA axis, whereas the 

prelimbic cortex activates the HPA axis (Jones et al., 2011).    

(2) Piriform Cortex: Social behaviour in rats is highly dependent on olfactory cues. The 

piriform cortex is a region of odor perception, and it is implicated in perceiving and 

discriminating olfactory information. This region has wide projections to forebrain neural 

structures such as the olfactory bulb, lateral amygdala, and orbitofrontal cortex (Johnson et al., 

2000).  

(3) Lateral Septum: This region receives projections from the CA3 subregion of the 

hippocampus and projections from ventral tegmental area, and it is involved in the motivation for 

affiliative social bonding with partners (Luo, 2012 ; Sartor & Astonjones, 2012). The lateral 

septum has roles in different types of social behaviours and in exploring novel stimuli  (Connell 

& Hofmann, 2011). 

(4) Nucleus Accumbens: The nucleus accumbens (NAc) is a part of the reward system 

and a key region in social novelty seeking and social reward (Smith et al., 2017 ; Dölen et al., 

2013; Vanderschuren et al., 1997). Studies of the neural mechanisms of social play have 
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indicated critical roles for the NAc in regulating the motivation for social play (Manduca et al., 

2016 ; Trezza et al., 2012).  

(5) Hippocampus:  In rodents, this region undergoes notable alterations in adolescence 

and also there is a sex dimorphism in the development of the hippocampus. Some morphological 

changes of the hippocampus in the developing brain include enhanced volume of the 

hippocampus, increased cell proliferation, and increased neurogenesis in this area in adolescence 

compared with adulthood (Crews, 2007; McCormick et al., 2010). In male rats, the density of 

dendrite spines and the length of dendrites increase from early adolescence to adulthood 

(Gourley et al., 2012; Pokornk, 1981); nevertheless, dendrite spine density in the hippocampus of 

the female rats decreases from prepubertal to post-pubertal periods (Yildirim et al., 2008). The 

hippocampus plays important roles in the execution of social behaviours and, social experiences 

have the potential to alter the maturation of the hippocampus region. For instance, deprivation 

from social interaction in male rats leads to reduction in the volume of the hippocampus 

compared with the control group (rats that were placed in home cages with partners or single-

housed rats that had interacted with a conspecific every day) (Kalman & Keay, 2017). Although 

little neural activity of the hippocampus is reported during social interaction in rats (Heimendahl 

et al,. 2012), damage to the hippocampus is followed by a significant reduction in time spent in 

social interaction with a peer compared with control group (Kolb and Nonneman, 1974).  

In the third chapter, I investigated four subregions of the hippocampus in SS and CTL 

female rats in response to a stressor as adolescents and as adults. There is evidence of alterations 

in each of these brain regions from studies in male rats (Hodges et al., 2018). These results are 

discussed more in Chapter 3.   
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Figure 4. Rat brain regions involved in social behaviour depicted in a cartoon of a sagittal 

section of the rat brain. mPFC= medial prefrontal cortex; LS= lateral septum; NAc= 

nucleus accumbens. 

 

E. The goals of my thesis 

The effects of adolescent SS on brain and social behaviour have been investigated in 

male rats, but several questions about the effects of SS on female rats remained to be addressed. 

The overarching hypothesis of the thesis is that adolescent SS alters the development of social 

behaviour and its underlying neural mechanisms such that the consequences of the stress 

exposures are evident long after the stress exposure in females. I test this hypothesis in three 

main studies. 

 In chapter 2, based on my hypothesis, I predicted that SS female rats would show a long-

lasting decrease in social interaction relative to controls. I used male rats as a “positive control” 
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based on previous findings of reductions in social interaction soon after (Hodges et al., 2017) and  

long after (Green et al., 2013) exposures to SS in male rats. 

In chapter 3, I investigated the HPA axis response and brain regions involved in social 

behaviour in SS and control female rats in response to social interaction, soon after the procedure 

in adolescence and weeks after the procedure in adulthood. To investigate whether SS procedure 

is a general form of anxiety or whether it is just restricted to social stress, I conducted an 

elevated plus maze (EPM) test both in SS and CTL rats. After the EPM test, the vaginal smears 

from both groups were collected to determine the phase of estrous cycle. The day after, blood 

samples were collected in three time points to investigate the concentration of CORT in response 

to SI: baseline, immediately after social interaction, and after 1 hour recovery time (returning to 

the home cage with original home cage partner). After the last blood sampling, the vaginal 

smears were taken, and perfusion was done. To measure the neural activity of specific brain 

regions, the protein expression of neural activity marker, Zif268, was investigated in both 

groups. These brain areas are selected because of their involvement in initiating and performing 

social behaviours.   

   In chapter 4, I investigated the expression of some genes that are involved in social 

behaviour and stress response. The genes that were investigated include: oxytocin receptor 

(OTR), vasopressin 1a receptor  (V1aR), corticotropin releasing hormone receptor 1 (Crhr1), 

glucocorticoid receptor (NR3C1), and mineralocorticoid receptor(NR3C2), and the regions that 

are chosen to be investigated were the medial prefrontal cortex and hippocampus. The rationale 

for these genes and the brain regions are provided in the introduction of chapter 4. 
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Chapter 2: Adolescent social instability stress decreases social interaction soon after and 

long after the procedure in female rats. 

Introduction 

Experiencing appropriate species-specific social behaviour, such as social play with a 

same-sex partner, is essential for responding properly to social events in adulthood (Burke et al., 

2017). Indeed, learning proper social behaviours in adolescence is critical for the development of 

the future social repertoire in rats. Some studies have shown that rats reared in isolation during 

adolescence had an impaired social repertoire compared with non-isolated rats. For example, 

isolation in adolescence decreased physical contact with an unfamiliar partner in late-

adolescence (Hol et al.,1999) and had enduring effects into adulthood (Hol et al., 1999; Lukkes, 

et al., 2009). Some studies have demonstrated partial remediation of effects from social isolation 

after re-housing and providing environmental enrichment (Hellemans et al., 2004); however, 

other studies indicated that the deficits caused by isolation in adolescence have long-lasting 

effects into the adulthood when followed by social re-housing (e.g., Lukkes et al., 2009). it has 

been recently found that not only the absence of social relations but also the quality of social 

relations modifies the development of social behaviours; male rats that experienced social 

instability stress (SS) procedure in adolescence had impaired social behaviour soon after and 

several weeks after the stress exposures in adulthood. Specifically, SS male rats spent less time 

in social interaction with an unfamiliar conspecific soon after the stress exposures in adolescence 

than did CTL rats and also had deficits in social recognition in comparison to CTL group in 

adolescence (Hodges et al., 2017). Furthermore, time spent in social interaction with an 

unfamiliar peer was decreased in SS rats when they were tested weeks after the SS exposures in 

adulthood compared with control rats (Green & McCormick, 2013). Whereas male rats were 
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tested in these studies of social behaviour, the effects of SS in adolescence on female social 

behaviour are unknown.  

The main goal of this experiment was to replicate the findings of Hodges et al., (2017) 

and Green et al., (2013) in male rats and extend them to female rats. I predicted that social 

interaction will decrease in SS female rats soon after and long after the stress procedure in 

comparison with the CTL group as has been observed in male rats (Hodges et al., 2017; Green et 

al., 2013).  

Methods 

Animals 

Long-Evans rats (80 males and 80 females) were obtained from Charles River, Kingston, 

New York, on postnatal day (PND) 22 and housed in same-sex pairs in plastic cages 

(46m×24m×20m) and given a week to acclimate to the animal colony. Rats were maintained on 

12-hour light-dark cycle (lights on at 8 AM) with free access to water and food. The use of 

animals was approved by the Brock University Institutional Animal Care Committee (ACC) and 

was carried out in adherence to the Canadian Council on Animal Care guidance. 

Social instability stress (SS) procedure 

Rats were randomly assigned to the adolescent social instability (SS, n = 40) group or to 

the non-stressed control (CTL, n = 40) group (Figure 5). The SS procedure was conducted as 

reported previously (reviewed in McCormick, 2010; McCormick et al., 2015). On PND 30-45, 

SS rats were isolated in a 12 × 10 cm ventilated plastic container in a room separate from the 

colony for 1 hour daily in the light phase of the cycle. To minimize habituation to the procedure, 

the isolation process was conducted at different times of the light phase. Immediately after 
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isolation, SS rats were returned to a new cage with a new home cage partner that was also 

undergoing the same procedure. On PND 45, after the last isolation, SS rats returned to their 

original home cage partners and were left undisturbed except for regular cage maintenance. CTL 

rats remained without any manipulation except for cage maintenance.   

 

 

Figure 5. The experimental groups and timeline of experimental procedures. 

 

Social interaction test 

To evaluate the immediate and enduring effects of SS on the social interaction of the 

animals, the social interaction test was conducted in two separate groups of age (either PND 46 

or PND 70). The social interaction test is a 15 minute procedure conducted in a plastic arena (61 

× 30 ×53 cm3) (File & Seth, 2003). In this test, rats were paired with an unfamiliar conspecific of 
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the same age (PND 46 with PND 46, PND 70 with PND 70), sex (female with female, male with 

male), and treatment condition (CTL with CTL, SS with SS) and a video camera mounted on the 

ceiling above the test apparatus recorded the behaviours. The total time spent in social 

interaction for each rat was measured by an experimenter blind to the condition of the rats. The 

measured social interactions during the test include sniffing the face and body of the other rat, 

anogenital sniffing, pouncing, crawling, and allogrooming. As has been reported by the Green et 

al., (2013) study, anogenital investigation was sniffing the genital or anal regions of the other rat. 

Pouncing was defined as a quick jump on the other rat’s body. Crawling was defined as at least 

half of the rat’s body covering the other rat (excluding its tail). Allogroom was defined as 

grooming the neck and body of the other rat. All these behaviours were totaled into one duration 

score (social sniffing) other than the anogenital investigation because none of these behaviours 

other than anogenital sniffing was evident for more than a few seconds in the 15 minute period 

of the test. Social Interaction test sessions were conducted in dim red light and the apparatus was 

cleaned before each session with 70% ethanol. After the social interaction test, all rats were 

returned to their home cages with their home cage partners (see Figure 6 for experimental 

design).  

Statistical analysis 

Statistical analysis consisted of analysis of variance (ANOVA). The social interaction test 

involved the between-group factors of stress group (CTL, SS), sex (male, female), and time of 

test (PND 46, PND 70). Statistical analyses were performed using SPSS version 25 (IBM Corp, 

USA). An alpha level of p < 0.05 (two-tailed) was used to determine statistical significance. Post 

hoc analyses include F tests for simple effects, t-tests, and Fisher’s least significant differences 

(LSD), when appropriate.  
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Figure 6. The experimental design and timeline of the procedures. SS = social instability 

stress group; CTL = control group. 

 

 

Results 

Social interaction test 

Based on a Stress Group × Time of Test × Sex ANOVA, SS rats spent less time in social 

interaction with peers than did CTL rats (F1,152 = 9.75, p = 0.002), and females spent less time in 

social interaction than did males (F1,152 = 33.81, p < 0.001) (Figure 7). The main effect of Age 

and all interactions were non-significant (all p > 0.15). In the analysis of anogenital (AG) 

investigation, females spent more time in AG investigation than did males (F1,152 = 77.44, p < 

0.001), and the effect of Age (p = 0.008) was obviated by an interaction of Stress Group and Age 

(F1,152 = 4.43, p = 0.037) (other main effects and interactions p > 0.13). SS and CTL rats did not 

differ at either age in AG investigation (both p > 0.22). SS rats spent more time in AG 



28 
 

investigation at P70 than at P46 (p = 0.005), and CTL rats did not differ between P46 and P70 (p 

= 0.748) (Figure 8).  

 

 

       

Figure 7. Mean (± S.E.M.) time spent in social interaction in CTL (control) and SS groups 

in (a) male and (b) female rats. * effect of stress group (p < 0.05). 
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Figure 8. Mean (± S.E.M.) time spent in anogenital investigation in CTL (control) and SS 

(social instability stress) rats in (a) male and (b) female rats.  
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Summary of Results 

The main findings of the first experiment demonstrate that manipulating the quality of the social 

relationships in adolescence through social instability stress is followed by reduced social 

interaction with a new partner, in female and male rats, that is evident in adulthood several 

weeks after the end of the stress exposures. More interpretations of these key findings will be 

discussed in detail in the general discussion. In the next chapter, I investigate the basis for the 

reduced social interaction in SS female rats by measuring the protein expression of a neural 

activity marker (Zif268) in response to the social interaction test in brain regions involved in 

social behaviour and in HPA axis function.  
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Chapter 3: Effects of social instability stress on neuronal activity and neuroendocrine 

response to social interaction in female rats. 

Introduction 

Social learning in adolescence prepares individuals for proper responding to social 

contexts in the future. Adolescence is a period of substantial changes in social behaviour because 

of the ongoing development of the brain regions attributed to social behaviour, gonadal, and 

HPA axes (Blakemore, 2012). The heightened neuroplasticity of the CNS in adolescence may 

make it vulnerable to different types of stressors (Buwalda et al., 2011). One of the main stress 

response systems of the body is the HPA axis; when the axis is activated the secretion of 

corticosterone hormone from the adrenals increases, influencing the function of the CNS 

(McCormick & Mathews, 2007). Based on previous studies, social instability stress can modify 

anxiety-like behaviour in the elevated plus maze (EPM) test that is a well-validated behavioural 

anxiety test (McCormick et al., 2008). The results from this study demonstrated that female SS 

rats were less anxious relative to control rats when they were tested soon after the SS procedure 

on PND 45 and several weeks after the SS procedure. Moreover, there was a significant effect of 

the estrous cycle on anxiety behaviour, such that adult SS female rats in the estrus phase 

exhibited less anxiety than did controls (McCormick et al., 2008). The results from the second 

chapter indicate that social instability stress leads to reduced social interaction with an unfamiliar 

partner, in female rats, that persists until adulthood. One of the possible reasons for the declined 

social interaction may be related to social avoidance because of the higher level of social anxiety 

in female SS rats. Therefore, I conducted EPM test in female rats to investigate whether the 

reduction in social interaction may be because of high general anxiety, or whether it was specific 
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to social interaction. I predicted that the lower social interaction would not be associated with 

high anxiety in the EPM.  

 Furthermore, I examined the extent to which social instability stress can alter the HPA 

axis function in response to social interaction test (by measuring the concentration of 

corticosterone) to investigate the possibility that the SS female rats may find the social 

interaction test more stressful than do control rats. Previously, it was found that social instability 

stress did not lead to any changes in the release of corticosterone in female SS rats relative to 

controls, when they were confined to an elevated platform or after forced swimming, the release 

of corticosterone increased in both SS and CTL rats to the same extent (McCormick et al., 2008; 

Mathews et al., 2008).   

Finally, I investigated the pattern of the neural activity of brain regions involved in 

initiating and conducting social interactions and in responding to stressors. Previous research in 

male rats indicated that SS rats had reduced neural activation after social interaction with an 

unfamiliar peer in brain regions involved in social behaviour including the dorsal lateral septum, 

the CA2 subregion of the hippocampus, the medial amygdala and in stress-related brain regions 

including PVN and arcuate nuclei (ARC). Neural activity, however, was increased in the nucleus 

accumbens in SS rats than in control rats (Hodges et al., 2018). Each of these brain regions has 

different roles in social behaviour and stress response system (e.g., CA2 of the hippocampus, 

medial amygdala, and lateral septum are involved in social recognition, nucleus accumbens in 

social reward, and ARC in negative feedback system of the HPA axis). Differences in neural 

activity may point to brain regions that may have been compromised by the social instability 

stress procedure.  
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 In the experiment in male rats (Hodges et al., 2018), neural activity was measured by 

FOS-immunoreactive cell counts (the protein product of immediate early-gene c-fos), and the 

measurements were investigated only soon after the SS procedure in adolescence. In this 

experiment, the Zif268 protein marker was used to investigate the effects of SS on the activity of 

neural structures involved in social behaviour. Although FOS is used mostly in mapping 

investigations as a neural activity marker, Zif268 is also utilized as a marker because it is 

involved in synaptic plasticity. Zif268 is a protein product of the immediate-early gene zif 268 

(also known as egr-1) and it has a wide-spread distribution in the neural structures of the brain 

both in male and female rats. Zif268 is a transcription factor that can increase or decrease the 

transcription of some genes that are involved in synaptic activity. Zif268 has a rapid expression 

in response to acute stressors (Cole & Baraban, 1991; Cullinan et al., 1995), although the protein 

expression of zif268 is reduced after social instability stress exposures in the PVN and ARC 

structures in adolescent and adult male rats (Hodges & McCormick, 2015). The effects of 

adolescent SS exposures on the expression of zif268 in female rats have not yet investigated.    

In this experiment, I measured the protein expression of Zif268 in several regions, 

including the medial prefrontal cortex, dorsal lateral septum, nucleus accumbens, hippocampus, 

piriform cortex, and PVN (due to their involvement in social behaviour and stress response 

system), to investigate the activity of these regions in response to social interaction in female 

rats.  

In sum, in the third chapter, I proposed that social instability stress will modify the 

neuronal mechanisms underlying social behaviour as well as the neuroendocrine response to 

social interaction in female rats.   
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Methods 

Animals 

This experiment involved female Long-Evans rats obtained from Charles River, 

Kingston, New York, on PND 23 and given a week to acclimate to the animal colony. Rats were 

housed in pairs and kept under a 12 hour light-dark cycle (lights on at 09:00) with free access to 

food and water. All the experiments were approved by the Brock University Institutional Animal 

Care Committee (ACC) and were keeping with the Canadian on Animal Care guidelines. 

Social instability stress (SS) procedure 

Rats were randomly assigned to the adolescent social instability stress model (SS) group 

or to non-stressed control (CTL) group(Figure 9). The SS procedure was conducted as in chapter 

2. See Figure 10 for experimental design and procedures. 

 

Figure 9. The experimental groups and the number of rats used in each group. 
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Figure 10. Experimental design of the third chapter experiment in female rats. EPM: 

Elevated Plus Maze; IHC: Immunohistochemistry; SI: Social Interaction. 
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Elevated plus maze (EPM) test 

Rats were tested either on PND 46 (CTL, n = 12; SS, n=12) or on PND 70 as adults (CTL, n = 

12; SS, n = 12). The EPM apparatus is a 64 × 64 cm plus-shaped platform that comprises of two 

open arms (28 × 10 × 0.5 cm) across from each other and perpendicular to two closed arms (28 × 

10 × 30 cm) with a square central platform. The entire apparatus is 80 cm above the ground and 

is made of plastic and kept in a room separate from the colony under dim light illumination. 

Behaviours are recorded by an overhead camera during the test and scored by an experimenter 

blind to the Stress Group condition. Time spent in each arm and the number of entries into each 

arm were scored. Time in each arm was recorded when all four paws on the arm and an entry 

was recorded when the head and front two paws concurrently passed one of the boundaries. The 

EPM is an anxiety measurement that presents the drive to explore against the fear of unprotected 

open spaces (reviewed in Wall & Messier, 2001); therefore, more time spent exploring the open 

arms of the apparatus indicates of lower levels of anxiety in this measure (Hogg, 1996). All rats 

were tested once only from 12:00 p.m. to 15:30 p.m. to control for time of day effects on HPA 

responses to stress (Allen-Rowlands et al., 1980) as well as behavioural measures on the EPM 

(Bertoglio et al., 2002). Each rat was placed at the end of the closed arm of the test apparatus 

facing the center platform and was free to explore the maze undisturbed for 5 minutes. The EPM 

was cleaned with 70% ethanol between each session.  

Social interaction test 

Rats underwent a 15 minute social interaction test with an unfamiliar conspecific of the 

same experimental condition either on PND 47 (CTL, n =12; SS, n = 12) or on PND 71 as adults 

(CTL, n =12 ; SS, n = 12). The procedure and behavioural measurements were conducted as in 
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the second chapter. However, the test was conducted during the light phase of the cycle 

beginning at 10:00 am when corticosterone concentrations would be low at baseline. 

 Blood sampling 

Three blood samples at three different time points were obtained from each rat via tail 

nick. Blood samples were taken: (1) pre-social interaction, (2) immediately after the social 

interaction test, and (3) 60 min after returning to their home cages with original home cage 

partners (i.e., 60 min post-social interaction). Blood from the tail (approximately 40 µL) was 

placed onto a WhatmanTM blood stain card (approximately 1 cm × 2 cm; Sigma-Aldrich, 

Canada), left to dry an overnight at room temperature, and stored at -800C until further 

processing (blood collection and assays were performed in keeping with the methods of (Milot et 

al., 2012; Azogu, et al.,2018). 

Plasma corticosterone assay 

Corticosterone enzyme-linked immunosorbent assay kits (Enzo life sciences, 

Farmingdale, NY) were used to measure corticosterone concentrations from blood samples. First, 

a 3.0 mm disk was obtained from the card by using a gem punch and placed in 280 µL of assay 

buffer solution (1:10 dilution). Then, the tubes were covered with parafilm (VWR, Canada) and 

placed on a slow-moving rotating microplate shaker for 24 hours. On the second day, 214.5 µL 

of each sample was mixed with 5.5 µL of steroid displacement reagent. Next, the standards and 

samples were provided based on the manufacturer’s instruction for the kit, added to the wells of 

the provided 96-well plates, and the plates were incubated on a slow-moving rotating microplate 

shaker for 2 hours at room temperature. The content of the wells was removed, washed 3 times 

with 400 µL of wash buffer, and then the wash buffer was removed. Next, 200 µL of the pNpp 
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substrate solution was added to every well and incubated at room temperature for 1 hour without 

shaking. Finally, 50 µL of the stop solution was added to every well and the plate was read using 

a Biotek Synergy plate reader.    

Vaginal cells collection and processing 

To determine the stage of the estrous cycle, vaginal cytology samples were collected 

from SS and control groups in 2 consecutive days (SS, n = 12, CTL, n = 12) on postnatal days 46 

and 47 in adolescence and also in adulthood on postnatal days 70 and 71 (SS, n = 12, CTL, n = 

12). On postnatal days 46 and 70 The samples were collected after the EPM test during the light 

phase of the cycle and immediately rats were returned to their home cages with original home 

cage partners. On postnatal days 47 and 71, the vaginal samples were collected after the last 

blood collection during the light phase of the cycle and immediately the rats were euthanized for 

perfusion. The materials utilized for performing vaginal lavage consist of one pipette (10 µm), 

the pipette tips, normal saline, and a 12-position raised ring slide. A new tip was used for each 

animal to prevent between-animal sample contamination. The cells from the vaginal canal were 

collected with the pipette filled with 10 µm of normal saline. The tip of the pipette was inserted 

into the vaginal canal and the saline flushed into the vagina and repeated for two to three times 

until the solution became opaque. Then the solution was placed on the glass slide and spread 

evenly to make a thin layer. After the smears were dried at room temperature, to remove the 

formed crystals, the smears were stained with methylene blue. The staining process includes, 

first applying methylene blue stain for 1-30 seconds (as many as drops as needed to cover the 

smear), then 2-60 seconds in distilled water (enough to cover the smear on top of the methylene 

blue), and finally, the smears were washed with water and allowed to air-dry. To evaluate the 

smears, a Nikon Eclipse 80i microscope equipped with Nikon ACT-1 software and a digital 
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camera (Nikon DXM1200F) was used to identify the phase of the estrous cycle. The cells were 

analyzed usually with a 10% objective, however, in some cases, higher objectives were used. 

Each stage of the estrous cycle was determined by the cell types presented in the smear. 

Brain collection and Zif268 immunohistochemistry assay 

Immediately after the last blood sampling, rats were deeply anaesthetized by an over-

dose of sodium pentobarbital (150 mg/kg) and perfused transcardially with 0.9% saline followed 

by 4% paraformaldehyde mixed in 0.1 M phosphate-buffered saline (PBS; pH=7.4). Brains were 

removed from the skull and post-fixed in a 4% paraformaldehyde and 30% sucrose solution at 

40C until equilibrated (approximately 24-48 hours). Brains were sliced into 37 µm coronal 

sections using a cryostat, collected from approximate bregma 3.72 mm to approximately bregma  

-3.60 mm and were kept in cryoprotectant at -200C until the immunohistochemistry assay was 

performed.  

First, free-floating coronal sections were washed three times, five minutes per wash, in 

both 0.1 M PBS and PBS-X (0.1M PBS with 3% Triton X-100). Then sections were incubated at 

room temperature in a 0.3% H2O2 in 0.1 M PBS-X solution for 30 min. Subsequently, three, 5 

min washes were performed in PBS-X, and sections were incubated in a 10% normal goat serum 

(Vector laboratories) solution (Sigma-Aldrich, Inc., St. Louis, MO) in PBS-X for 60 minutes at 

room temperature. Next, Sections were incubated at 40C overnight in a 1:10,000 dilution of 

Zif268 rabbit mAb; 15F7; Cell Signaling Technology, Inc. in PBS-X. On the second day, after 3 

times washing in PBS-X solution, sections were incubated at room temperature in a 1:400 

dilution of biotinylated goat anti-rabbit IgG in PBS-X (the name) for 60 minutes. After another 

series of PBS-X washes, sections were incubated in an avidin-biotin horseradish peroxidase 

complex (ABC) reagent in PBS-X for 90 minutes at room temperature. Following 3 washes in 
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PBS-X, horseradish peroxidase was visualized with a solution containing 3,3´-diaminobenzidine 

(DAB) in a 3 M sodium acetate buffer with 0.05% H2O2 and 2.5% nickel (Vector Laboratories, 

Inc.) for 5 minutes. In the final step, after another series of PBS-X washes, sections were washed 

in distilled water twice and the assay was completed. Sections were mounted onto Superfrost 

Plus slides (Fisher Scientific, Inc.), dried and dehydrated in increasing increments of ethanol 

concentrations (70%, 95%, 100%), placed in xylene and then coverslipped using permount 

mounting medium (Fisher Scientific, Inc.). 

Microscopy and cell counting 

Immunostained sections were analyzed using a Nikon Eclipse 80i microscope equipped 

with Nikon ACT-1 software and a digital camera (Nikon DXM1200F). Zif268 immunoreactive 

cells were counted at a 40x objective (magnification of 400x) in a 250 μm2 area of both 

hemispheres of each brain region in 2-5 sections for each brain region and then averaged. Brain 

regions of interest were identified according to the atlas coordinates of Paxinos and Watson 

(2005); Cells were counted for the medial prefrontal cortex (mPFC) within bregma 3.72 mm and 

2.76 mm, dorsal lateral septum (dLS) within bregma 1.44 mm and 0.36 mm, nucleus accumbens 

within bregma 1.92 mm and 0.84 mm, PVN within bregma -1.44 mm and -2.04 mm, and 

hippocampus within bregma -2.28 mm and -3.48 mm. The medial prefrontal cortex was further 

divided into the cingulate gyrus (CG1), infralimbic cortex (IL), and prelimbic cortex (PL). The 

hippocampus was divided into the pyramidal layer of the hippocampus (CA1, CA2, CA3, and 

the dentate gyrus). Researchers blind to the experimental condition of each rat performed 

immunoreactive cell counts (see Figures 11 and 12).  
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a)Medial prefrontal cortex 

 

b)Dorsal lateral septum (dLS); c) Nucleus accumbens (NAc) 

Figure 11. Atlas images of the brain regions for immunoreactive cell counts and Zif268 

immunoreactivity in the a) mPFC subregions: Cingulate gyrus (CG1), Prelimbic cortex 

(PL), and Infralimbic (IL); b) dorsal lateral septum (dLS); c) Nucleus accumbens (NAc). 

Images in the boxes are 400X magnification of stained brain sections and PVN, piriform 

cortex, and hippocampus were counterstained with neutral red, the dark stained cells are 

the Zif268-ir cells 
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a) Paraventricular nucleus; b) Piriform cortex 

 

c) Hippocampus 

 

Figure 12. Atlas images of the brain regions for immunoreactive cell counts and Zif268 

immunoreactivity in the a) Praventricular nucleus (PVN); b) Piriform cortex; c) 

Hippocampus subregions : CA1, CA2, CA3, dentate gyrus (DG). Images in the boxes are 

400X magnification of stained brain sections and PVN, piriform cortex, and hippocampus 

were counterstained with neutral red, the dark stained cells are the Zif268-ir cells. 
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Statistical analysis 

Statistical analysis consisted of analysis of variance (ANOVA). The EPM and social 

interaction test and the Zif268 immunoreactive cell counts involved the between-group factors of 

stress group (CTL, SS) and time of test (PND 47, PND 71). The corticosterone concentration 

data analysis included the repeated measure factor of time point with the between-group factors 

of stress group (CTL, SS) and time of test (PND 47, PND 71), and within the group factors of 

Time-Post Treatment (baseline, 0 min, 60 min). Analyses were performed using SPSS version 25 

(IBM Corp, USA). An alpha level of p < 0.05 (two-tailed) was used to determine statistical 

significance. Post hoc analyses include F tests for simple effects, t-tests, and Fisher’s least 

significant difference (LSD), when appropriate. 

 

Results 

Estrous Cycle results  

The sample size was too small to include the estrous cycle phase as a variable in 

analyses. The Stress Groups, however, did not differ markedly in their distribution of rats in each 

phase (see Table 1). 
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Table 1. The number of SS and CTL rats in each phase of the estrous cycle in adolescence 

and adulthood, a) after the EPM test on PND 46 and PND 70; b) before perfusion 

procedure on PND 47 and PND 71. 

 

 

 

 

a) 

b) 
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EPM Test 

For time spent in the open arms, SS and CTL rats did not differ (F1,44 = 0.79, p = 0.38) 

and P70 rats spent more time in the open arms than did P46 rats (F1,44 = 19.81, p < 0.001). The 

interaction of Stress Group and Age was not significant (p = 0.293) (Figure 13, a).  For number 

of entries into the open arms, SS and CTL rats did not differ (p = 0.835), and P70 rats made more 

entries into the open arms than did P46 rats (F1,44 = 21.94, p < 0.001) (interaction p = 0.95) 

(Figure 13, b). Entries into the closed arms was used as the measure of locomotor activity, and 

adults made more entries than did adolescents (p = 0.002, effect of Stress Group and interaction 

both p > 0.43) (Figure 13, c and d). 
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    Figure 13. Mean (±S.E.M) time spent in open arms (a), the frequency of entries to 

the open arms (b), time spent in the closed arms (c); @ Age difference between P46 and 

P70 ( p < 0.001) , the frequency of entries to the closed arms (d) in the elevated plus maze 

(EPM) test for female rats tested either in adolescence after social instability stress 

procedure (PND 46) or several weeks after the SS procedure, as adults (PND 70). 
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Social interaction test 

There was no effect of Stress Group (F1,44 = 0.51, p = 0.48), of Age (p = 0.54), or 

interaction (p = 0.64) on time spent in social interaction (see Figure 14). P70 rats spent more 

time in AG investigation than did P46 rats (F1,44 = 21.34, p < 0.001, effect of Stress Group and 

interaction both p > 0.32). 

 

 

Figure 14. Mean (±S.E.M.) time spent in social interaction with an unfamiliar partner soon 

after the SS procedure (PND 46) as adolescents and long-after the SS procedure (PND70) 

as adults.   
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Plasma corticosterone 

Corticosterone concentration did not differ among groups before the social interaction 

test (all p > 0.10). Immediately after social interaction the interaction of Stress Group and Age 

was significant (F1,42 = 0.11.36, p = 0.002).  SS rats had higher plasma corticosterone 

concentrations than did CTL rats at P46 (p = 0.006) and did not differ at P70 (p = 0.16). CTL 

groups did not differ at each age (p = 0.67), and SS rats had lower corticosterone concentrations 

at P71 than at P47 (p = 0.001). Corticosterone concentration did not differ among groups 60 

minutes after the social interaction test (all p > 0.17; see Figure 15). 

 

Figure 15. Mean (±S.E.M.) plasma corticosterone concentrations in female rats 

tested either in adolescence (PND 46), or several weeks after the SS (PND 70) in SS and 

CTL rats in three time points (Pre-SI: baseline; 0 Minute After SI; 60 minutes after SI).     

* Effect of stress group in SS P46 rats at 0 MIN after SI (p = 0.002). 

 



49 
 

Zif-268 immunoreactive cell counts 

 The number of zif268 immunoreactive cell counts was too low in the hippocampus, the 

nucleus accumbens, and the paraventricular nucleus for analysis (all group means below 10 and/or 

more than 50% with no immunoreactive cell counts in the regions; see Table 2). In the CG1 region 

of the medial PFC (mPFC), SS rats had lower cell counts than did CTL rats (F1,37 = 22.72, p < 

0.001) and P70 rats had lower cell counts than did P46 rats (F1,37 = 25.88, p < 0.001). The 

interaction of Stress and Age was not significant (p = 0.073; see Figure 16a). In the prelimbic PFC, 

no main effect or interaction was significant (all p > 0.06; see Figure 16b). For the infralimbic 

PFC, adolescent rats had lower cell counts than did adult rats (F1,38 = 8.63, p = 0.006), and the 

effect of Stress Group (p = 0.106) and interaction (p = 0.84) were not significant (see Figure 16c). 

For the dorsal lateral septum and the piriform cortex, no main effect or interaction was significant 

(all p > 0.06; see Figure 17).  

A MANOVA was conducted to allow zif268-immunoreactive cell counts in all regions to 

be included in one analysis. Such an analysis reduced sample size because of missing cell counts 

for some brain regions across the four groups of rats. Nevertheless, the MANOVA resulted in the 

same pattern of effects. The factor of Stress Group (Pillai’s Trace, F5, 21 = 4.20, p < 0.001; CTL > 

SS) and of Age (Pillai’s Trace, F5, 21 = 5.15, p = 0.003; P70 > P46) were significant, and the 

interaction (p = 0.546) was not. The between-subject effects were significant for CG1 for SS versus 

CTL rats, and for CG1 and for the infralimbic cortex for P46 versus P70 rats. 
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Figure 16. Mean (S.E.M.) Zif268 immunoreactive (Zif268-ir) cell counts in the subregions 

of medial prefrontal cortex (mPFC): a)cingulate gyrus: * effect of stress group (p < 0.001) , 

b)prelimbic cortex, c)infralimbic cortex: @ Age difference between PND 46 and PND 70 (p 

< 0.001), in SS and CTL female rats tested either soon after end of SS procedure as 

adolescents (PND 46) or as adults (PND 70).  
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Figure 17. Mean (±S.E.M.) Zif268 immunoreactive (Zif268-ir) cell counts in the dorsal 

lateral septum (a), and (b) piriform cortex in SS and CTL female rats tested either soon 

after end of SS procedure as adolescents (PND 46) or as adults (PND 70).  
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Table2. Number of animals were analyzed for ZIF268 immunoreactivity of the brain 

regions. 

 

Summary of Results 

The findings of the third chapter were that SS procedure in female rats altered the neural activity 

of specific brain regions as well as the release of corticosterone in response to social interaction 

with an unfamiliar partner compared with CTL rats soon after the termination of SS procedure in 

adolescence. The interpretations of these results will be addressed in detail in the general 

discussion (chapter 5).  
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Chapter 4. The effects of social instability stress on the expression of genes involved in the 

development of social behaviour in female rats. 

Introduction 

Adolescence is a period of heightened brain neuroplasticity and manipulation of the 

quality and quantity of social relations in this period leads to alterations in mRNA expression of 

proteins in various brain regions that are relevant to social behaviour (Gudsnuk & Champagne, 

2012). Few studies, however, have investigated such effects in females. The results of my 

previous chapters indicate that social instability stress (SS) influenced social behaviour, HPA 

axis activity, and neural activity of structures involved in the development of social behaviour in 

female rats. In this last experiment, I investigated whether the SS procedure in female rats will 

lead to changes in mRNA expression of some genes that are involved in the development of 

social behaviour and stress system in the medial prefrontal cortex (mPFC) and hippocampus 

regions. 

The neuropeptides oxytocin (OT) and vasopressin (AVP) and their receptors oxytocin 

receptor (OTR) and arginine vasopressin receptors (VRs), respectively, are involved in various 

aspects of social behaviours such as social interaction, social reward system, and social 

recognition memory in a sex-specific manner in rodents (Bredewold et al., 2014; Dumais et al., 

2016; Dölen et al., 2013; Dumais et al., 2016; Caldwell, 2017). For example, OT and AVP 

systems are implicated as important modulators in social play behaviour in adolescent rats 

(Veenema et al., 2013; Bredewold et al., 2014). The social preference for an unfamiliar peer 

versus a familiar partner was eliminated in response to intracerebroventricular injection of an 

OTR antagonist in adult male rats (Lukas et al.,2013) and administration of an AVP antagonist to 

the lateral septum decreased the social investigation of an unfamiliar conspecific in adolescent 
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female rats (Veenema et al, 2012). In addition, brain oxytocin is involved in anxiety-like 

behaviour in both female and male rats (Neumann et al., 2000; Waldherr & Neumann, 2007). It 

has been reported that the administration of OT decreased the concentration of corticosterone, 

whereas the OTR antagonist has an increasing role in the release of corticosterone in adult 

female and male rats (Neumann et al., 2000). Moreover, SS male rats had higher OTR binding 

density as determined by autoradiography in the nucleus accumbens shell and dorsal lateral 

septum (dLS) (Hodges et al., 2017) and paraventricular nucleus (PVN) (Hodges et al., 2019) 

relative to CTL rats in adolescence; however, there were no effects of SS on the V1aR (subtype 

of vasopressin 1 receptor) binding density in adolescent male rats (Hodges et al., 2017).  

In this experiment, I investigated whether SS exposures lead to alterations in OTR and 

V1aR gene expression in female rats using RT-qPCR. There is a sex difference in the distribution 

of the OTR and V1aR with higher density in males than in females in some sites of the forebrain 

regions in rats (Dumais et al., 2013; Dumais & Veenema, 2016) and also the density of OTR 

binding and V1aR binding fluctuates from the adolescence period to adulthood in rats (Lukas et 

al., 2010; Smith, et al., 2017). Thus, in this chapter, I aimed to investigate the effects of SS 

procedure on the gene expression of OTR and V1aR in female rats soon after and long after the 

termination of the procedure.    

Further, I aimed to investigate the mRNA expression of corticotrophin receptor 1 (crhr1) 

because of its involvement in anxiety-like behaviour. Crhr1 is one of the receptors for CRH that 

is encoded by the crhr1 gene. The crhr1 has anxiogenic effects, although less is known about the 

function of crhr2, another CRH receptor (Keck, et al., 2005; Müller et al., 2003; Smith, et al., 

1998). Based on previous evidence, the administration of CRHR1 antagonist and knockout of the 

crhr1 gene reduced the level of anxiety-like behaviour in mice (Contarino et al., 1999; Müller et 
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al., 2003; Timpl et al., 1998; Cipriano et al., 2016). I also investigated gene expression of GR 

(encoded by the NR3C1 gene) and MR (encoded by the NR3C2 gene) (two main receptors for 

glucocorticoids) in SS and CTL female rats. GR and MR are involved in the negative feedback 

system of the HPA axis as well as anxiety-related behaviours, and chronic stress in adults 

reduced GR expression in the hippocampus and medial prefrontal cortex (Gray et al., 2014; 

McEwen et al., 2016). Thus, I investigated whether SS in adolescent females alters the 

expression of these receptors and whether any difference would be found weeks later in 

adulthood.  

The mRNA expression of the above genes was assessed in two brain regions, medial 

prefrontal cortex (mPFC) and dorsal hippocampus. These are two key brain regions in mediating 

anxiety-like behaviour as well as social behaviours. These brain regions are involved in the HPA 

axis stress response. Further, the magnitude and duration of the stress response are regulated by 

the neurons of these neural structures because of the abundance of corticosteroid receptors 

(Vazquez et al., 1996). Furthermore, both brain regions continue to develop into adulthood and 

may be more susceptible to stressors (Martin & Berthoz, 2002). I found differences in Zif268 

immunoreactive cell counts in the mPFC in SS rats in CTL rats after social interaction, which 

also was the basis for investigating this region.  
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Methods 

Animals  

This experiment involved female Long-Evans rats (n= 24) obtained from Charles River, 

Kingston, New York, on PND 23 and given a week to acclimate to the animal colony (Figure 

18).Rats were housed in pairs and kept under a 12 hours light-dark cycle (lights on at 09:00) with 

free access to food and water. All the experiments were approved by the Brock University 

Institutional Animal Care Committee (ACC) and were keeping with the Canadian on Animal 

Care guidelines. 

 

 

Figure 18. The experimental groups and the number of rats used in each group.  
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Brain collection and RT-qPCR 

Brains were collected from rats after either 24 hours after the last day of the SS procedure 

on PND 46, or several weeks in adulthood on PND 70. Brains were sliced in 1 mm sections thick 

using an ice-chilled brain mould, and after placing them on slides, they were quickly frozen on 

dry ice. Finally, brains were stored at -80 °C until further processing. A total of twelve 1 mm 

inner diameter punches from the mPFC and dorsal hippocampus (1-2 punches per region and per 

hemisphere in 1 mm thick slices which is approximately 20 mg of tissue per sample) were 

collected on dry ice and by utilizing a Fatty tissue RNA purification Kit (Norgen,36200), and 

total RNA was extracted as per kit instructions. The concentration and quality of the extracted 

RNA was analyzed and assessed using a Nanodrop spectrophotometer and samples (500 ng of 

total RNA) were reverse transcribed using iScript cDNA Synthesis Kit (Bio-Rad 

laboratories,1708891). Primers for the genes involved in social behaviour and anxiety-like 

behaviour were designed by Primer-BLAST to measure the mRNA expression of the genes (see 

Table 3). Samples were run in triplicate using CFX Connect Real-Time System and SYBR green 

(Bio-Rad laboratories) in a 96 well format and samples were counterbalanced within and across 

plates. Gene expression was normalized to Cyclophilin A (CypA) and GAPDH (Gapdh)and 

ubiquitin c (Ubc), performing the RQ method -2−∆∆𝐶𝑡 (Livak and Schmittgen, 2001). The  results 

demonstrated good average target stability and displayed no effect of stress, time of test, or 

interaction. Efficiencies were between 90 and 110% and no template control (NTC) and no 

reverse transcriptase (NRT) controls indicated that there was no issue with primers and with 

genomic DNA contamination, respectively. The mRNA levels were expressed as a fold change 

relative to the PND70 CTL group(see Figure 19 for experimental design and procedures).   
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Statistical analyses 

Statistical analysis consisted of analysis of variance (ANOVA), with the between group subjects 

of stress group (CTL, SS) and age (PND46, PND70). Analyses were performed using GraphPad Prism 8. 

An alpha level of p < 0.05 (two-tailed) was used to determine statistical significance. Post hoc analyses 

include F tests for simple effects, t-tests, and Fisher’s least significant difference (LSD), when 

appropriate.  

 

Figure 19. Experimental design and procedures of chapter 4. 
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Table 3. Sequences of primers used in RT-qPCR reactions. 

 

Results 

Oxytocin receptor (OTR) mRNA expression 

In the mPFC region, for OTR expression, the interaction was significant (F1,20 = 4, p = 

0.04), however, no comparison between groups was significant (all p > 0.05). In the 

hippocampus region, for OTR expression, the interaction was significant (F1,20 = 4.79, p = 0.04), 

whereby P70 CTL rats had higher expression than did P70 SS rats (p = 0.021) and P46 CTL rats 

(p = 0.0027) (other comparisons p > 0.55) (Figure 20). 
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Figure 20. Mean (±S.E.M.) mRNA expression of oxytocin receptor (OTR) in medial 

prefrontal cortex (mPFC) and hippocampus in SS and CTL rats soon after the SS 

procedure on PND 46 and long after the SS procedure on PND 70. Data are expressed as 

fold change relative to CTL P70 rats. An asterisk denotes a significant main effect of stress  

(p= 0.0027) and an @ denotes significant difference between ages (p= 0.021). 

 

Vasopressin 1 a receptor (V1aR) mRNA expression 

In the mPFC region, for V1aR expression, no main effect or interaction was significant 

(all p > 0.10). In the hippocampus, for V1aR expression, no main effect or interaction was 

significant (all p > 0.19) (Figure 21).  

OTR mRNA - mPFC OTR mRNA-Hippocampus 
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Figure 21. Mean (±S.E.M.) mRNA expression of V1aR in medial prefrontal cortex (mPFC) 

and hippocampus in SS and CTL soon after the SS procedure on PND 46 and long after the 

SS procedure on PND 70. Data are expressed as fold change relative to CTL P70 rats. 

 

 

Crhr1 mRNA expression 

In the mPFC, crhr1 mRNA expression, no main effect or interaction was significant (all p 

> 0.06). For crhr1 mRNA expression in hippocampus, P70 rats had lower gene expression than 

did P46 rats (F1,20 = 14.34, p = 0.0012), and the effect of Stress Group (p = 0.063) and the 

interaction (p = 0.62) were not significant (Figure 22). 

 

V1aR mRNA - mPFC V1aR mRNA-Hippocampus 
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Figure 22. Mean (±S.E.M.) mRNA expression of crhr1 in mPFC and hippocampus in SS 

and CTL rats on PND 46 and on PND 70. Data are expressed as fold change relative to 

CTL P70 rats. An @ denotes significant difference between ages (p= 0.0012). 

  

NR3C1 mRNA expression 

In the mPFC, there was a significant interaction of Stress Group and Age for NR3C1 

expression (F1,20 = 18.43, p = 0.0004), whereby P70 SS rats had lower expression than did P70 

CTL rats (p = 0.003) and P46 SS rats (p < 0.0001), and P46 SS rats had higher expression than 

did P46 CTL rats (p = 0.014). P46 and P70 CTL rats did not differ (p = 0.35). There was a 

significant interaction of Stress Group and Age for NR3C1 expression in the hippocampus (F1,20 

= 8.46, p = 0.0087), whereby P70 SS rats had lower expression than did P70 CTL rats (p = 

0.044) and P46 SS rats (p = 0.02) (both other comparisons p > 0.06) (Figure 23).  

Crhr1 mRNA-Hippocampus Crhr1 mRNA - mPFC 
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Figure 23. Mean (±S.E.M.) mRNA expression of NR3C1 in mPFC and hippocampus in SS 

and CTL rats on PND 46 and on PND 70. Data are expressed as fold change relative to 

CTL P70 rats. An asterisk denotes a significant main effect of stress and an @ denotes 

significant difference between ages. 

  

NR3C2 mRNA expression 

In mPFC, For NR3C2 expression, no main effect or interaction was significant (all p > 

0.05).  For NR3C2 expression in hippocampus, the interaction of Stress Group and Age was 

significant (F1,20 = 8.46, p = 0.0087), whereby P46 CTL rats had lower expression than did P46 

SS rats (p = 0.002) and P70 CTL rats (p = 0.001) (both other comparisons p > 0.84) (Figure 24).  

 

NR3C1 mRNA - mPFC NR3C1 mRNA-Hippocampus 
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Figure 24. mRNA expression of NR3C2 in mPFC and hippocampus in SS and CTL rats on 

PND 46 and on PND 70. Data are expressed as fold change relative to CTL P70 rats. An 

asterisk denotes a significant main effect of stress and an @ denotes significant difference 

between ages. 

  

Summary of the Results 

This experiment indicated that there are differences in expression of genes between SS 

and CTL female rats that were age specific and dependent on the brain region (mPFC or dorsal 

hippocampus). These findings will be discussed in the general discussion.  

 

 

NR3C2 mRNA-Hippocampus NR3C2 mRNA- mPFC 
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Chapter 5. General discussion and conclusions 

The thesis research supported the overarching hypothesis that social instability stress (SS) 

in adolescence alters the development of brain regions involved in social behaviour. The 

evidence provided to support this hypothesis is as follows: In chapter 2, adolescent SS decreased 

the time spent in social interaction relative to control (CTL) rats irrespective of whether tests 

were conducted within days of, or weeks after, the termination of the stress procedure. In the 

third chapter, although I did not replicate the decrease in social interaction in a smaller sample of 

females, SS female rats had different patterns of neural activity in brain regions involved in 

social behaviour and higher corticosterone release after social interaction in comparison to non-

stressed females when tested on post-natal day (PND) 47, the day after the end of the stress 

procedure. These differences, however, were not evident weeks later in adulthood at PND 71. In 

Chapter 4, SS and CTL rats differed in the expression of genes relevant to social behaviour and 

stress response system. Some of these differences were evident irrespective of the age of testing, 

whereas others emerged in adulthood at PND 70. In sum, the findings of my thesis highlight that 

SS procedure alters the ongoing developmental trajectory of the brain regions involved in social 

behaviour in female rats, although some recovery is possible. The results and limitations of the 

findings are discussed in the next sections. 
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The effects of adolescent social instability stress on social behaviour in rats. 

The social interaction (SI) test is a well-validated test that is a measurement used to 

investigate social anxiety in rodents (File & Seth, 2003). Anxiety refers to an avoidance 

behaviour that involves fear of potential harm. In chapter 2, there was a main effect of SS on 

social interaction such that SS rats spent less time in SI than did CTL rats irrespective of whether 

tested soon after or weeks after the SS procedure. These results replicated the previous reports of 

decreased social interactions in male SS rats tested in adolescence soon after the procedure  

(Hodges et al., 2017) or in adulthood, several weeks after the procedure (Green et al., 2013), and 

the thesis results extend these findings to female rats. There are a few studies that have 

investigated the effects of social stress in female rodents, but these studies have involved 

different procedures than the SS procedure used in the thesis or a different species. For example, 

it was found that in response to isolation housing (24 hours) followed by crowding housing (24 

hours) phases for 15 consecutive days, stressed young adult female rats spent less time in social 

interaction with an unfamiliar peer than did control rats (Haller et al., 2004; Baranyi et al., 2005). 

Moreover, investigations in female mice indicated that chronic social stress in adolescence 

reduced physical contacts with peers long after the termination of the stress procedure, which 

involved 7 weeks of rotation and housing with new partners (4 mice in each cage) followed by 7 

days of isolation housing (Saavedra-rodríguez & Feig, 2013). The findings of this thesis in the 

second chapter are in accordance with these results, although different procedures of social stress 

were conducted in adolescent rats.  

The are several possible bases for the reduced SI in stressed rats. First, SS female rats 

may engage in less social interaction because they are more socially anxious. The second 

possibility is that the SS procedure altered the brain regions involved in behavioural sequencing, 
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which refers to the appropriate behavioural responses of one rat to the behaviour of its partner 

(Maaswinkel et al., 1997). The brain regions involved in behavioural sequencing include the 

hippocampus and medial prefrontal cortex, which undergo an ongoing brain maturation in 

adolescence (Maaswinkel et al., 1997; Himmler et al., 2014; Crews et al., 2007). There is 

evidence that the adolescent SS procedure impacts the development of the hippocampus in 

female rats (McCormick et al., 2010) as well as in male rats (McCormick et al., 2012). In female 

rats, the number of proliferating cells was decreased in SS rats compared with controls when 

investigated at PND 49 (McCormick et al., 2010). Further, my results from chapters 3 and 4 

indicated that there were effects of SS procedure on the neural activity in mPFC in response to 

social interaction test as well as on gene expression of NR3C1 relative to CTLs in female rats. 

Thus, it is possible that the deficit in social interaction in SS rats involves the hippocampus and 

PFC. 

A third possibility (which is not mutually exclusive of the other possibilities) is that SS 

impeded appropriate social learning, which led to decreased social interactions. A study of social 

deprivation (isolation housing) in adolescence suggested that the lack of coordination in 

movements in socially deprived rats when interacting with another rat was the consequence of 

impoverished social learning (Pellis & Iwaniuk, 1999). It may be that variation in social learning 

in adolescence, such as that produced by the SS procedure, changes the quality and quantity of 

social interaction of a rat. Thus, a reduction in social interaction can be attributed to several 

different factors. The basis for the reduced social interaction in this study is not known yet. It is 

likely however that the reduction in social interaction does not involve reduced social motivation 

or reduced reward value of social interaction, based on previous studies in male rats. For 

example, the adolescent SS male rats spent more time investigating an unfamiliar conspecific 
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confined behind mesh (social approach test) than did adolescent control rats (Hodges et al., 2017; 

Hodges et al., 2019) and SS male rats did not demonstrate any difference from CTL rats long 

after the end of the procedure in social approach test (Green et al., 2013). Hence, the SS 

procedure does not lead to social avoidance behaviour and the reduction is limited to when it 

involves physical interaction between unfamiliar partners in adolescent and adult male rats.   

My results in chapter 2 also replicate the results in other studies of sex differences in 

social investigation behaviour (reviewed by Auger & Olesen, 2009), with males spending more 

time in social interaction than did females irrespective of stress condition and age. Further, I 

measured time spent in anogenital investigation separately from the total body sniffing, because 

the anogenital investigation is conducted by rodents to socially recognize each other and for 

communication using the olfactory pheromones as social cues (Keverne, 2002). There was no 

effect of the SS procedure on time spent in anogenital investigation soon after the procedure in 

adolescence and several weeks after in adulthood in both male and female rats. In accordance 

with my results, no difference was found between SS and CTL male rats observed in adolescence 

(Hodges et al., 2018), although in a more recent study with SS rats spent more time in anogenital 

investigation than did control rats on PND 46 (Hodges et al., 2019). The difference in the results 

may be because of the low amount of time male rats spent in AG investigation (less than 10 

seconds), which might lead to unreliable results.  

My results also revealed a sex difference in the anogenital investigation, with female rats 

spending more time in anogenital investigation than did males irrespective of stress condition 

and age. Consistent with this result, Cox and colleagues found that juvenile female mice engage 

in anogenital sniffing more than do males (Cox & Rissman, 2011). A further novel finding from 

my thesis research is that adult SS rats engage more than adolescent SS rats in anogenital 
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investigation both in male and female rats; however, CTL rats did not differ on the basis of ages. 

Hence, the adolescent social instability stress procedure alters the quality and quantity of social 

interaction in male and female rats in a sex-specific manner and these changes are evident soon 

after and long after the termination of the procedure.  

In chapter 3, I tested female rats in elevated plus maze (EPM) test to investigate whether 

social instability stress (SS) is a generalized form of anxiety. The main findings of my thesis 

indicate that SS female rats do not differ from controls in demonstrating anxiety-like behaviour 

as measured by time spent in open arms in the EPM test neither in adolescence nor in adulthood. 

In contrast with these results, it has been previously found that the SS female rats spent more 

time in open arms (less level of anxiety-like behaviour) than did CTL rats when they were tested 

soon after the SS procedure as adolescents, whereas in adults, the difference between SS and 

CTL rats depended on phase of the estrous cycle (McCormick et al., 2008). The effects of 

estrous cycle phases in both SS and CTL rats were not investigated systematically in the thesis 

research because of the sample size and because most of the adult rats were in estrus phase 

(lower level of gonadal hormones) than in proestrus phase (higher level of gonadal hormones) 

(see table1). Nevertheless, the results indicate that CTL and SS rats do not differ in anxiety-like 

behaviour in the EPM.  

 Furthermore, adult female rats (PND 70) spent more time in the open arms than did 

adolescent female rats (PND 46), which is consistent with some previous reports in female rats 

(McCormick et al., 2008; Estanislau & Morato, 2006). Procedural differences such as lighting 

conditions, housing conditions, and previous test exposures may underlie the variability in the 

results. 
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The immediate and enduring effects of adolescent social instability stress on HPA axis in 

female rats. 

In the third chapter, I provided novel information regarding the effects of adolescent social 

instability stress on the release of corticosterone after exposure to a heterotypic stressor (15 min 

interaction with an unfamiliar partner) in female rats. When tested at PND 46, female SS rats had 

higher plasma corticosterone concentrations immediately after the social interaction test 

compared with CTL females. In a recent study in male rats, it was found SS rats had lower 

plasma corticosterone concentrations immediately after the social interaction test compared with 

CTL males (Hodges et al., 2019). Previous studies have found that the effects of social instability 

stress on the function of the HPA axis in response to different types of stressors are sex-specific. 

For example, it was found that adolescent SS female rats did not habituate (i.e., decrease 

corticosterone concentrations) to the repeated isolation component of the SS procedure, whereas  

SS male rats did (McCormick et al., 2007). In contrast, the expression of CRH mRNA was 

increased in the PVN region in both sexes after SS in adolescence (Mccormick et al., 2007). 

Thus, the social instability stress can modify some components of the neuroendocrine system in 

adolescence in a sex-specific manner.  

In other studies in female rats, the corticosterone response to stressors such as forced 

swim or to confinement on an elevated platform did not differ between SS and CTL female rats 

(McCormick et al., 2007; Mathews et al., 2008). Thus, the higher corticosterone release of SS 

females relative to CTL females at PND 47 may be specific to the stress of social interaction. 

Therefore, the greater concentration of corticosterone in adolescent SS rats suggests that the rats 

may be socially anxious, and it can also be one of the basis for reduced social interaction in SS 

female rats. However, differences in corticosterone release after social interaction between SS 
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and CTL females were not found when tested at PND 71. In sum, the findings of my thesis 

demonstrate that SS can alter the function of the HPA axis of female rats to a social stressor in 

adolescence, although the effects dissipate in adulthood. 

The immediate and enduring effects of social instability stress on neural activity of the 

brain regions involved in social behaviour in female rats. 

Although the reduced social interaction in SS female rats relative to CTL rats reported in 

the second chapter was not replicated in the third chapter, SS female rats exhibited a different 

pattern of the neuronal activation from control rats in medial PFC (mPFC), dorsal lateral septum, 

and piriform cortex in adolescence. At PND 46, SS female rats had lower Zif268-ir cell counts in 

cingulate gyrus (CG1) of mPFC than did control rats, although this decrease was not significant 

in adulthood. The subregion CG1 is involved in social cognition (Apps et al., 2016) and decision 

making (Rudebeck et al., 2006) in rats and is involved in inhibiting activation of the HPA axis 

(Meaney, 1993). There is a lack of literature on the effects of social instability stress on the 

expression of immediate early genes such as zif268 and c-fos in female rats; however, it was 

found that the mRNA and protein expression of Zif268 in mPFC is greater in male rats than in 

females in both baseline conditions and after exposure to a stressor (social interaction with an 

unfamiliar partner) (Stack et al., 2010).  

The reduced neuronal activation in SS female rats relative to CTLs found in the present 

study may be related to reduced social interaction and increased social anxiety in SS female rats. 

The consequences of lower activity measured by Zif268 in the CG1 include dysregulation in the 

negative feedback of the HPA axis and higher anxiety-like behaviour as well as impairment in 

social recognition and social behaviour (Stack et al., 2010). Furthermore, in line with this 

possibility, there was decreased neuronal activity in SS rats compared with controls in prelimbic 
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and infralimbic subdivisions of the mPFC, although these differences were not statistically 

significant. The prelimbic subregion has an increasing effect on the function of the HPA axis and 

the infralimbic subregion has a negative effect on HPA axis activity. Any impairment in these 

neural structures has detrimental consequences on the stress response system and social 

recognition (Apps et al., 2016). In addition, the lower number of Zif268-ir cell counts in the 

dorsal lateral septum in SS female rats than in controls in response to social interaction with an 

unfamiliar peer may be related to the role of this brain area in social recognition (Bielsky et al., 

2005; Landgraf et al., 1995). It has been previously reported that in male rats social instability 

stress leads to impairments in social recognition, such that adolescent SS male rats could not 

discriminate between familiar and unfamiliar conspecifics, while the control rats spent more time 

investigating an unfamiliar partner than a familiar partner after 30 or 90 min intervals (Hodges et 

al., 2017). And, consistent with what I found for female rats, a previous study found that male 

adolescent SS rats have lower Fos-ir cell counts in the dorsal lateral septum than did CTLs 

(Hodges et al., 2018). Furthermore, in male rats, the SS rats had reduced dendritic arborization 

and spine density in the lateral septum in comparison to control rats (Hodges et al., 2019). 

Another brain region that is involved in social recognition is the piriform cortex (Johnson et al., 

2000). Adolescent SS rats also had lower Zif268-ir cell counts than did control rats in piriform 

cortex, although the difference was not significant. In sum, the social instability stress procedure 

may decrease social interactions with an unfamiliar partner by altering the neuronal activation of 

the mPFC subdivisions, dorsal lateral septum, and piriform cortex in recognizing familiar and 

unfamiliar peers.   

No significant differences were found in Zif268-ir cell counts between SS and control 

females as adults, which also did not differ in corticosterone concentrations after social 
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interaction. Thus, the heightened corticosterone release in SS rats as adolescents may play a role 

in their different neuronal activity during the social interaction test.  

 There were not sufficient numbers of Zif268-ir cell counts in the hippocampus, the 

nucleus accumbens, and the paraventricular nucleus to analyze, and there was no region 

measured in SS rats as adolescents that had equal or higher Zif268-ir cell counts than did control 

rats; in every instance, cell counts were lower in SS rats than in control rats. This pattern is 

unlikely to be caused by experimental error. All aspects of the experimental procedures were 

counterbalanced, including during the immunostaining procedure where the brain slices were 

randomized and counterbalanced across each plate and between plates. The brain sections 

assayed for frontal regions contained nucleus accumbens, which had little staining, also 

contained the dorsal lateral septum, which had more staining. The immunostaining procedure 

was done on all frontal brain sections. The posterior sections containing the hippocampus, PVN, 

and piriform cortex involved a separate assay, and yet adolescent SS rats showed reduced cell 

counts in the piriform cortex as they did in frontal regions, and not much staining was observed 

in the hippocampus and PVN in any group. A limitation of the experiment is that Zif268 is 

expressed in many brain regions at baseline conditions (Knapska & Kaczmarek, 2004), and we 

did not have a baseline group. Thus, whether the group differences in protein expression of 

Zif268 involve a reduction in SS rats or an increase in CTL rats relative to baseline have yet to 

be investigated. 

The effects of adolescent social instability stress on the expression of genes involved in 

social behaviour in female rats. 

In chapter 4, I found that social instability stress (SS) in female rats altered the expression 

of genes that previously were reported to be involved in social behaviour and anxiety-like 
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behaviour. In this study, in the hippocampus, the mRNA expression of OTR was upregulated in 

CTL rats from adolescence (P46) to adulthood (P70) and also CTL rats had higher OTR mRNA 

expression than did SS rats at P70. These data demonstrate that the SS procedure is altering the 

development of the hippocampus with changes in OTR expression more evident in adulthood 

than in adolescence. These alterations in gene expression are unlikely the reason for the reduced 

social interaction in SS rats because although less social interaction was found at both ages in SS 

rats, it was more evident in adolescence than in adulthood (chapter 2). It is reported that OTR is 

involved in the regulation of social memory and social recognition in rodents (Stoop, 2014).  

That changes in OTR mRNA expression may require an incubation time before the effects of SS 

manifest is in keeping with the finding of reduced performance on spatial task memory in SS 

female rats that were only evident several weeks after the end of SS procedure (Mccormick et al., 

2010). There were no significant effects of SS procedure on the gene expression of OTR in the 

mPFC region at either P46 and P70. 

There are a few studies that investigated the effects of different models of chronic stress 

on OTR gene expression in rodents. For example, in a study using chronic social instability stress 

involving 28 days of isolation and crowding phases in adult female rats, no changes in the gene 

expression of OTR were found in the hippocampus. However, in a recent study done by Wang 

and colleagues, the mRNA expression of OTR was downregulated in male rats that underwent a 

prolonged stress procedure (restraint stress followed by 7 days of isolation in adulthood) relative 

to CTLs in hippocampus (Wang et al., 2019) (the stress model used in this study had effects 

similar to the SS procedure in that it also reduced social contact with an unfamiliar peer). 

Previously, it was determined that SS procedure increases the OTR binding densities in the shell 

of the nucleus accumbens and dorsal lateral septum in adolescent male rats relative to control 
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rats (Hodges et al., 2017). Furthermore, in some brain regions such as the ventral hippocampus, 

high concentrations of glucocorticoids lead to an increase in the expression of OTR protein in 

some brain regions, but not in the dorsal hippocampus, amygdala, and ventromedial 

hypothalamus (Liberzon et al., 1994). Hence, the increased corticosterone concentrations in 

adolescence found in chapter 3 of my thesis may be related to higher mRNA expression of OTR 

in the mPFC in adolescent female rats.  

The expression of V1aR mRNA was not affected by the SS procedure in mPFC and 

hippocampus whether the rats were tested in adolescence or in adulthood. In line with previous 

results, SS procedure in adolescent male rats did not alter the protein expression of V1aR relative 

to CTLs in the lateral septum, nucleus accumbens, amygdala, and bed nucleus of the stria 

terminalis (Hodges et al., 2017). Thus, the consequences of the SS procedure do not seem to be 

related to the V1aR mRNA expression.  

 CRH is a neuropeptide that is involved in anxiety-related behaviours and it binds to two 

types of receptors, CRHR1 with higher affinity and CRHR2. Because deficits to CRHR1 have 

greater anxiolytic consequences (Timpl et al., 1998; Smith et al., 1998; Keck & Holsboer, 2001), 

I investigated the gene expression of crhr1. The results indicated no effects of SS procedure on 

the gene expression of crhr1 in the mPFC and hippocampus soon after or long after the end of 

the SS procedure. These data suggest that the higher anxiety in SS rats may not be associated 

with crhr1 mRNA expression in mPFC and hippocampus, although further investigations are 

required in protein expression of CRHR1. In contrast with my results, Nowacka-Chmielewska 

and colleagues found that a different form of chronic social instability stress in adult female rats 

(isolation and crowding phases for 28 days in adulthood) decreased crhr1 mRNA expression in 

the hippocampus and increased the expression in the prefrontal cortex relative to non-stressed 
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female rats (Nowacka-Chmielewska et al, 2017). Therefore, these findings demonstrate that gene 

expression profiles of crhr1 can be vary based on the age of stress exposure and type of stressor.   

For further investigation regarding the effects of SS procedure on the function of the 

HPA axis, I measured the gene expression of GR and MR (two glucocorticoid receptors) in 

mPFC and hippocampus. The SS procedure increased the expression of GR mRNA compared 

with CTL rats at P46, whereas expression decreased at P70 in mPFC. The gene expression of GR 

in the hippocampus was decreased in SS rats compared with CTL rats at P70; however, the 

increase in GR mRNA expression in SS rats was not significant at P46. Furthermore, increased 

hippocampal MR mRNA expression was observed in SS rats on PND 46 compared with CTL 

rats. The reduced GR mRNA expression in adulthood has been reported in the literature in 

female mice that underwent a different model of chronic social instability stress including 

isolation and crowding for 28 days (Schmidt et al., 2010; Labaka et al., 2017). It may be that the 

basis for the quicker return to baseline level after 1-hour recovery from the social interaction test 

found in the third chapter related to increased GR and MR mRNA expression in adolescent SS 

rats. Thus, the increased GR and MR mRNA expression in adolescent SS rats may be related to a 

more efficient negative feedback system (quicker return to baseline corticosterone concentration) 

and greater sensitivity to corticosterone (Herman et al., 2012). Nevertheless, the results of 

chapter 3 indicate that the concentration of corticosterone did not increase in either SS and CTL 

rats at P70 in response to the social interaction test, yet adult SS rats had lower expression of GR 

in mPFC and hippocampus than did adult CTLs. Further, as adults, SS female rats did not differ 

in HPA responses to stressors in other studies (Mathews et al., 2008; McCormick et al., 2005). 
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In sum, the results of the final study suggest that SS modifies gene expression in key 

brain regions, but how these differences map onto to behavioural function or to stress responding 

remains to be determined.  

 

Conclusions 

The results of my thesis provide evidence that variation in social experiences in 

adolescence can alter the function of brain regions implicated in social behaviour in female rats.   

Although the reduced SI in the first study (Chapter 2) in SS rats compared with CTLs was not 

found in the second study (which involved a smaller sample), the two groups in the second study 

differed in corticosterone response and neural activity during SI. This suggests that the SS and 

CTL rats differ in social function at P46. The differences, however, were reduced at P70. In 

contrast, there were differences in gene expression between SS and CTL rats that were evident 

irrespective of the age of testing or that emerged at P70. These differences in gene expression 

may be related to other effects of SS than those on social behaviour. These results contribute to 

our understanding of the malleability of social development in the adolescent period in females. 
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