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ABSTRACT  

While women are diagnosed with depression at twice the rate of men, pre-clinical 

research on this topic has relied heavily on the responses of male animals. This thesis examined 

the behavioural and physiological effects of environmental manipulation in the female Wistar-

Kyoto rat, a putative animal model of depression. At postnatal day 52, baseline behavioural 

measures were collected in 36 Wistar and 36 Wistar-Kyoto female rats using the following tests: 

the elevated plus maze to assess anxiety, the forced swim test for depression-like behaviour, and 

sucrose preference test to assess hedonic status. At postnatal day 62, the rats were randomly 

assigned to one of three environments for 30 days: 1) standard housing - 3 rats in one large cage 

2) isolated housing - 1 rat per small cage, or 3) environmental enrichment - 6 animals in a 

multistory cage filled with novel objects and a running wheel. Following 30 days in their housing 

condition, the same behavioural measures were again collected. Large differences between 

strains were found with the Wistar-Kyoto females showing significantly less mobility and 

activity in both the forced swim test and elevated plus maze. Sucrose preference was 

significantly higher after enrichment in both strains. Post-environment immune cytokine and 

corticosterone levels were also assessed in these animals at baseline and after the forced swim 

test. No difference in corticosterone between strains was found at baseline. However, Wistar-

Kyoto females had significantly higher corticosterone levels than their Wistar counterparts after 

the forced swim test. In contrast, Wistar-Kyoto females showed significantly lower serum levels 

of the pro-inflammatory cytokine IL-1β than Wistar females. In the hippocampus, astroglial 

staining intensity was significantly increased in the CA1 of Wistar females after environmental 

enrichment. Glucocorticoid receptor staining in the CA3 was also increased after environmental 

enrichment in both the Wistar-Kyoto and Wistar animals. Finally there was a trend towards 
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higher levels of glucocorticoid receptors in the amygdala in Wistar-Kyoto animals who 

experienced environmental enrichment. Taken together, this thesis provides evidence for the 

effect of environment, specifically enrichment, on behaviour and physiological systems. These 

results suggest that incorporating social and physical enrichment as part of clinical intervention 

may benefit individuals with depression. 
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1.1 The thesis 

 

This thesis examines the effects of environmental manipulation on behavioural, immune 

system, and brain biomarkers of depression and anxiety. In the following introductory sections, 

the societal impact of depression and anxiety will be highlighted, followed by an overview of 

depression and anxiety as the products of chronic and acute stressful life events. The use of the 

Wistar Kyoto (WKY) strain as a valuable animal model of depression will also be discussed and 

why it was chosen over other strains. Finally the last section will outline the impact of depression 

on the immune system and its function and the ameliorative effects of environmental enrichment.  

1.2 Depression and anxiety as a global problem: 

 

 Depression is one of the most prevalent psychiatric disorders today; it has an impact on 

both an individual’s quality of life and places an enormous burden on the economy (Cuijpers, 

2011; Kessler et al., 1994; Waraich, Goldner, Somers, & Hsu, 2004). The Global Burden of 

Disease study by the World Health Organization (WHO) shows that major depressive disorder 

(MDD) has the largest global burden of disease of all the non-fatal neuropsychiatric disorders. 

Furthermore,  MDD is predicted to become one of the top three diseases with the highest burden 

of disease by the year 2030 (Mathers & Loncar, 2006). The WHO has defined ‘global burden of 

disease’ as a measure of both premature mortality and the number of years lost in states of less 

than optimal health. Major depression is also a leading cause of years lived with disability and 

coupled with dysthymia accounts for almost 11% of total years lived with disability (Ferrari et 

al., 2013; Ustun, Ayuso-Mateos, Chatterji, Mathers, & Murray, 2004). According to the WHO 

study on mental health, the highest lifetime prevalence rates for MDD are found in the United 

States (17%) with the lowest in the Czech Republic (1%) (Kessler & Bromet, 2013). The cause 
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of these geographic differences could be due to differential diagnoses or methodological issues. 

Taken together these studies paint a grim picture indicating that both the prevalence and burden 

of depression are rising. 

 Major depression and anxiety disorders often show significant comorbidity (Hirschfeld, 

2001). In fact, the presence of anxiety disorders is one of the strongest risk factors for developing 

depression (Hranov, 2007; Mineka, Watson, & Clark, 1998).  It is no surprise that twin studies 

find strong correlations between genes associated with both depression and generalized anxiety 

disorder (Kendler, Neale, Kessler, Heath, & Eaves, 1992a, 1992b). 

Women are diagnosed with MDD at roughly twice the rate of that as men (Nolen-

Hoeksema, 1987; Piccinelli & Wilkinson, 2000). The lifetime prevalence rate for a major 

depressive episode in women is approximately 21% as compared to 13% for men (Kessler, 

McGonagle, Swartz, Blazer, & Nelson, 1993). A recent meta-analysis indicates that women 

report higher rates of depression in all 23 European countries studied (Van, Bracke, & Levecque, 

2010). This 2:1 ratio is exacerbated in Eastern and Southern European countries while it is 

lowest in Nordic countries. This gender difference has been attributed to an increased likelihood 

of sexual abuse in childhood (Cutler & Nolen-Hoeksema, 1991), hormonal fluctuations 

associated with menstrual cycle, child bearing and menopause (Noble, 2005), as well as greater 

genetic vulnerability to stressful life events (Kendler et al., 1995). Lifetime prevalence of 

generalized anxiety disorder is also roughly 2:1  (female:male), with females having significantly 

higher rates of comorbid mood disorders and other anxiety disorders (Vesga-Lopez et al., 2008). 

Generalized anxiety disorder (GAD) is the most frequently diagnosed anxiety disorder in 

primary care (22%) and in turn strains the health care system due to the typically frequent visits 

of patients with this disorder (Nutt, Ballenger, Sheehan, & Wittchen, 2002; Wittchen, 2002).   
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Quality of life is also impacted by depression and generalized anxiety. Patients with 

MDD report significantly lower scores on perceived quality of life measures as compared to 

either those who had chronic physical illness or healthy controls (Bonicatto, Dew, Zaratiegui, 

Lorenzo, & Pecina, 2001; Saarijarvi, Salminen, & Toikka, 2001). Further affecting quality of life 

is the significant comorbidity in patients with MDD and GAD with alcoholism, suicide, and 

substance abuse (Bronisch & Wittchen, 1994; Henriksson et al., 1993). Given this complex 

relationship between anxiety and depression, their effects on perceived quality of life as well as 

their burden on health care, it is important to examine their comorbid relationship with a specific 

focus on women as they account for nearly double the diagnoses.  

1.3 Depression and anxiety as a product of stressful life experiences: 

 

  The hypothalamic pituitary adrenal (HPA) axis is the transduction pathway which 

mounts the ‘stress response’. In other words, the HPA axis is responsible for the colloquially 

termed ‘fight or flight’ reaction in response to a stressor. Activity of the HPA axis begins upon 

perception of a stressor with the secretion of corticotropin releasing hormone (CRH) and 

arginine vasopressin (AVP) from the hypothalamus. These signal secretion of 

adrenocorticotrophic hormone (ACTH) from the pituitary, which in turn stimulates the secretion 

of glucocorticoids from the adrenal cortex (Figure 1.1). These glucocorticoids (cortisol in 

humans and corticosterone in rodents and birds) bind to receptors on target tissues causing a 

cascade of physiological responses, including increased heart rate and blood flow to muscles. 

Glucocorticoids also provide negative feedback to the hippocampus and hypothalamus by 

binding to glucocorticoid receptors (GRs). Whereas this cascade is typically associated with 

acute stressors, such as the appearance of a predator, chronic stress affects the same pathway and 

has also been associated with a dysregulation of the HPA axis.  
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Many hormones and neuropeptides connected with HPA signal transduction show diurnal 

fluctuations. Circulating cortisol, for example, is highest approximately 30 minutes after waking, 

and decreases throughout the day to its lowest levels before sleep. This natural rhythm of cortisol 

secretion can be negatively impacted by many exogenous events such as acute and chronic 

stressors. Feedback loops throughout the HPA axis serve as quality control measures and provide 

bottom up information to the hypothalamus and pituitary (Pariante & Lightman, 2008; Varghese 

& Brown, 2001).  

Genes, the environment, and the interactions between the two can significantly impact the 

HPA axis by creating increases or decreases in circulating cortisol through changes in 

glucocorticoid receptor gene expression (for review see Weaver et al., 2001). These changes, if 

prolonged, can affect the body’s response to stressful stimuli and changes in HPA function may 

predispose a person to develop psychopathology and vice versa. Many patients suffering from 

MDD and anxiety show hyperactivity in the HPA axis and faulty glucocorticoid signalling 

(governed by GRs in the brain) has been implicated in this hyperactivity (for review see 

Holsboer, 2000; Steckler, Holsboer, & Reul, 1999). Peripheral measures of HPA axis function 

also show marked changes with depression and anxiety. Salivary cortisol is significantly 

increased after a stressful task in patients with social phobia as compared to non-phobic control 

participants (Condren, O’Neill, Ryan, Barrett, & Thakore, 2002). Basal and peak cortisol levels 

also tend to be higher in elderly patients with GAD as opposed to non-anxious individuals 

(Mantella et al., 2008). A review by Juruena and colleagues (2004) suggests that since impaired 

glucocorticoid feedback in the HPA axis is implicated in depression, antidepressants may act on 

this impaired feedback mechanism by resetting the HPA axis to its original pre-stressed state 

(Juruena, Cleare, & Pariante, 2004). 
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Figure 1.1 The Hypothalamic Pituitary Adrenal (HPA) Axis signal transduction and feedback 

pathway.  Activation results in production of corticotrophic releasing hormone (CRH) and 

arginine vasopressin (AVP) which in turn stimulate adrenocorticotropic hormone (ACTH) 

release from the pituitary. Following this, ACTH activates glucocorticoid production and release 

from the adrenal cortex. These glucocorticoids create changes in the body to respond to the 

stressor as well as providing negative feedback to the hippocampus and the hypothalamus. 

Adapted from Sandi (2004).(Sandi, 2004)  
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The above studies highlight the importance of the HPA axis in regulating glucocorticoids and 

that a persistent dysfunction of the HPA axis plays a large role in mental health disorders.  

Stressful life events such as loss, trauma, and social humiliation are often associated with 

bouts of depression (for review see Brown, 1998; van Praag, 2004) in some but not all 

individuals. These differential responses may stem from natural genetic variation associated with 

the stress response or combined gene by environment interactions. One example of how natural 

genetic variation can affect susceptibility to depression comes from Caspi and colleagues (2003). 

The authors found that people carrying a certain allele in the serotonin transporter (5-HT T) gene 

have an increased overall biological reactivity to stress, putting them at risk for depression, as 

compared to those who do not carry this allele, but only in the context of a stressful life event 

(Caspi et al., 2003; Gotlib, Joormann, Minor, & Hallmayer, 2008). This increase in reactivity is 

often associated with a dysregulation in the HPA axis. 

 Environmental adversity in early life in the form of neglectful parenting, poverty, and 

maternal anxiety can also influence the HPA axis and stress response in later life. An extreme 

example comes from Gunnar and colleagues (2001) who carried out a longitudinal study of 

children reared in Romanian orphanages. Hundreds of thousands of children during the late 

1980s and early 1990s were housed in these orphanages due to the regime imposed by Nicolae 

Ceausescu which forbade both contraception and abortion. This led to a sharp increase in birth 

rates and resulted in the abandonment of many children to orphanages in which extreme social 

isolation, physical, and sexual abuse were the norm. Children who had spent more than eight 

months in their first year of life at these orphanages had significantly higher daytime cortisol 

levels six years after being adopted than that of their Canadian-born counterparts (Gunnar, 

Morison, Chisholm, & Schuder, 2001). However, children who were adopted within their first 
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four months showed similar cortisol levels to that of Canadian-born children (Gunnar, Morison, 

Chisholm, & Schuder, 2001).  Some children in these institutions were less likely to have the 

stereotyped diurnal pattern of cortisol and showed a generally more blunted cortisol response 

throughout the day (Carlson & Earls, 1997; Gunnar & Vazquez, 2001). This phenomenon is 

known as ‘hypocortisolism’ and has been correlated with post-traumatic stress as well as some 

bodily disorders such as fibromyalgia, chronic fatigue syndrome, and asthma (Fries, Hesse, 

Hellhammer, & Hellhammer, 2005; Heim, Ehlert, & Hellhammer, 2000). It is possible that 

hypocortisolism observed in institutionalized children may be a risk factor for the development 

of posttraumatic stress disorder in later life. In contrast, children who show increased HPA 

activity may be more likely to show anxious and depressive phenotypes in later life (Heim, 

Newport, Mletzko, Miller, & Nemeroff, 2008).  

Both hypocortisolism and elevated cortisol are indicators of HPA axis dysregulation. 

Studies of children reared in impoverished environments have shed light on how early life 

conditions such as severe maternal and social deprivation can impact the HPA axis and the stress 

response in later life. To our knowledge, there are no longitudinal studies following 

institutionalized children into adulthood, so the effect of social deprivation on psychopathology 

in later life is hard to assess. However, animal studies of maternal and social deprivation in both 

rodents and primates have found notable effects on behaviour and neurochemistry in adult life 

(for review see Sanchez, Ladd, & Plotsky, 2001).  

  Early research by Plotsky and Meaney (1993) found that male rats who experienced 

maternal separation had increased CRH mRNA levels in the hypothalamus (Plotsky & Meaney, 

1993). Increased CRH has been implicated in both depression and anxiety disorders for its role in 

creating the stereotyped hyperactivity of the HPA axis (for review see Arborelius, Owens, 
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Plotsky, & Nemeroff, 1999). Finally, a 2.5-5 times increase in corticosterone secretion has been 

found in response to a mild handling stressor in maternally separated males relative to that of 

their non-maternally separated counterparts (Kalinichev, Easterling, Plotsky, & Holtzman, 2002). 

These studies provide substantial support for the notion that early environment can severely 

impact the HPA axis and its regulatory components.  

  In humans, one of the most common types of environmental adversity comes from 

having low social economic status (SES) at or below the poverty level. The prevalence of major 

depression decreases from 12.4% in low SES communities to 1.9% in high SES communities 

(Adler et al., 1994). Furthermore, the number of childhood years spent living in poverty 

correlates positively with hyperactivity of the HPA axis and results in elevated cortisol levels 

(Evans & Kim, 2007). Children of low SES families not only tend to have higher cortisol levels 

but also interpret both positive and negative stimuli in a significantly more negative light than 

that of high SES children (Lupien et al., 2005).  

A child’s cortisol levels are also tied to maternal depressive symptomatology (Lupien, 

King, Meaney, & McEwen, 2000), which is not surprising given the link between SES and 

maternal depression. At the behavioural level, children raised in poverty tend to manifest 

antisocial behaviours and also show higher levels of depression (Mcleod & Shanahan, 1996). 

Thus early adversity (e.g. social deprivation or an impoverished environment) may create 

hyperactivity in the HPA axis and this may influence not only immediate, but also later life 

psychopathology.  

  Developing interventions in adolescence or adulthood could be a step towards lowering 

the prevalence of depression and anxiety. For example, adopting lifestyle changes such as 
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healthier eating, increased exercise, and quitting smoking, have protective effects on both 

physical and mental health (Harrington et al., 2010). Yet it is less clear if these lifestyle 

alterations work in clinically depressed populations, partly due to the high rates of antidepressant 

prescription (Jureidini & Tonkin, 2006). In other words, it is important to examine whether a 

change in environment alone, without pharmaceutical intervention, is sufficient to help improve 

depressive symptoms. There is some evidence that increases in physical exercise (Dunn, Trivedi, 

Kampert, Clark, & Chambliss, 2005) and social support (Jané-Llopis, Hosman, Jenkins, & 

Anderson, 2003) can alleviate depressive symptoms in mild to moderate major depression. 

Unfortunately these studies are few and often do not take comorbidity into account. If simple 

changes in lifestyle can alleviate depressive symptomatology, the burden on health care systems 

worldwide would be significantly decreased. Although human research has provided clues to the 

relationship between environmental adversity, lifestyle changes, and psychopathology, they are 

limited by inherent ethical and practical concerns. This is one reason mammalian models of 

anxiety and depression can be particularly useful. 

  1.4 Contribution of Animal Models to the field of Depression and Psychiatric Disorders: 

 

 While depression is one of the most prevalent mood disorders, its pathogenesis is unclear 

compared with somatic diseases such as Parkinson’s and Alzheimer’s (Yan, Cao, Das, Zhu, & 

Gao, 2010). In the search to develop animal models of depression, two lines of research have 

been predominantly used with success. The first involves the application of chronic stressors to 

induce depressive behaviours, while the second uses genetic/pharmaceutical manipulations to 

create animal models of depression.  



11 | P a g e  
 

In the early 1980’s, Katz and colleagues used a series of chronic stressors (e.g. electric 

shocks, tail pinches etc.) for one week and found changes in rats’ performance on tests of 

anxiety, as well as hormonal alterations which could be reversed with antidepressants (Katz, 

1981a, 1981b, 1982; Katz & Hersh, 1981; Katz, Roth, & Carroll, 1981). Willner and colleagues 

(1987) investigated the time course for which a chronic mild stress (CMS) procedure (soiled 

bedding, 45 degree cage tilt, stroboscopic light) might create these depressive behaviours 

(Willner, Towell, Sampson, Sophokleous, & Muscat, 1987). Through decades of subsequent 

studies, CMS has been validated for its ability to create depressive behaviours in rodents. 

Chronic mild stress also affects hedonic behaviour as interpreted from a decrease in sucrose 

preference and increased immobility in the forced swim test (both measures of depression) 

(Baker & Bielajew, 2007; Baker, Kentner, Konkle, Santa-Maria Barbagallo, & Bielajew, 2006; 

Bielajew et al., 2003; Konkle, 2003; Muscat & Willner, 1992; Willner, Muscat, & Papp, 1992; 

Willner, 2005). Prenatal stress paradigms have also been used to create depressive and anxious 

behaviours in rats (for review of both human and rodent work see, Baker et al., 2008, 2009; 

Glover, O’Connor, & O’Donnell, 2010).  Finally, there is evidence that repeated social defeat in 

mouse and rat models can also create depressive-like behavioural outcomes (Becker et al., 2008; 

Keeney & Hogg, 1999). Collectively, though the above paradigms are useful for creating an 

animal model of depression, they are often time-consuming, costly, and frequently accompanied 

by unwanted confounding factors due to the level of manipulation required. 

  More recently, depressive behaviours (e.g. high immobility in FST and few open arm 

entries in EPM) have been observed in four different strains of rats - the Flinders sensitive line 

(FSL) rat, the fawn-hooded rat, the learned helpless rat, and the Wistar Kyoto (WKY) rat (for 

review see Overstreet, 2012). These strains were originally bred for purposes other than their 
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depressive tendencies. Due to the importance of early environment such as maternal care in the 

development of a healthy HPA axis, it is informative to consider the type of maternal care 

exhibited by WKY and FSL dams. Two studies by Cierpial and colleagues (1987, 1990) have 

addressed the issue of maternal care in the WKY rat, with WKY dams being shown to nurse and 

groom their pups significantly less than observed in control animals (Cierpial, Shasby, & 

McCarty, 1987). Cross fostering studies show that dams will switch their maternal behaviours to 

those of the opposite strain (Cierpial, Murphy, & McCarty, 1990). In other words, control dams 

are more likely to show the maternal behaviours expressed by WKY dams if they are given 

WKY pups. Both WKY and FSL pups show decreases in ultrasonic vocalizations (USV) and do 

not seek to be close to their mothers compared to that of the control group (Braw et al., 2008). 

Due to the nature of the questions addressed in this thesis, as well as the feasibility of obtaining 

the animals, the studies described here focus specifically on the WKY model and its control, the 

Wistar strain.  

 There are differences between the WKY and FSL rat lines in their HPA axis responsivity 

and anxious behaviours (for review see Malkesman & Weller, 2009; Malkesman et al., 2006). In 

WKY males the diurnal patterns of corticosterone and ACTH remain higher after they peak as 

compared to Wistar males (Solberg, Olson, Turek, & Redei, 2001). Furthermore, in male WKY 

rats, there is an increased corticosterone response after the Y-Maze as compared to the FSL rats 

(Braw et al., 2006). Differences in hippocampal and hypothalamic monoamine metabolites and 

transporter levels between WKY and Wistar rats have been implicated in the HPA axis hyper-

reactivity (Scholl, Renner, Forster, & Tejani-Butt, 2010).  

The WKY rats show greater socially inhibited, depressive-like behaviours when exposed 

to social isolation than that of control rats or rats from the FSL rat line (Malkesman et al., 2005; 
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Malkesman, Braw, et al., 2006). The WKY strain also shows higher plasma levels of 

corticosterone and ACTH and much lower levels of social play as compared to that of FSL and 

control rats (Malkesman, Maayan, Weizman, & Weller, 2006; Pare & Redei, 1993a, 1993b). 

Taken together, WKY rats appear to present co-morbid depressive and anxious phenotypes as 

opposed to their FSL counterparts who exhibit an almost purely depressive phenotype. The 

WKY strain might thus represent a model of childhood or chronic depression starting from early 

life while the FSL rats might better constitute a model of depression seen only after exposure to 

chronic mild stress (Malkesman & Weller, 2009). Because depression in humans is often co-

morbid with anxiety disorders, the WKY line is a better fit for the research described here. For 

this reason, we have chosen to study the effects of environment on both depressive and anxious 

behaviours using the WKY and Wistar strains.  

The WKY rats are also used as an animal model of attention deficit and hyperactivity 

disorder (ADHD), specifically the inattentive subtype, because they show no accompanying 

hyperactivity (Adriani, Caprioli, Granstrem, Carli, & Laviola, 2003; Sagvolden et al., 1992; 

Sagvolden & Johansen, 2012). In humans, the comorbidity between ADHD and anxiety can be 

as high as 50% (Biederman et al., 1993; Mancini, Van Ameringen, Oakman, & Figueiredo, 1999; 

Schatz & Rostain, 2006). As many as 33% of patients are diagnosed concurrently with both 

depression and ADHD (Biederman et al., 1993). For example, in youth diagnosed with internet 

addiction, concurrent diagnoses of ADHD, depression, and anxiety are common (Yen, Ko, Yen, 

Wu, & Yang, 2007). Thus depression, anxiety, and ADHD are often inextricably linked making 

the WKY strain useful as a model of all three of these disorders.  

Many parallels exist between the behaviours observed in WKY pups and children of 

depressed parents. For instance, children of depressed parents show emotional dysregulation in 
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the form of withdrawal, depressive-like behaviours, and are more likely to develop psychiatric 

disorders (Field et al., 1988; Goodman & Gotlib, 1999; Maughan, Cicchetti, Toth, & Rogosch, 

2007).   Consequently, the following series of studies focus primarily on depression and anxiety 

with WKY rats our model animal of choice. 

Thus far, most studies involving WKY rats have been carried out using male rats. Animal 

work has often shied away from work on females since their estrus cycle can complicate the 

interpretation of behaviour (For review see Zucker & Beery, 2010). This does not offer a robust 

model for the study of depression and anxiety, since animal studies indicate a complex 

relationship between menstrual cycle and hormonal fluctuations in females which can influence 

the development of psychopathology (Mileva, Bielajew, & Konkle, 2013; Palanza, 2001). In 

fact, many key structures of the limbic system, including the hippocampus and amygdala show 

large sexual dimorphism (for review see Mileva et al., 2013). In this thesis depressive and 

anxious behaviours were investigated in female rats while controlling for their estrus cycle.  

1.5 The immune system and depression 

 

In response to infection, pro (i.e. TNF-α, IL-1β, IL-6) and anti-inflammatory (i.e. IL-10) 

cytokines are released from peripheral macrophages and act to either increase or decrease the 

inflammatory response, respectively. The functions of these macrophages, also called microglia, 

are many and they have also been implicated in the pruning and remodelling of synaptic 

pathways (Schafer et al., 2012; Tremblay et al., 2011). Within the last two decades, the immune 

system has been hypothesized to effect the pathophysiology of depression and anxiety (for 

review see Miller, Maletic, & Raison, 2009).  This is called the neuroinflammatory theory of 

depression and it posits that the effects of immune cytokines on neural structures end in the 



15 | P a g e  
 

development of psychopathology. One of the first clues came from observing animals after 

lipopolysaccharide injection (LPS) (for review see Dantzer, O’Connor, Freund, Johnson, & 

Kelley, 2008). These animals exhibit sickness behaviour which has been likened to the 

behavioural aspects of depression, including social and physical withdrawal and anhedonia 

(Dantzer et al., 2008). Though this sort of peripheral infection can create sickness behaviour 

which mimics depressive behaviour, it has been found that stress can also exacerbate the 

inflammatory response.  More recently it has been shown that if an infection is chronic, the 

increase in peripheral pro-inflammatory cytokines will travel across the blood-brain barrier and 

promote further inflammation. This in turn causes a decrease in monoamines and trophic factors 

as well as an increase in excitotoxicity (Miller et al., 2009).  

A recent meta-analysis found that TNF-α and IL-6 were indeed significantly higher in 

patients with major depression (for review see Dowlati et al., 2010). Similarly, treatment with 

interferon, a pro-inflammatory cytokine, for Hepatitis C leads to the development of major 

depression (for review see Udina et al., 2012). In fact, simply having higher levels of 

inflammation, even if they are subclinical, is a risk factor for de novo depression specifically in 

female patients (Pasco et al., 2010). From a treatment perspective, selective serotonin reuptake 

inhibitors (SSRI’s) are reported to significantly decrease the levels of pro-inflammatory 

cytokines (Maes et al., 1999). Taken together these paint a well-rounded picture in which 

immune system dysregulation can increase the likelihood of developing depression. An increase 

in pro-inflammatory cytokines may not be limited to depression as patients with schizophrenia 

(Miller, Buckley, Seabolt, Mellor, & Kirkpatrick, 2011), mania (Maes, Bosmans, Calabrese, 

Smith, & Meltzer, 1995) and post-traumatic stress disorder (Gola et al., 2013) all show increases 

in pro-inflammatory cytokines.  



16 | P a g e  
 

Although the above provide evidence for the neuroinflammatory theory of 

psychopathology the question of where the inflammation come from remains. A recent review by 

Berk and colleagues (2013) eloquently addresses this question. In their review, they highlight 

research to support the idea that stress, trauma, diet, smoking, sleep, gut microbiota, and obesity 

may all serve to increase inflammation in the body which can result in depression (Berk et al., 

2013). Specifically, stressors in animal models including acute stress, foot shock, and social 

isolation increase IL-1 mRNA levels (Maier & Watkins, 1995; Möller et al., 2013; Nguyen et al., 

1998) indicating that stressful life experiences, both physical or social, can affect the immune 

system.  In this thesis, we examined whether an animal model of depression would have higher 

levels of pro-inflammatory cytokines at baseline, and whether environmental manipulation 

would have any effect on circulating cytokine level.  

1.6 Effects of Environmental Enrichment on Stress and Depression: 

 

 Environmental enrichment (EE) in animal research can be broadly defined as any 

physical, cognitive, or social stimulation that is superior to ‘standard housing’ conditions (for 

review see Simpson & Kelly, 2011). For instance, many zoological parks implement EE to 

promote animal welfare by reducing animal stress and boredom (Carlstead & Shepherdson, 

2000). Although most research scientists who employ rats as an animal model in their studies 

agree that EE should be considered the standard setting (as their wild relatives experience a 

complex external environment), the current ‘standard’ laboratory conditions in most laboratories 

are actually impoverished. Currently, ‘control’ animals are those caged in pairs with very little 

physical enrichment, while EE is thought to be the gold standard for improving many aspects of 

rodent cognitive functioning, behaviour, and physiology. Whether animals exposed to EE 

express the ‘natural’ or ‘improved’ phenotype in comparison to their controls remains to be seen.  
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In rats, EE can be likened to the adoption of a healthy lifestyle in humans (Laviola, 

Hannan, Macri, Solinas, & Jaber, 2008; Petrosini et al., 2009) due to the cognitive and physical 

benefits associated with EE.  For instance, EE significantly delays the onset of Alzheimer’s and 

Parkinsons’ disease in mice (for review see Nithianantharajah & Hannan, 2006) increases 

neurogenesis in the hippocampus (Kempermann, Gast, & Gage, 2002; van Praag, Kempermann, 

& Gage, 2000), increases brain volume (Bennett, Rosenzweig, & Diamond, 1969), and can also 

increase dendritic arborisation in the parietal cortex (Leggio et al., 2005). Environmental 

enrichment is also associated with increased long-term potentiation in neurons of a brain 

pathway important for learning and memory (Huang, Huang, Wu, & Boucheron, 2006).   

In addition to the dramatic changes in the brain, EE has also been shown to produce 

positive changes in behaviour, especially after pre- and post-natal adversity. For example, EE is 

able to reverse the anxiogenic consequences of early maternal separation and prenatal stress 

(Morley-Fletcher, Rea, Maccari, & Laviola, 2003). Pups exposed to prolonged maternal 

separation remain hyper responsive to stress even four days after the exposure (Rosenfeld, 

Wetmore, & Levine, 1992; Wigger & Neumann, 1999), and these deleterious effects persist into 

adulthood (Wigger & Neumann, 1999). Yet postnatal exercise, a form of EE, reverses the 

depressive behaviours in maternally separated rat pups, by inhibiting apoptosis and enhancing 

cell proliferation in the hippocampus (Baek et al., 2012). Not surprisingly, prenatally stressed 

animals in standard housing have increased levels of corticosterone secretion and decreased 

levels of social behaviours as compared to EE conditions in prenatally stressed animals (Morley-

Fletcher et al., 2003). Enrichment can also reverse the stereotyped increase in hypothalamic CRH 

and alterations in behavioural responses after maternal separation (Francis, Diorio, Plotsky, & 

Meaney, 2002). As a whole, EE during development can alleviate the negative behaviours 
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associated with early adversity as well as increase resilience to challenges (Konkle, Kentner, 

Baker, Stewart, & Bielajew, 2010). 

One aspect of EE in the form of exercise has proved useful in decreasing depressive 

symptomatology in both humans and animal models (Greer & Trivedi, 2009). In fact, exercise is 

a key component of EE, as it correlates with increased neurogenesis and neurotrophic factors in 

the brain (Kobilo et al., 2011). In mice, two months of living in an enriched environment not 

only increases the number of immature hippocampal neurons, but also decreases the amount of 

immobility in the forced swim test (Llorens-Martin et al., 2007). These studies provide evidence 

for the beneficial effects of EE on both behaviour and brain morphology.  

Little is known about the effects of EE on immune cytokines. One study in male mice has 

offered a glimpse into the changes which occur with ‘super enriched’ housing in which the pro-

inflammatory to anti-inflammatory ratio is much higher than that of male mice in standard 

housing (Marashi, Barnekow, Ossendorf, & Sachser, 2003). However, this finding was 

confounded by the inherent aggressive tendencies of male mice and the increase in circulating 

stress hormones this may have created.  More recent studies have shown that physical exercise, 

an important component of EE, has an anti-inflammatory effect and that the novel objects in EE 

can decrease both IL-1β and TNF-α (Singhal, Jaehne, Corrigan, & Baune, 2014). In sum, EE has 

many positive effects on behaviour, brain chemistry, and the immune response. In the following 

section, the question of whether environment manipulation has an effect on an animal model of 

depression will be tested through a series of studies which make up this thesis. 
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1.7 Thesis Studies 

 

 The following studies examined the effects of environmental manipulation on an animal 

model of depression and anxiety using female WKY rats and as a control arm, female Wistar 

rats. Based on previous literature, it was hypothesized that an enriching environment will 

alleviate depressive- and anxiety-like behaviours, as compared to animals not housed in an 

enriched environment.  

Table 1 describes the three papers that comprise this thesis. The same animals were used 

in all three papers addressing a separate but complimentary aspect of the effects of environment 

on depression. Paper 1 “Environmental manipulation affects depressive-like behaviours in 

female Wistar-Kyoto rats” (Mileva & Bielajew, 2015) examined the behavioural outcomes of 3 

housing types 1) Enrichment, 2) Standard, 3) Isolation. Paper 2 “Corticosterone and immune 

cytokine characterization following environmental manipulation in female WKY rats” 

(conditionally accepted in Behavioural Brain Research) looked at circulating serum pro and anti-

inflammatory cytokines and corticosterone while paper 3 “Environmental enrichment affects 

astroglia, glucocorticoid receptors and microglia immunofluorescence in female Wistar and 

WKY animals” (submitted to Brain Research) used immunohistochemistry methods to report the 

staining intensity and area of microglia, astroglia and glucocorticoid receptors in the 

hippocampus and amygdala. Each paper has its own detailed introduction, specific detailed 

methodology, and discussion points. 
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TABLE 1.1 Summary of papers in thesis 

Paper title Animal Model Housing Measures 

1) Environmental 

manipulation affects 

depressive-like behaviours 

in female Wistar-Kyoto 

rats (BBR, 2015) 

 

- Female Wistar 

Kyoto and Wistar 

- Environmental 

enrichment 

- Standard (3 in each 

cage) 

- Isolation 

-  Sucrose Preference 

Task (Anhedonia) 

- Elevated Plus Maze 

(Anxiety) 

- Forced Swim Test 

(Depression) 

2) Corticosterone and 

immune cytokine 

characterization following 

environmental 

manipulation in female 

WKY rats (BBR, 2017) 

 

- Female Wistar 

Kyoto and Wistar 

- Environmental 

enrichment 

- Standard (3 in each 

cage) 

-Isolation 

- TNF-α 

- IL-1β 

- IL-10 

- Corticosterone 

 

3) Environmental 

enrichment affects 

astroglia, glucocorticoid 

receptors and microglia 

immunofluorescence in 

female Wistar and WKY 

animals 

 

- Female Wistar 

Kyoto and Wistar 

- Environmental 

enrichment 

- Standard (3 in each 

cage) 

-Isolation 

- Astroglia 

- Microglia 

- Glucocorticoid 

Receptors 
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Abstract: 

While the efficacy of pharmacological interventions to treat depression has been well-

studied in animal models, much less work has been done to shed light on how changes in the 

immediate environment can impact behaviour. Furthermore, most studies have focused on male 

rodents despite the prevalence of mood disorders in women. In this study, 36 Wistar Kyoto 

(validated animal model of depression) and 36 Wistar (control) female rats were used to examine 

the effects of environmental manipulation on depressive- and anxiety-like behaviours. Animals 

were assigned to one of three groups: standard (3 rats/cage), enriched (6 rats/cage plus physical 

enrichment), and isolation (1 rat/cage) housing. The elevated plus maze (EPM) and forced swim 

test (FST) were conducted prior to, and four weeks after environmental assignment to measure 

anxiety-like and depressive-like behaviours, respectively. Sucrose preference assessed anhedonia 

both before and after environmental assignment. Weight was measured every week to monitor 

weight-gain over time. Post-environment sucrose preference was significantly increased in 

animals in enriched housing as compared to those in isolated housing in both strains. While there 

were significant differences between strains in measures of open arm duration in the EPM and 

immobility in the FST, there appeared to be no differences between environmental groups. The 

results of this study highlight the importance of environmental factors in the expression of 

anhedonia. Enrichment appears to reduce anhedonia while isolation increases anhedonia. These 

effects should be studied further to assess whether longer periods of social and physical 

enrichment alleviate other symptoms of depression. 

Keywords: Environmental enrichment, Wistar-Kyoto, Depression, Anxiety, Sucrose preference, 

Isolation 
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2.1 Introduction: 

 

 Depression is one of the most prevalent mental health disorders in the world today and 

places an enormous burden on the economy and healthcare systems worldwide (Cuijpers, 2011; 

Kessler et al., 1994; Waraich et al., 2004). According to The Global Burden of Disease study 

started by the World Health Organization in 1990, major depressive disorder (MDD) has the 

largest global burden of disease of all the non-fatal neuropsychiatric disorders, and is predicted 

to become one of the top three burdens of disease along with HIV/AIDS and ischaemic heart 

disease by the year 2030 (Mathers & Loncar, 2006). Major depression and anxiety disorders 

often show significant comorbidity (Hirschfeld, 2001). While there is debate as to whether these 

are distinct or overlapping disorders, it is clear that the presence of anxiety disorders is one of the 

strongest risk factors for developing depression (Hranov, 2007; Mineka et al., 1998). 

Women are diagnosed with MDD at roughly twice the rate of that observed in men 

(Nolen-Hoeksema, 1987; Piccinelli & Wilkinson, 2000). In fact women have a 21% lifetime 

prevalence for a major depressive episode as compared to 13% of men (Kessler et al., 1993). The 

apparent gender differences in MDD worldwide have been attributed to an increased likelihood 

of sexual abuse in childhood (Cutler & Nolen-Hoeksema, 1991), hormonal fluctuations 

associated with menstrual cycle, child bearing, and menopause (Noble, 2005), as well as greater 

genetic vulnerability to stressful life events (Kendler et al., 1995). However, in studies that 

employ animal models of depression and anxiety, there exists a large male bias, again due to the 

hormonal fluctuations at play during the estrous cycle which cause significant changes in both 

physiology and behaviour (for review see Mileva, Bielajew, & Konkle, 2013).  Zucker and Beery 

(2010, 2011) found that even in studies of diseases that predominantly affect women such as 

anxiety and depression, the research is primarily carried out with male animals.  
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The environment can also play a large role in the development of depression. There is an 

association between developing depression and the quality of the environment (Galea, Ahern, 

Rudenstine, Wallace, & Vlahov, 2005). Socioeconomic status, stressful life events, social 

support, and physical exercise are many facets of the immediate environment that can affect 

well-being and in turn lead to depression and anxiety. There is much evidence to support the 

benefits of physical exercise (Carek, Laibstain, & Carek, 2011; Dunn et al., 2005; Salmon, 2001) 

and social support (Brown, Andrews, Harris, Adler, & Bridge, 1986; Jané-Llopis et al., 2003) on 

mild to moderate depression in humans.  

Environmental enrichment (EE) has been used as a way to incorporate both physical and 

social stimuli in animal models. In this paradigm, multiple animals are housed together in a large 

cage with novel stimuli changed every 2 to 6 days (Simpson & Kelly, 2011). Studies utilizing EE 

have shown it to have an anti-depressant-like effect in rats by creating changes in both behaviour 

and neurophysiology. For instance, EE increases serotonin concentrations in the prefrontal cortex 

(Brenes, Rodriguez, & Fornaguera, 2008) and can ameliorate the effects of chronic stress by 

promoting cell survival and differentiation and increasing glucocorticoid receptor expression in 

the hippocampus (Sampedro-Piquero, Begega, & Arias, 2014; Veena, Srikumar, Mahati, et al., 

2009; Veena, Srikumar, Raju, & Shankaranarayana Rao, 2009). Taken together, it appears that 

EE can exert not only a protective effect against multiple types of stressors (for review see Fox, 

Merali, & Harrison, 2006) but can in some cases reverse the effects of these stressors altogether 

(Escorihuela, Tobena, & Fernandez-Teruel, 1994; Francis et al., 2002; Morley-Fletcher et al., 

2003). While pharmaceutical agents are often used to treat depression and anxiety, the current 

study aimed to explore whether environmental changes, without pharmaceutical manipulation, 

can have an impact on an established animal model of depression. 



25 | P a g e  
 

The Wistar Kyoto rat (WKY) was originally bred to be the control animal for the 

spontaneously hypertensive rat (Okamato & Aoki, 1963) but has more recently been used as a 

genetic model of depression (Lahmame & Armario, 1996, for review see Overstreet, 2012). The 

WKY rats show a combination of depressive- and anxiety-like behaviours as well as a marked 

decrease in locomotion and social withdrawal (Nam, Clinton, Jackson, & Kerman, 2014). 

Because even pre-pubertal WKY animals exhibit both depressive and anxious symptoms, they 

are considered a model of childhood depression (Malkesman, Braw, et al., 2006; Malkesman & 

Weller, 2009). Furthermore, the depressive-like behaviour in WKY rats appears to be a model of 

treatment-resistant depression as these animals tend not to respond to selective serotonin 

reuptake inhibitors (Lahmame, del Arco, Pazos, Yritia, & Armario, 1997; Lopez-Rubalcava & 

Lucki, 2000; Tejani-Butt, Kluczynski, & Pare, 2003). However, their depressive-like behaviours 

in the forced swim test (FST) do appear to be alleviated in response to low doses of ketamine 

(Tizabi, Bhatti, Manaye, Das, & Akinfiresoye, 2012), resveratrol (Hurley, Akinfiresoye, 

Kalejaiye, & Tizabi, 2014) and some tricylclic antidepressants and monoamine oxidase 

inhibitors (Will, Aird, & Redei, 2003). Given what is known about the response of WKY rats to 

pharmaceuticals, it is surprising that there are no studies on the effects of environment on 

behaviour in the WKY rat.   

This study examined whether changes to the environment can impact depressive- and 

anxiety-like behaviours in WKY and Wistar female rats. To our knowledge, this is the first study 

to examine the impact of environmental manipulation on behavioural measures observed in 

WKY female animals. Of particular interest was the question whether something as relatively 

‘mild’ as an increase in social and physical stimuli through EE could have an effect on measures 

of anxiety and depression. Animals were randomly assigned to one of three environments - 
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standard, enriched, or isolated. Depressive and anxiety-like behaviours were assessed using the 

FST and elevated plus maze (EPM), respectively (for reviews of FST see Lucki, 1997 and EPM 

see Hogg, 1996). Anhedonia was assessed through the use of the sucrose preference test. Weight 

and estrus cycle were monitored both before and after environmental assignment and analysed to 

explore whether the type of environment had an effect on both behavioural and physiological 

markers.   

2.2 Materials and methods: 

 

2.2.1 Animals 

A total of 36 Wistar and 36 Wistar Kyoto (WKY) female rats were obtained from a local 

supplier (Charles River Laboratories, Québec, Canada). All procedures were approved by the 

University of Ottawa Animal Care Committee. Due to space and time constraints, animals were 

acquired in two cohorts:  a group of 18 Wistar and 18 WKY female rats were first tested and 

sacrificed, followed by a second identical cohort. Animals arrived to the facility at three to four 

weeks of age or post natal days (PND) 21-28 and were housed three per cage in standard housing 

conditions with a day/night cycle of 12h:12h and temperature of 21.5±1oC (humidity ~40%). 

Throughout the experiment, animals were provided with food and water ad libitum. They were 

allowed to acclimate to the home cage for 5-7 days and then were handled for five consecutive 

days. At PND 40, animals were acclimated to the taste of a 1% sucrose solution for five days. 

Sucrose was then withdrawn for three days and sucrose preference was assessed twice over the 

next four days. Behavioural testing commenced four days later to ensure that sucrose withdrawal 

would not affect their behaviour (for review on sucrose addiction see Avena, 2010). At PND 55, 

animals completed the EPM, and two days later the FST. The FST was carried out after the EPM 

as not to cause the animals undue stress. Animals were then randomly assigned to their housing 
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condition at PND 62 and were kept there until sacrifice at PND 96. Combining both cohorts, 

there were six groups (three Wistar and three WKY) with 12 animals in each group. Animals in 

each strain were housed separately; in other words, Wistar-Kyoto animals were always housed 

only with other Wistar-Kyoto animals. Housing in the assigned conditions lasted for a period of 

four weeks before behavioural testing commenced. All animals were kept in their respective 

environment during the second set of tests to avoid the potential stress from switching 

environments. This is referred to as the post-environment test throughout the study. There was 

minimal interaction between investigators and animals during the four week period, apart from 

weekly cage and daily food/water changes. Animals were tested again following the 

environmental manipulation using the same behavioural measures as described above. Sucrose 

preference was assessed at PND 79 and 81 with EPM and FST at PND 85 and 87 respectively. 

See Figure 2.1 for a diagram of the study timeline. Therefore, all rats were tested twice, once 

before assignment to their housing condition (pre-environment) and again four weeks following 

housing assignment (post-environment). On the day of testing, animals were acclimated to a 

room outside the test room in their respective cages for one hour.  Pre-environment measures 

were taken during adolescence while post-environment measures were taken during adulthood. 

Pre-environment EPM and FST were carried out to make the case that there are large 

behavioural differences between these strains. Post-environment comparisons were done to 

examine the effect of environment on the behavioural measures with the standard housing 

condition serving as a baseline.  
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Figure. 2.1:Experimental timeline. PND: post natal day, FST: forced swim test, EPM: elevated 

plus maze and SPT: sucrose preference test. 
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2.2.2 Housing 

Environmental Enrichment (EE): 

A total of 12 WKY and 12 Wistar female rats were randomly assigned to the 

environmental enrichment (EE) condition. The EE condition combined both physical and social 

stimulation. Six animals were placed together in a large multistory cage [137.5cm X 61cm X 

69cm] with toys and chain link bridges for climbing (approximately 20cm in length). Nestlets®, 

wooden chewing blocks, multicoloured Plexiglas® houses, and cardboard tubes were 

permanently available. Toys were varied and new ones added every third day to provide access 

to novel stimuli. A running wheel was also freely available for use throughout the duration of 

their stay in the EE cage.  

Standard and Isolation conditions: 

Animals in standard housing were placed in groups of three in guinea pig cages [50cm x 

38cm x 20cm] with one black Plexiglas® tube and no other source of physical stimulation. 

Those in the isolated housing condition were housed singly in standard shoe box rat cages [45cm 

x 22cm x 20cm] with one black Plexiglas® tube.  

2.2.3 Sucrose preference test: 

 

  In this study, animals were acclimated to the taste of a 1% sucrose solution in their home 

cage for five days prior to the sucrose preference test (SPT). Water was also freely available on 

those days. On the test day, animals were presented with two bottles, one containing the sucrose 

solution and one containing water. The weights of both bottles were recorded prior to the start 

and 24 hours later. This test was performed twice before animals were assigned to their 

respective environment and twice more three and a half weeks after assignment for a total of four 
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tests. The overall sucrose consumed by animals in each environment was converted to an 

average sucrose/water consumption value per animal. Preference for sucrose was determined by 

the quotient of sucrose consumption at 24hr to total liquid consumption of the combined water 

and sucrose solutions.  

Since the EE cage differed significantly from the standard and isolated cages, the bottles 

differed between the environments. However, the nozzle size, shape, angle and height from the 

ground were similar between both types of bottles and environments. 

2.2.4 Elevated plus maze (EPM): 

 

Animals were placed on the middle platform of the EPM facing an open arm. Behaviour 

was recorded from above for five minutes after which animals were returned to their home cage. 

Behaviours were analyzed using ODlog2®. Scoring was done by one individual with no 

knowledge of which group the animal was in and intra rater reliability was higher than 90%. The 

apparatus was cleaned thoroughly with 70% ethanol between tests to avoid individual olfactory 

and gustatory cues. The duration and frequency of open arm and closed arm entries as well as 

ethological measures including stretch attend (moving body forward without lifting paws off the 

ground), head dip postures, and rearing were examined in this study. The latter are considered 

‘risk assessment’ behaviours and are believed to reflect the animal’s tendency to assess risk in its 

environment (Carobrez & Bertoglio, 2005).  

2.2.5 Forced Swim Test (FST): 

 

Animals were gently placed into a clear Plexiglas® cylinder (20cm diameter and 45cm in 

height) filled with room temperature water (24±1oC) up to a level of 30cm. They were removed 
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15 minutes later, gently dried, and placed in an incubator set at 28oC for ten minutes and then 

returned to their home cage. After 24 hours, the same animals were again monitored in the 

apparatus, this time for five minutes, and the frequency and duration of immobility, struggling, 

and escape attempts videotaped and later scored. The post-environment FST procedure was 

identical to the pre-environment FST. Only the behaviours recorded during the second 5 minute 

tests were scored and analysed using ODLog2®. All videos were scored by two individuals with 

an intra- and inter-rater reliability higher than 90%. 

2.2.6 Weight and estrous cycle:  

 

Animals were weighed once a week for a total of eight weeks to track weight gain or loss 

as a function of housing condition. Estrous cycle stage was confirmed by collecting vaginal fluid 

as described by (Marcondes, Bianchi, & Tanno, 2002). Briefly, on the day of behavioural testing 

(i.e. EPM or FST) 50µl of warm water was inserted into and then withdrawn from the vaginal 

canal using a sterile pipette. Microscopic examination of cell type was used to categorize cycle 

stage (Marcondes et al., 2002). When behavioural testing commenced, all animals were cycling, 

indicating that they were in various stages of the estrous cycle and had reached sexual maturity. 

2.2.7 Statistical Analysis: 

 

IBM SPSS statistics V. 20 software was used for all statistical analyses. The 2 x 3 mixed 

ANOVAs were performed to evaluate the effects of strain (2 levels) and environment (3 levels) 

on sucrose preferences and weight. MANOVAS were conducted to assess strain differences for 

the measures associated with the FST and EPM tests. Paired samples t-tests were carried out to 

examine the change in behaviours in the FST and EPM from baseline between environments. 

Although estrous cycle should be considered a time varying covariate, it was excluded from the 
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analyses because it did not correlate significantly with any of the DVs in question (i.e. 

immobility in the FST, open arm entries in the EPM), and therefore did not meet the criterion for 

inclusion as a covariate. For the sucrose preference analyses, sucrose and water consumption 

were averaged across the number of animals in each group. In other words, the total sucrose 

consumption was divided by six for animals in EE and that number was used as an index of 

sucrose consumption for each animal. For all follow-up statistical analyses, a Bonferroni 

correction was used to adjust the alpha level depending on the number of tests performed. 

Finally, a mixed ANOVA was used to examine weight change over time. Huynh-Feldt 

corrections were used to adjust the degrees of freedom for violation to sphericity. 

2.3 Results: 

 

2.3.1 Sucrose preference: 

 

Strain differences: 

Figure 2.2 shows the difference in sucrose preference between strains both before and 

after environmental manipulation. There was no significant strain difference in sucrose 

preference pre-environment F(1,22)=1.88, p=0.184,  ηp
2=0.079 and after-environment 

F(1,22)=0.021, p=0.886, ηp
2=0.001.  

Group differences: 

There were no group differences in sucrose preference in either strain before 

environmental manipulation (WKY: F(2,9)=0.261, p=0.776, ηp
2 = 0.055; Wistar: F(2,9)=4.160, 

p=0.053, ηp
2=0.480. A 2 x 3 x 2 mixed ANOVA examining strain (2 levels; WKY and Wistar), 

environment (3 levels; enrichment, standard and isolation) and sucrose preference (2 levels; pre 
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and post- environment) showed significant main effects of environment in the WKY 

F(2,9)=4.766, p=0.039, ηp
2=0.514 and Wistar F(2,9)=11.207, p=0.004, ηp

2= 0.714 strains. 

Interactions between environment and sucrose preference were also found in both the WKY 

strain F(2,9)=7.56, p=0.012, ηp
2=0.627 and control animals F(2,9)=11.714, p=0.003, ηp

2=0.722.   

Pair-wise comparisons were conducted to examine the effect of environment on sucrose 

preference. There was a trend for sucrose preference to increase from baseline after EE in both 

the WKY (p=0.066) and Wistar (p=0.077) animals. This change matches the hypothesis that EE 

can increase sucrose preference, and therefore reduce anhedonia in these animals. In contrast, 

there was a significant decrease in sucrose preference from baseline after isolation in both WKY 

(p=0.011) and Wistar (p=0.001) animals. In examination of sucrose preference after 

environment, animals in EE had significantly higher values than those in isolation both in WKY 

(p=0.015) and Wistar (p=0.001) strains. Furthermore, Wistar animals in the EE group had 

significantly higher sucrose preference as compared to those in standard housing (p=0.021). 

Overall, sucrose preference was positively affected by enrichment in both WKY and Wistar 

strains while isolation had a negative impact. 

2.3.2 Elevated plus maze: 

 

Strain differences: 

A MANOVA was used to assess the differences between strains in time spent in the open 

and closed arms as well as the number of entries into each arm (Figure 2.3). These measures 

were assessed both before and after housing assignment. Before assignment, there were 

significant main effects of strain on the number of entries into the open arm F(1,69)=30.198, 

p<0.001, ηp
2=0.304, duration F(1,69)=16.42, p<0.001, ηp

2=0.192 and the number of entries 
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F(1,69)=188.85, p<0.001, ηp
2=0.732  into the closed arm. Figure 2.3, panels B and D, highlight 

the differences between strains in the frequency of open and closed arm entries respectively. 

Similar trends were seen post-environment with WKY animals showing significantly fewer 

entries into the open F(1,69)=23.49, p<0.001, ηp
2=0.254 and closed arms F(1,69)=120.52, 

p<0.001, ηp
2=0.636 and significantly less time spent in the closed arm F(1,69)=11.26, p<0.001, 

ηp
2=0.140.  

These results may be due to the overall decreased activity of WKY animals and may be 

less related to anxiety-like behaviour then general motor activity. For instance, there was a 

significant difference between strains in considering total duration of movement during the EPM 

(these data are presented in Figure 2.4, top panel). This stain difference was observed both before 

(F(1,70)=41.833,p<0.001, ηp
2=0.374) and after (F(1,70)=107.381,p<0.001, ηp

2=0.605) 

environmental assignment. Furthermore, when total arm crosses completed by each strain were 

examined, it is clear that animals in the Wistar control strain completed significantly more arm 

crosses both pre- ( =30.6) and post-environment assignment ( =22.8) as compared to the WKY 

animals (before =13.2  and after =4.4) (Pre-environment F(1,69)=147.2, p<0.01, ηp
2=0.681 

and post-environment F(1,69)=84.62, p<0.01, ηp
2=0.551) (Figure 2.4, lower panel). 

 Group Differences: 

Paired samples t-tests were used to examine pre- and post-environment differences within 

each strain. Most of the changes observed were potentially due to practice effects as almost all 

open arm duration and entry measures decreased between the first and second test time. Table 

2.1 shows the direction of change in the mean durations from pre to post environment with the 

corresponding p-values. The critical p-value based on the number of tests was p=0.0009 based on 

a Bonferroni correction. 
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Figure. 2.2. Sucrose preference in the Wistar and WKY strains both before and after 

environmental manipulation. Error bars represent SEM. Asterisk denotes significance in the 

pairwise comparisons between groups post-environment (p < 0.05). 
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Figure. 2.3. Open arm duration (A) and frequency (B) and closed arm duration (C) and frequency 

(D) in the elevated plus maze separated by both strain and pre-post environmental manipulation. 

Error bars represent standard error. 
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As can be seen from Table 2.1, the only measure which increased significantly across all 

groups was the time spent in the closed arm, potentially indicative of the animals’ familiarity 

with the maze. The decrease in open arm entries and duration as well as the increase in closed 

arm duration has been shown in previous studies after repeated testing (Almeida, Garcia, & de 

Oliveira, 1993). 

2.3.3 Forced Swim Test: 

 

Strain difference: 

 A MANOVA was conducted to examine the differences between strain and the duration 

of immobility, swim frequency and duration, and total struggle frequency and duration in the 

FST before and after housing assignment. Results of strain differences are listed in Table 2.2 for 

both pre- and post- environmental assignment. Pairwise comparisons indicated that all 

comparisons between WKY and Wistar groups were significant at p<0.001.  

Some of the most striking results were related to total struggle and immobility durations. 

In this analysis, WKY had means of 2.7 and 292.7 s respectively for total struggle and 

immobility duration as compared to means of 89.7 and 207.1 s for the Wistar animals. Given that 

the test itself is 300 s, the fact that the WKY animals were immobile an average of 293 s 

indicates that they differ significantly from the Wistar animals which struggle to escape for a 

much larger proportion of time.  

Group differences: 

Group differences between pre and post environment were analysed via paired t-tests. 

With or without the Bonferroni adjusted alpha level due to the multiple comparisons (p= 0.0009), 
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there were no differences in behaviours before and after environment in the WKY strain; 

however that was not the case in the Wistar strain. Across all environments, these animals 

showed a decrease in the duration of struggling and an increase in immobility; this is common 

with repeated testing in the FST.   

2.3.4 Weight: 

 

Strain differences: 

Weight gain over time in each strain is illustrated in Figure 2.5. A 2 x 8 ANOVA was 

performed to assess the effects of strain (two levels) on weight gain over time (eight time points). 

There was a significant main effect of strain F(1,70)=422.69, p<0.001, ηp
2= 0.858 and significant 

interaction between strain and weight gain over time F(1.99,139.8)=97.95, p<0.001, ηp
2= 0.583 

due to  WKY animals gaining weight more slowly than that of control animals. This was 

expected as WKY animals tend to have a much lower overall body weight throughout their 

lifespan.  

Group differences: 

A 3 x 8 mixed ANOVA examining the effects of environment (three levels) on weight 

over eight time points within each strain revealed no significant main effects of environment in 

either the WKY F(2,33)=0.760,p=0.467, ηp
2=0.044 or Wistar strains - F(2,33)=0.313, p=0.313, 

ηp
2= 0.068. There was a significant interaction between rate of weight gain and environment in 

the WKY strain F(5.73,94.51)=5.03, p<0.001 but not in Wistar animals F(3.99, 65.92)= 

1.988,p=0.115. This finding is likely the result of differences during week 13 between the EE 

and SH groups (p=0.047). Examining week 13 alone, it is clear that there is a significant effect of 

environment in the WKY animals F(2,33)=3.48,p=0.042 while no significant effect of  
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Figure. 2.4. Movement duration in seconds and total arm crosses performed by WKY and Wistar 

animals both before and after environmental assignment. Error bars represent SEM and asterisk 

indicates significance at thep < 0.05 level. 
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TABLE 2.1. Change in anxiety-like and ethological measures in the EPM following 

environmental assignment. 
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TABLE 2.2. Strain differences in measures of immobility and escape behaviour in the FST. 
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Figure. 2.5. Rate of weight gain (gr) over time in Wistar (top panel) and WKY (bottom panel) 

animals. Red arrows indicate start of environmental assignment. (For interpretation of the 

references to color in this figure legend, the reader is referred to the web version of this article.) 
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environment was observed in the Wistar animals F(2,33)=1.95,p=0.159. Post hoc comparisons 

revealed that in the WKY strain, weight at week 13 differed significantly between EE and SH 

(p=0.042) groups with EE animals being heavier on average (p=0.042). Although not significant, 

the opposite trend is true in the Wistar strain with animals in SH being on average heavier than 

those in EE (p=0.173).  

2.4. Discussion:  

 

Large differences in behaviour were found between the two strains in almost all measures 

of anxiety- and depressive-like behaviours in the EPM and FST respectively. This could be due 

to the fact that WKY animals were naturally less active and more timid than their Wistar 

counterparts. As compared to the Wistar strain, WKY animals had significantly fewer entries 

into the open and closed arms as well as fewer total arm crosses and less movement in the EPM. 

In addition, WKY animals struggled far less than the Wistar animals and had significantly 

greater immobility times in the FST. Taken together, most findings in this study show that the 

behaviour of WKY rats is very different from that of the Wistar control rats and further validates 

the WKY as a putative model of depression.  

 The most notable finding in this study was the change in sucrose preference in response 

to environmental manipulation. A decrease in sucrose preference has been considered as the 

animal manifestation of anhedonia, a characteristic symptom of depression. It is well 

documented that animals exposed to stress experience a decrease in sucrose preference (Baker & 

Bielajew, 2007; Baker et al., 2006; Willner et al., 1992, 1987). At baseline, prior to 

environmental assignment, all animals had a similar sucrose preference. After assignment, rats in 

isolated housing had significantly decreased sucrose preference (interpreted as an increase in 



44 | P a g e  
 

anhedonia) as compared to those housed in EE conditions. Furthermore, as the pre- and post-

environment sucrose preference of animals in standard housing did not differ significantly, this 

indicates that it was indeed environmental and not time effects which caused a change in 

preference. This is in line with previous studies which suggest that social isolation can create an 

animal model of depression (Brenes Sáenz, Villagra, & Fornaguera Trías, 2006) specifically in 

female animals who may be more sensitive to isolation (Grippo, Gerena, et al., 2007; Grippo, 

Cushing, & Carter, 2007). The difference in sucrose preference observed in both strains between 

EE and isolated housing conditions could be due to the broad anxiolytic effect of EE (for reviews 

see  Fox, Merali, & Harrison, 2006 and Laviola et al., 2008). In our Wistar group, sucrose 

preference was significantly increased by EE as compared to the group in standard housing. A 

similar but not significant trend was seen in the WKY equivalent group. This could be due to the 

effects of physical exercise on behaviour. Exercise has been found to decrease depressive 

symptomatology in both humans and animal models (Greer & Trivedi, 2009). In fact, exercise is 

a key component of EE, as it correlates with increased neurogenesis and neurotrophic factors in 

the brain (Kobilo et al., 2011).  These could all contribute to the difference seen in sucrose 

preference between the standard and EE housing conditions.  

 Contrary to expectation, there was no significant difference in sucrose preference at 

baseline between the WKY and Wistar rats. A difference in sucrose preference was expected 

since the WKY is an animal model of depression and therefore anhedonia would be a likely 

symptom from the outset of the experiment. A previous study examining pre-pubertal male rats 

reported a significant strain difference in saccharin preference between WKY and Wistar rats 

(Malkesman et al., 2005). In their study, animals were not in their home cage for the saccharin 

preference test and had been exposed to a physical stressor prior to the test. These conditions 
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could modify the animals’ behaviour in a way that creates a significant difference between 

strains. For instance, not only could the negative effects of the physical stress affect WKY rats 

for a longer period of time than Sprague-Dawley or Wistar rats but also the novelty of moving to 

a different room from their home cage could have decreased their saccharin preference.  

 In the EPM, there was a significant difference between strains on multiple behavioural 

and ethological measures. This could be due to the lack of movement observed in the WKY 

strain which is in line with previous studies comparing the WKY strain to Wistar and Sprague-

Dawley rats (Ferguson & Gray, 2005). In the current study, it was difficult to assess the WKY 

rats in the EPM as they tended to freeze in a portion of the maze and remain immobile for long 

periods of time. Therefore, within strain differences could not be easily observed. This lack of 

movement and tendency to freeze in the WKY strain also made analyses of environmental 

groups difficult within the WKY strain and any differences very difficult to interpret. 

 No protective effect of EE was found in the Wistar rats in the duration or frequency of 

open arm visits in the EPM. Previous studies using Sprague-Dawley rats have also found no 

protective effect of EE in the EPM (Brenes, Padilla, & Fornaguera, 2009). This result was 

attributed to the length of enrichment or isolation which could be a factor in the current study. 

However, four weeks duration for EE is quite common, with a large proportion of studies that 

employ EE choosing this time frame (Simpson and Kelly, 2011). While not significant, there was 

a reduction in both open arm duration and frequency, and an increase in closed arm duration in 

both the WKY and Wistar animals across all environments. As a whole, this may be indicative of 

a practice effect.   
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An alternative explanation is that the EPM may not be the best measure of anxiety-like 

behaviour in the female rat. In fact, the EPM may be measuring different behavioural dimensions 

between the sexes. For instance, Frenandes and colleagues (1999) performed a factor analysis on 

male behaviour in the EPM and showed that it was related to anxiety, while in females, EPM 

behaviour was more indicative of their activity level (Fernandes, González, Wilson, & File, 

1999). Due to limited studies on female rats, there is little evidence that the EPM reliably 

measures anxiety-like behaviour in females, especially if the stage of the estrous cycle is taken 

into account. Altogether, it is important in future research to question whether the EPM is an 

applicable test of female anxiety-like behaviour and to carefully consider the age and estrus cycle 

stage of the animals. 

 The results from the FST showed significant differences between the two strains but not 

between the environments within strain. All escape and struggle behaviours were significantly 

lower in the WKY animals, both before and after environmental manipulation. This is consistent 

with previous studies showing that WKY rats are immobile for a significantly larger portion of 

time as compared to control animals (Paré, 1989; Rittenhouse, López-Rubalcava, Stanwood, & 

Lucki, 2002).  In our study, there appeared to be no effect of environment on FST behaviours in 

either strain. In the WKY rats, this could be because they tend to be very inactive and even in 

some places have been bred to show immobility in the FST so that the environmental 

manipulation is ineffective. However, it was expected that EE and isolation would influence the 

Wistar rats. Upon further examination it appeared that there were significant differences across 

FST behaviours between cohorts. As much as possible, both cohorts were kept in the same 

conditions and tests were carried out at the same time in both cohorts. However, Wistar rats in 

cohort 1 who were assigned to EE housing showed a significant increase in escape behaviour and 
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decrease in immobility after environmental manipulation as compared to those in isolation. This 

is expected based on previous studies (Brenes & Fornaguera, 2008; Brenes et al., 2009). 

However, no significant difference was observed in cohort 2 animals. When combining the two 

cohorts, the effects of environment disappeared. While the FST is a validated model of 

antidepressant activity, it may not be effective in examining the effects of a non-pharmaceutical 

intervention such as the environmental manipulation used in this study. 

Weight also differed significantly between strains. This was not surprising given the 

difference in growth trends of each strain. The pattern observed in the Wistar rats is more 

congruent with past research as animals in EE tend to be more physically active and are thus 

lighter than their standard housing or isolated housing counterparts (Zaias, Queeney, Kelley, 

Zakharova, & Izenwasser, 2008). However, in the current study, the opposite trend was found in 

WKY females. The significant increase in weight at week 13 as compared to animals in standard 

housing is noteworthy as similar effects have been found in previous studies. For instance, the 

comparison of enriched to impoverished WKY animals indicates enrichment was associated with 

higher weights in these animals (Hunziker, Saldana, & Neuringer, 1996). These results indicate a 

further need to study the impact of physical and social environment on body weight.  

There were limitations in this study as only female animals and two separate cohorts 

could be used due to space and time constraints. The use of female animals, as well as the 

potential variability between cohorts could have impacted the results of this study. Furthermore, 

the effects of repeated testing in the EPM and FST may have influenced the post-environment 

behavioural measures. To avoid this, future studies should increase the inter-test interval and 

physical location of the test between trials. Finally, variability inherent in the WKY strain could 
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make interpreting small behavioural differences in response to environmental assignment 

difficult (Overstreet, 2012).   

2.5 Conclusions 

 

 The environment can have both positive and negative effects on mental illness. This 

study highlights the importance of the combination of social and physical enrichment in an 

animal model of anhedonia. Future studies should examine the effects of EE and isolation on 

both male and female WKY animals to explore the relationship between environment, sex, and 

depressive- and anxiety-like behaviours. If the social and physical components of EE can 

improve negative behaviours in an animal model of depression, then perhaps enrichment in the 

form of a healthy lifestyle, for example, can be used in human work as an intervention for 

clinical depression either by itself or in conjunction with pharmaceuticals.  
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Abstract: 

 This study investigated the effects of environmental manipulation on female Wistar 

Kyoto (WKY), an animal model of depression, and female Wistar rats. It explored the function 

of the hypothalamic-pituitary-adrenal axis (HPA) and immune system, as they have both been 

implicated in the pathophysiology of depression. A further goal was to characterize the immune 

cytokine concentrations of female WKY rats as this has, to our knowledge, never been 

documented. Animals were assigned to enriched, standard, or impoverished housing for four 

consecutive weeks. Following this, serum was collected at baseline and post-stress periods to 

measure the concentration of corticosterone, TNF-α, IL-1β, and IL-10. WKY animals had 

significantly higher corticosterone levels at the post-stress time-point than their Wistar 

counterparts. WKY rats in isolation tended to have the lowest corticosterone levels which may 

indicate that they prefer a solitary environment, a symptom of depression. We observed a 

significant decrease in TNF-α after enrichment in the Wistar strain. A similar decrease in TNF-α 

was found in the WKY strain, but there was no difference between environmental conditions. 

There was a significant increase in pre- to post-stress IL-10 level in both Wistar and WKY 

animals. WKY rats had a significantly lower level of IL-1β as compared to the Wistar animals at 

both pre- and post-stress time points. Given this strain difference, it is likely that the WKY rats 

had a dysregulated HPA axis which further influenced their circulating cytokine levels. Further 

studies are needed to examine how this pattern of findings plays a role in the pathophysiology of 

depression.  

Keywords: Stress, immune response, cytokine, corticosterone, depression, hypothalamic-

pituitary-adrenal axis,  
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3.1. Introduction: 

 Depression is a serious disorder with a large impact on both an individual’s quality of life 

and society as a whole. The behavioural symptoms include anhedonia, fatigue, changes in sleep, 

and withdrawal from social situations (Andrews et al., 2007). However, the pathophysiological 

changes in the brain which occur during depression are still not well understood. For instance, 

some of the issues that have yet to be resolved are related to the slow onset of the therapeutic 

response of antidepressants and their clinical efficacy in only a subset of patients (Connolly & 

Thase, 2011). Moreover, the scientific evidence linking a chemical imbalance in the brain and 

depression has recently been called into question (Lacasse & Leo, 2005). The view that 

depression is a chemical imbalance in the brain is likely one piece of a much more complex 

puzzle and other mechanisms and their interaction in the pathophysiology of depression should 

be explored.  

Chronic stress has long been linked to depression, typically through the dysregulation of 

the hypothalamic-pituitary-adrenal (HPA) axis (Checkley, 1996). One frequently studied marker 

of stress is the amount of circulating cortisol. Atypical diurnal and reactive stress patterns can 

reveal an impairment of the HPA axis. For example, an increase in serum cortisol, known as 

hypercortisolemia, is reported in patients with depression (Carroll et al., 2007; Gillespie & 

Nemeroff, 2005). However, the mechanism behind this HPA dysregulation leading to elevated 

circulating cortisol is still unknown (Carroll et al., 2012). A decrease in serum cortisol, known as 

hypocortisolism, is also common in patients with major depressive disorder (Maripuu, Wikgren, 

Karling, Adolfsson, & Norrback, 2014). The findings that both too much and too little circulating 

cortisol are reported in depression illustrates the complicated mechanisms that underlie mood 

disorders and the need for more studies.  
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More recently, a role for the immune system in the pathophysiology of major depression 

has been uncovered (Miller et al., 2009). In response to infection, peripherally produced pro- and 

anti-inflammatory cytokines, such as tumor necrosis factor alpha (TNF-α) and interleukin 10 (IL-

10) respectively are released. These pass though the blood-brain barrier and directly affect neural 

structures (Vitkovic et al., 2000). For instance, pro-inflammatory cytokines can increase 

excitotoxicity and decrease monoamines and trophic factors in the brain (Miller et al., 2009). Not 

only are serum pro-inflammatory cytokine levels higher in people with depression, but there 

appears to be an imbalance between the pro- and anti-inflammatory cytokine system (Song, 

Halbreich, Han, Leonard, & Luo, 2009). The above suggest that a dysregulation in the immune 

system and the resulting elevation in pro-inflammatory cytokines may predispose an individual 

to developing depression. 

One way to characterize depression-related immune mechanisms is via animal models. 

For example, rats treated with lipopolysaccharide (LPS), the major component of gram-negative 

bacteria (Layé, Parnet, Goujon, & Dantzer, 1994) exhibit sickness behaviour which has 

similarities to the symptoms of depression including fatigue, anhedonia, pain, and both social 

and physical withdrawal (Dantzer et al., 2008; Kentner et al., 2008). It has been hypothesized 

that ‘depression’ or ‘sickness behaviour’ has evolved as a motivational state in response to 

infection as it promotes immune system activation and compensatory energy saving mechanisms 

(Dantzer, 2001; Dantzer, 2009; Stieglitz et al., 2015). The connection between depression and 

sickness behaviour is strengthened through studies showing that chronic treatment with anti-

depressants can alleviate sickness behaviour in rodents (Charlton, 2000; Yirmiya, 1996; Yirmiya 

et al., 2001). In fact, if an increase in cytokines is chemically blocked with anti-inflammatories 

such as dexamethasone, no sickness behaviour is exhibited since there is no triggering signal 
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(Dantzer, 2001; de Paiva et al., 2010). While sickness behaviour can be adaptive in response to 

infection, it can be the cause of psychopathology when it, or its antecedents, are not deactivated 

(Dantzer et al., 2008).  

 While infection can potently activate the immune system, research has shown that 

stressful stimuli can also trigger the immune response. Chronic stress early in life can affect 

inflammatory responses and again contribute to a dysregulation of the HPA axis even in 

medically healthy patients (Danese et al., 2008) without exposure to  infection. It is known, via a 

feedback mechanism, that stress-induced  inflammatory responses increase circulating cortisol 

through  HPA axis stimulation (Miller et al., 2009). Taken together, there is powerful evidence 

that stress-induced immune activation and its effects on the HPA axis play a large role in the 

pathophysiology of anxiety and depression.  

Physical exercise and social support have been found to help alleviate mild to moderate 

depression in humans and have been successfully used as interventions (Carek et al., 2011; 

Paykel, 1994). However, it is not clear whether social and physical interventions are helpful in 

cases of severe depression and how this would affect circulating stress hormone and immune 

cytokine levels. One way to examine this relationship in animal models is by incorporating 

environmental enrichment (EE) as a form of physical and social enrichment. While EE currently 

has no standardized format, it typically involves exposing laboratory animals to physical and 

social stimuli that they would not normally experience in a standard housing condition 

(Rosenzweig & Bennett, 1996). EE has been shown to significantly increase neurogenesis as 

well as decrease anxiety- and depressive-like behaviour  (Simpson & Kelly, 2011). EE can affect 

neurotransmission (Solinas, Thiriet, Chauvet, & Jaber, 2010) as well as increase neurotrophic 

factors in the hypothalamus of female rats (Bakos et al., 2009). Furthermore, environmental 
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enrichment, when coupled with brain stimulation reward, has been shown to buffer the effects of 

LPS injection and the consequent sickness behaviour (Kentner et al., 2008).  

Animal models of depression have been used as research tools to study the factors and 

mechanisms underlying depression. For example, the Wistar Kyoto strain specifically has been 

utilized as an animal model of depression for the past two decades (Overstreet, 2012). This strain 

was originally bred to be the normotensive control of the spontaneously hypertensive rat 

(Okamato & Aoki, 1963). They exhibit depressive-like behaviour in the forced swim test 

(Mileva & Bielajew, 2015), have abnormal circadian rhythm activity (Solberg et al., 2001), are 

more prone to stress-induced ulcers (Paré, 1989), and are considered the most likely candidates 

as an animal model of antidepressant-resistant depression (Lahmame et al., 1997;  Willner & 

Belzung, 2015). While many diseases are more prevalent in women, most animal studies have 

relied on studies of male animals (for review of sex bias in animal studies see (Beery & Zucker, 

2011; Zucker and Beery, 2010). This is also the case in depression and anxiety research. While 

women have almost twice the likelihood of developing depression in their lifetime, pre-clinical 

studies of depression have largely employed male animals (Piccinelli & Wilkinson, 2000; Zucker 

& Beery, 2010). This bias is due to the hormonal fluctuations inherent in female animals during 

the estrous cycle which can affect both physiology and behaviour (Mileva et al., 2013). In recent 

years, this issue has been gaining more traction and concrete steps are being taken to balance the 

use of female and male animals although there is still much work to be done (Clayton & Collins, 

2014). 

The study described here addressed whether environmental manipulation in the form of 

enrichment or impoverishment affects the peripheral concentration of corticosterone and the 

immune cytokines TNF-α, IL-1β, and IL-10 in the WKY strain as compared to that of the Wistar 
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strain. Due to the dearth of studies investigating female depressive responses, particularly in the 

WKY strain, it is the wider objective of this study to produce data that can be used as a reference 

for future studies of these strains.   

3. 2. Methods: 

 

3.2.1 Animals and environmental conditions 

A total of 36 WKY and 36 Wistar female rats at age post-natal day (PND) 28 were 

obtained from a local supplier (Charles River Laboratories, Québec, Canada). Figure 3.1 shows 

the timeline of the study. At PND 28 rats arrived at the facility and were placed in groups of 3 

and left to acclimate for 4 days. Following this, animals were handled between PND 32 and PND 

62 and behavioural testing as described in Mileva et al 2015 was carried out. A day/night cycle 

of 12h:12h and temperature of 21.5±1oC with humidity ~40% kept conditions standardized. 

Animals were cycling at PND 55 at which age they are considered sexually mature (Sengupta, 

2013). At PND 62, they were randomly assigned to one of three environments for 30 days: 1) 

Standard housing (SH) - 3 rats in one guinea pig cage, with dimensions 50cm x 38cm x 20cm,  

2) Isolated housing (IH) - 1 rat per small cage, dimensions 45cm x 22cm x 20cm, or 3) 

Environmental enrichment (EE) - 6 animals in a multistory cage with toys, chain bridges, 

Nestlets®, wooden chewing blocks, multicoloured Plexiglas® houses, and cardboard tubes. 

Animals in EE also had unlimited access to a running wheel. In each environment, food and 

water was provided ad libitum and cages were cleaned once a week to provide fresh bedding. 

Each environmental condition had twelve animals. Therefore, 12 WKY animals and 12 Wistar 

animals were in the EE condition, another 12 WKY and 12 Wistar animals in the SH condition, 

and a final 12 WKY and 12 Wistar animals in the IH condition.  
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Figure 3.1. Timeline of experiment including arrival at the facility at post natal day (PND) 28, 

handling, environmental assignment at PND 62 for 30 days and finally baseline and post-stress 

blood draws at PND 92 and 94 respectively. 
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3.2.2 Estrous cycle monitoring 

 Details of estrous cycle stage monitoring are detailed in Mileva et al 2015. Briefly, 

vaginal fluid was collected by inserting and withdrawing 50µl of warm water into the vaginal 

canal using a sterile pipette and analysing the cell type (Marcondes et al., 2002). 

3.2.3. Immune Cytokine analysis 

At PND 92, animals were restrained and baseline blood was withdrawn from the tail vein. 

This procedure took a maximum of three minutes per animal, minimizing the effects of restraint 

stress on circulating corticosterone and immune cytokines (Vahl et al., 2005). At PND 94, after a 

15-minute forced-swim, animals were placed in an incubator at 28oC and allowed to warm up for 

5 minutes so blood collection would be easier. Therefore, post-stress blood was withdrawn 

approximately 20-30 minutes after exposure to the stressor. Blood was centrifuged and serum 

was aliquoted and stored in a -80oC freezer.  After thawing, the serum was analysed for immune 

cytokines using an EMD Millipore analyte 96 well plate sensitive to IL-1β, TNFα, and IL-10. 

Serum was also analysed for corticosterone levels using an Enzo Corticosterone ELISA 96 well 

plate. All procedures were approved by the Animal Care Committee at the University of Ottawa, 

Canada.  

3.2.4 Statistical Analyses 

Statistical analyses were performed using IBM SPSS V 20 software. 2x3x2 ANOVAs were 

performed accounting for strain (2 levels- Wistar and WKY), environment (3 levels- EE, SH, IH) 

and time-point (2 levels- baseline and peak). Bonferroni correction was used for all pairwise 

comparisons as needed. Estrus cycle did not qualify for use as a covariate because it did not 

significantly correlate (r <0.4) with mean corticosterone, IL-1β, TNF-α, and IL-10 (Ferguson & 

Takane, 1989).   
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3.3 Results: 

3.3.1 Corticosterone: 

3.3.1.1 Comparing Wistar and WKY strains 

A 2x3x2 ANOVA comparing strain, environment and time-point found significant main 

effects in corticosterone levels between strains F(1,111)=23.501, p<0.001, η 2=0.175,  time-

points F(1,111)=683.954, p<0.001, η 2=0.860, and there was an interaction between strain and 

time F(1,111)=13.488, p<0.001, η 2=0.108 (Figure 3.2). Pairwise comparisons revealed no 

significant differences in serum corticosterone at baseline between the Wistar (58 ng/ml) and 

WKY (76 ng/ml) animals (p=0.406). Conversely, there was a significant difference at the post-

stress time-point with the Wistar animals having a much lower level of corticosterone 

(410ng/ml) than the WKY (544ng/ml) rats (p<0.001).   

Figure 3.3 shows the baseline (panel A) and post-stress levels (panel B) of corticosterone 

in the Wistar and WKY animals across the three environments. There was no main effect of 

environment F(2,103)=2.058, p=0.133, η 2= 0.038  or a strain by environment interaction 

F(2,103)=2.269, p=0.109, η 2= 0.042. However, at baseline, a marginally significant interaction 

between strain and environment was found F(2,52)=3.027, p=0.057 (panel A). Planned 

comparisons showed that Wistar animals had a significantly lower level of corticosterone 

(45ng/ml) than that of their WKY counterparts (106ng/ml) in the SH condition F(1,18)=5.140, 

p=0.037.  

At the post-stress time-point, corticosterone levels were significantly different between 

strains F(1, 51)=23.988, p<0.01 (panel B). Planned comparisons at post-stress levels found 

significant differences between strains in the EE and IH groups. In the EE groups, Wistar 

animals had a significantly lower levels of corticosterone (426ng/ml) than the WKY (585ng/ml)  
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Figure 3.2. Serum corticosterone (ng/ml) in Wistar and Wistar Kyoto female rats at baseline and 

peak stress levels. Animal numbers were as follows; at baseline Wistar (n=32), WKY (n=26); at 

the post-stress time-point Wistar (n=31), WKY (n= 26). Error bars represent SEM. Asterisk 

denotes significance in the pairwise comparisons at (p<0.05). 
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Figure 3.3. Serum corticosterone (ng/ml) in Wistar and Wistar Kyoto female rats at baseline 

(panel A) and peak (panel B) stress levels across three environments. Sample sizes were as 

follows; baseline Wistar EE (n=11), IH (n=10), and SH=(11); WKY EE(n=10), IH (n=8) and SH 

(n=8). At the post-stress time-point Wistar EE (n=9), IH (n=11) and SH (n=11); WKY EE (n=9), 

IH (n=7) and SH (n=10). Error bars represent SEM. Asterisk denotes significance in the pairwise 

comparisons at(p<0.05). 
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 animals (F(1,17)=12.986, p=0.002). Similarly, in the standard housing condition Wistar 

(408ng/ml) animals had lower levels of corticosterone than WKY (543ng/ml) rats 

(F(1,20)=10.289, p=0.005).  

3.3.1.2 Within strain comparisons 

Using a one-way ANOVA, within strain differences were examined. As shown in Figure 

3.2, there was a significant increase in corticosterone from pre- to post- stress time-points in both 

the Wistar (F(1,62)=422.25, p<0.001) and WKY strains (F(1,51)=287.35, p<0.001). There was 

no significant difference between corticosterone levels and environmental placement in either the 

Wistar (F(2,57)=0.264, p=0.77, η 2= 0.009) or WKY strains (F(2,46)=2.686, p=0.079, η 2= 

0.105). Planned comparisons gave rise to a trend in which the lowest corticosterone levels for 

WKY animals were found in the IH condition at both baseline (F(29,31)=2.184, p=0.135), and at 

post-stress (F(23,25)=1.235, p=0.310). 

3.3.2: TNF-α 

The top panel (A) in Figure 3.4 illustrates the relationship between TNF-α, strain, and 

environmental condition. A 2x3x2 ANOVA examining the effects of  strain, environment and 

time on TNF-α levels revealed a significant main effect of time (F(1,127)=5.95, p=0.016, η 2= 

0.045). Pairwise comparisons displayed a significant decrease in TNF-α between baseline 

(4.9pg/ml) and post-stress (3.9pg/ml) time-points (p=0.016).  There was a significant 

environment by time interaction F(2, 127)=3.36, p=0.038, η 2=0.05 as well as a trend in the 

environment by strain interaction F(2,127)=2.807, p=0.064, η 2=0.042. Pairwise comparisons 

revealed that TNF-α decreased from baseline (5.45pg/ml) to the post-stress (3.0pg/ml) time-point 

only in the EE condition (p=0.001). Furthermore, there was a marginal main effect of 

environment at the post-stress time-point in the Wistar animals (F(2,33)=2.974, p=0.065).  
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Figure 3.4. Serum cytokine levels (pg/ml) in Wistar and Wistar Kyoto female rats at baseline and 

peak stress levels across three environments. The sample size for all groups was n=12, expect at 

baseline for Wistar animals in EE who had n=10, and WKY animals in SH who also had n=10. 

Error bars represent SEM.  
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Figure 3.5. Serum IL-1β concentration (pg/ml) in Wistar and Wistar Kyoto female rats baseline 

and peak stress level. Error bars represent SEM. Animal numbers were as follows; at baseline 

Wistar (n=34), WKY (n=34); at the post-stress time-point Wistar (n=36), WKY (n= 35). Asterisk 

denotes significance in the pairwise comparisons at(p<0.05). 
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Pairwise comparisons reported a trend in which animals in EE (2.6pg/ml) had the lowest level of 

TNFα as compared to those in SH (5.3pg/ml); p=0.086.  

3.3.3 IL-10 

 The relationship between environment, strain and time and IL-10 serum concentration is 

shown in the middle panel (B) of figure 3.4. There was a main effect of time on IL-10 serum 

levels (F(1,127)=10.68, p=0.001, η 2=0.078). Pairwise comparisons showed a significantly 

higher IL-10 serum level at the post-stress time-point (24.5pg/ml) as compared to that of baseline 

(17.14pg/ml);p=0.001.  

3.3.4 IL-1β 

 The lower panel (C) of Figure 3.4 shows the association between IL-1β, environmental 

placement, time, and strain. A 2x3x2 ANOVA examining the effects of strain, environment and 

time on serum concentration of IL-1β showed a significant main effect of strain F(1,127)=42.12, 

p<0.001, η 2=0.25. As illustrated in Figure 3.5, Wistar animals had a significantly higher serum 

IL-1β concentration at both baseline (32.9pg/ml) and post-stress (39.2pg/ml) time-points than 

WKY animals at baseline (6.3pg/ml) and post-stress (8.2) (Baseline: F(1,67)=24.2, p<0.001 and 

Post-stress: F(1,70)=21.06, p<0.001). 

3.4. Discussion: 

 The purpose of this study was two-pronged: to examine the effects of environmental 

condition as well as characterize immune cytokine levels in an animal model of depression. We 

found significant increases in serum corticosterone and IL-10 concentration at the post-stress 

time-point for both Wistar and WKY strains. WKY animals had significantly higher post-stress 

levels of serum corticosterone as compared to that of Wistar animals indicating a potential 
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dysregulation of the HPA axis. The pro-inflammatory cytokine TNF-α decreased between pre- 

and post- stress time-points, specifically in the EE condition in Wistar animals. WKY animals 

also showed significantly lower than normal levels of the pro-inflammatory cytokine IL-1β.  

The HPA axis and its metabolites can profoundly affect the immune response. Cortisol 

has an inhibitory effect on the immune system, such that as circulating cortisol increases the 

immune response is dampened in order to allow for stress-induced physiological changes to 

occur and to stop all non-essential processes (for review see Miller, 2009). The inhibitory effect 

of cortisol on the immune system is decreased after exposure to chronic stress. This allows for 

the increased release of pro-inflammatory cytokines which access the brain and promote 

excitotoxicity, a decrease in monoamines and trophic factors. These have strong implications for 

psychopathology and many studies have shown increases in circulating pro-inflammatory 

cytokines in depressed patients (Liu, Ho, & Mak, 2012; Song et al., 2009; Sutcigil et al., 2007; 

Tuglu, Kara, Caliyurt, Vardar, & Abay, 2003). Similarly, chronic stress and an increase in 

circulating cortisol have been found in patients with depression (Carroll et al., 2012; Checkley, 

1996; Gillespie & Nemeroff, 2005). In fact, it may be that the increase in circulating cortisol has 

no effect on depression but rather that through chronic stress the HPA axis is dysregulated and 

can no longer act to inhibit and in turn suppress the downstream effects of pro-inflammatory 

cytokines on the brain. Research on the administration of IL-1β has shown it is able to potently 

activate the HPA axis by stimulating ACTH and CRH release (for review see Dunn, 2000; 

Uehara, Gottschall, Dahl, & Arimura, 1987). Taken together, it may be that an increase in 

cytokines activates the HPA axis and in turn a dysregulation of the HPA axis potentiates the 

immune response. The evidence points to an innate relationship between the HPA axis and 
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immune system and the dysregulation of either can play a pivotal role in the development of 

psychopathology, and in particular depression.  

 Results from previous studies have reported increased corticosterone levels in WKY 

male and female rats as compared to Sprague-Dawley rats and may be indicative of an HPA axis 

dysregulation (Armario, Gavaldà, & Martí, 1995; Rittenhouse, López-Rubalcava, Stanwood, & 

Lucki, 2002). Studies examining corticosterone response following an acute stressor have also 

found that WKY males have a sustained higher corticosterone level than their Wistar 

counterparts (De La Garza & Mahoney, 2004). The largest differences between Wistar and 

WKY animals in this study were found between the EE and SH housing types. Serum 

corticosterone levels in EE were the highest for the WKY animals suggesting that the frequent 

changes in their environment, by way of adding novel objects to their cage, as well as the forced 

social contact with five other animals could have been more stressful than was the case for 

animals in the IH environment. 

There was a trend for WKY animals in IH towards low corticosterone levels at both the 

baseline and post-stress time-points. Conversely, corticosterone levels in the Wistar strain were 

highest in IH at baseline. This could be because female animals are typically more stressed after 

social isolation than their community housed counterparts (Hatch et al., 1965). In fact, some 

laboratories use social isolation as a stressor and have shown increases in corticosterone in 

rodents following these manipulations (Heinrichs & Koob, 2006). The finding that WKY 

animals have lower corticosterone levels in isolation suggests that the withdrawal inherent in 

depression may keep their physiological stress response low and that forced social and physical 

enrichment may in itself be a form of chronic stress for this strain.  
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While TNF-α has been implicated in the pathophysiology of depression, there is debate 

as to the relationship of TNF-α and the HPA axis, with some researchers finding that elevated 

HPA axis activity supresses the production of TNF-α (Berthold-Losleben & Himmerich, 2008; 

Himmerich et al., 2006). In addition, some laboratories have reported both decreased (Song et 

al., 2009) and increased ( Liu et al., 2012; Tuglu et al., 2003) levels of TNF-α in patients with 

major depression. In this study, there was a significant decrease in TNF-α between baseline and 

post-stress time-points, perhaps due to a corticosterone-induced suppression of TNF-α. In our 

study, Wistar animals in EE tended to have the lowest levels of TNF-α suggesting the physical 

and social enrichment they experienced in their environment can have an immunomodulatory 

effect and acts as a buffer to stress-induced inflammation. This is supported by studies of male 

mice which found that TNF-α and IL-1β were significantly lower in animals in the EE condition 

after LPS injection (Williamson, Chao, & Bilbo, 2012). 

The balance between pro-inflammatory and anti-inflammatory cytokines has been linked 

to depression (Elenkov & Chrousos, 1999). Studies often show an increase in proinflammatory 

(IL-1) and decrease in anti-inflammatory (IL-10) cytokines in untreated patients with depression 

(Song et al., 2009; Sutcigil et al., 2007).  In this study, there was no impact of environmental 

condition on serum concentration of IL-10 in either Wistar or WKY female rats. In both strains 

IL-10 increased between pre and post-stress time-points. Studies have shown that IL-10 is an 

inhibitor of TNF-α production (Armstrong, Jordan, & Millar, 1996). The IL-10 mediated 

suppression of TNF-α may be why we see a decrease in TNF-α as described above.  In addition, 

an increase in IL-10 in response to psychosocial stress has been reported in mouse studies and it 

has been suggested that stress-induced IL-10 secretion acts as an immunosuppressant (Curtin, 
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Mills, & Connor, 2009). Therefore, both the Wistar and WKY strains show some degree of stress 

induced IL-10-mediated immunosuppression. 

Typically, an increase in IL-1β serum concentration has been found in patients with 

depression (Song et al., 2009). In animals, it has been shown that injection with IL-1β can trigger 

immobility in the FST, a measure of depressive-like behaviour (Simmons & Broderick, 2005). In 

a previous behavioural study in the same subset of animals, we showed that the WKY female 

animals were immobile significantly longer than their control counterparts in the FST (Mileva & 

Bielajew, 2015). Consequently, the goal here was to examine whether this immobility was 

associated with circulating IL-1β serum concentration. As shown in Figure 4, there was a 

significant difference in serum IL-1β between strains opposite to our expectations. Other studies 

using male and female Wistar rats have found similar serum levels of IL-1β to those found in our 

control Wistar animals at baseline (Gullaiya et al., 2013; Silva et al., 2000). Therefore, it appears 

that the levels we observed in the WKY female rats were significantly lower than what would be 

considered ‘normal’ and may indicate a dysregulation in the IL-1β pathway specifically. To our 

knowledge, this is the first report of IL-1β serum concentration in female WKY animals. More 

studies will need to replicate this finding in order to parse out how significantly lower serum 

levels of IL-1β could affect the HPA axis and stress response. Future studies will need to 

examine the mechanism responsible for this unusually low level of IL-1β and what this means 

for the pro- and anti-inflammatory cytokine balance important in the pathophysiology of 

depression.  

The complicated findings of this study may be due to the interaction of estrogen and 

immune cytokines. This interaction is intricate and depending on which cell or tissue type is 

examined, estrogen can have either inhibitory or excitatory effects (for review see Straub, 2007). 
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As an example, TNF- α levels can be either stimulated or suppressed by estrogen (Gilmore, 

Weiner, & Correale, 1997). Furthermore, an interaction between gonadal hormones and estrous 

cycle has been found in which progesterone can increase IL-1β induced fever in contrast to 

animals which were not administered progesterone (Mouihate, Chen, & Pittman, 1998). This 

indicates a relationship not only between estrogen but also progesterone and immune cytokine 

response. Others have suggested that estrogen can increase the levels of anti-inflammatory 

cytokines such as IL-10 during the course of pregnancy, to supress the maternal immune 

response (Thaxton & Sharma, 2010). Taken together, these studies highlight the complex role of 

gonadal hormones on immune cytokine secretion. As female rats have large fluctuations in 

gonadal hormones throughout their estrous cycle, it is possible that an interaction of these 

hormones and immune cytokines produced the variability we see in our sample and that they 

negated any potential effects of environment that may have occurred. However, as there was no 

correlation between estrous cycle phase and measures of immune cytokines or corticosterone, it 

is unclear whether gonadal hormones did have an effect in this study. Future studies examining 

estrogen and progesterone will be necessary to define the role of each in the immune system, 

especially in response to changes in the environment. 

3.5. Conclusions 

This study characterized corticosterone and immune cytokine serum levels in response to 

environmental manipulation in female WKY and Wistar rats. Female WKY rats appear to have 

an altered stress response as they tend to produce more corticosterone following exposure to a 

stressor than their control counterparts. In addition, housing in isolation seems to be the least 

stressful environment for the WKY rats seeing as they are prone to withdrawal and avoidance 

behaviours (Servatius, Jiao, Beck, Pang, & Minor, 2008).  
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This study provides evidence for a disrupted IL-1β pathway, in the WKY female rat. 

Future studies could examine the mechanism for the disruption in the IL-1β pathway and if there 

is an additive effect of pharmacotherapy and enrichment in serum corticosterone and cytokine 

levels. Pharmacotherapy may be effective in pushing the animals into a more receptive state 

towards the positive effects of physical and social enrichment. Finally it is important to examine 

the effects of circulating gonadal hormones on pro- and anti- inflammatory cytokines in female 

WKY rats during each stage of the estrous cycle. Taken together, the novel characterization of 

corticosterone and immune cytokine serum levels in the female WKY rat strongly suggest a 

dysregulation of the IL-1β pathway and the HPA axis.  
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Abstract: 

Depression and anxiety are often associated with an increase in HPA axis reactivity and 

immune response. To investigate this relationship, we examined the consequences of 

environmental manipulation on the neural correlates of the HPA axis and immune response in an 

animal model of depression, the Wistar-Kyoto (WKY) rat. Furthermore, given the 

underrepresentation of females in animal models, we collected data on female Wistar and WKY 

rats. Female animals are often overlooked in pre-clinical research due to the changes in 

physiology and behaviour that go hand in hand with the hormone fluctuations inherent in the 

estrous cycle. The rats were randomly assigned to one of three environments for 30 days: 1) 

Environmental enrichment (EE), 2) Standard housing (SH), and 3) Isolated housing (IH). 

Immunoreactivity of astrocytes (GFAP), glucocorticoid receptors (GR), and microglia (Iba1) in 

the hippocampus and amygdala were measured using immunohistochemistry. In enriched Wistar 

rats, GFAP staining intensity and area were greater in the CA1. A trend towards a greater percent 

of area stained with GR was found in WKY animals as compared to that of the Wistar animals. 

This was due to WKY females in EE having significantly higher GR staining intensity and area 

in the amygdala as compared to that of animals in SH. The findings of this study suggest that EE 

can influence the number of GR receptors in an animal model of depression as well as increase 

astroglia and GRs in control animals. More social interaction and physical activity may have 

positive neural consequences in animals that express depressive-like behaviour. Such data 

provide evidence that enrichment may be a viable behavioural and physical intervention in the 

treatment of depression.   

Keywords: Depression, anxiety, glucocorticoid receptors, astroglia, microglia, enriched 

environment, Wistar-Kyoto, Wistar 
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4.1. Introduction: 

 Depression and anxiety disorders are often co-morbid and negatively impact both the 

individuals’ quality of life and society as a whole. In most western countries, females are twice 

as likely to suffer from depression and anxiety as their male counterparts (Piccinelli & 

Wilkinson, 2000). However, animal studies use male animals to study depression significantly 

more often than female animals (Zucker and Beery, 2010). For example, Beery and Zucker 

(2011) reported that the male to female ratio in neuroscience research is close to 5:1 with male 

animals used to study disorders with a higher prevalence in females.  One reason for this 

discrepancy is that females have much larger fluctuations in their hormone levels throughout 

their lifespan, which can cause behavioural and physiological changes that make the 

interpretation of data difficult (Mileva et al., 2013). More recently, there has been a push to 

incorporate female animals in pre-clinical research, especially in studying disorders whose 

prevalence in much higher in females. For these reasons we wanted to examine the effects of 

environmental manipulation on biomarkers associated with depression and anxiety in female 

animals. The link between the endocrine, specifically the hypothalamic-pituitary-adrenal (HPA) 

axis, and immune systems of the body has been investigated in the past 30 years with evidence 

that both systems act on each other and can be implicated in various disease models 

(Chryssikopoulos, 1997; Kiess & Belohradsky, 1986; Procaccini, Pucino, De Rosa, Marone, & 

Matarese, 2014). 

Depression and anxiety are known to cause hyperactivity in the HPA axis (Varghese & 

Brown, 2001; Vreeburg et al., 2009). This hyperactivity in turn leads to an increase in circulating 

glucocorticoid hormones which bind to glucocorticoid receptors (GRs). When glucocorticoids 

bind to GRs in the hippocampus, they serve to inhibit the continued activation of the HPA axis 
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(for review see Hyman, 2009). Decreases in glucocorticoid receptor expression in the 

hippocampus following stressful life events such as child abuse (McGowan et al., 2009) as well 

as in the serum of patients with major depression (Carvalho et al., 2014) suggest that chronic 

stress as well as depression affect GRs and may contribute to the pathophysiology of depression. 

Similar findings are evident in animal models, in which the adult offspring of mothers with low 

maternal care have significant decreases in GR expression (Hellstrom, Dhir, Diorio, & Meaney, 

2012; Liu et al., 1997). Furthermore, the dexamethasone suppression test, in which a synthetic 

glucocorticoid that preferentially binds to GRs is administered, does not inhibit cortisol secretion 

in depressed patients while it does so in non-depressed individuals (Juruena et al., 2006). The 

above suggests that depressed patients have an impaired glucocorticoid negative feedback 

pathway and this is most likely mediated by changes in GRs. 

 Pharmacotherapy with antidepressants appears to decease the hyperactivity of the HPA 

axis, possibly through the modulation of feedback through the GRs (Anacker et al., 2011) as well 

as a GR-dependent increase in hippocampal neurogenesis (Anacker et al., 2011). GRs have also 

been innately tied to the immune system. In a recent study by Cohen and colleagues (2012) 

chronic stress was shown to be linked to glucocorticoid receptor resistance, defined as a decrease 

in the sensitivity of immune cells to circulating glucocorticoids, which in turn increases the 

inflammatory response (Cohen et al., 2012). This may be due to the stress-mediated 

glucocorticoid resistance of microglia (Stark et al., 2001). Thus, it is important to explore the 

potential effects of depression and anxiety on microglia.  

While much research has been done on the behavioural, molecular, and cellular links to 

the pathophysiology of depression, comparatively little is known about how non-neuronal cells 

such as microglia and astrocytes can affect the behavioural or physiological outcomes of 
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depression. The neuroinflammatory theory of depression posits that cerebral inflammation is 

central in the development of depression and other neuropsychiatric diseases (for review see 

Miller and Raison, 2015). Fundamental to this theory is that macrophages, also called microglia 

in the brain, release pro-inflammatory cytokines which in turn contribute to a decrease in trophic 

factors and increase in excitotoxicity (for review see Miller et al., 2009). Markers specific for 

macrophages, such as ionized calcium binding adaptor molecule 1 (Iba1) have shown that the 

number of primed microglia are increased in the dorsal anterior cingulate white matter of 

depressed patients who commit suicide (Torres-Platas, Cruceanu, Chen, Turecki, & Mechawar, 

2014). Additionally, microglial process density decreases significantly after electroconvulsive 

shock in the hippocampus (Jinno & Kosaka, 2008) indicating that the therapeutic action of 

electroconvulsive shock may be due to its effects on microglia.  

Astroglia serve a vital role in their interactions with neurons and are responsible for 

energy metabolism and neuroprotection (Benarroch, 2005). In fact, hippocampal astroglia are 

instrumental in regulating neurogenesis and synaptic transmission (Song, Stevens, & Gage, 

2002) indicating that they are indeed critical in normative brain function. Research into how 

psychopathology can affect astroglia is just emerging. It has been shown that glial fibrillary 

acidic protein (GFAP), an astrocyte marker, is significantly decreased in the brains of patients 

with depression (for review see Rajkowska and Stockmeier, 2013) suggesting that astrocytes are 

indeed affected in neuropsychiatric disorders. For example, astrocyte reductions have been 

observed in the amygdala of patients with major depressive disorder (Altshuler et al., 2010). In 

addition, recent research on the downstream effects of antidepressants has found that astroglial 

biochemistry changes in response to antidepressants (for review see Peng et al., 2015).  
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Environmental enrichment (EE) is a paradigm that has been employed since the early 

1960’s as an effective model to study changes in behavior and physiology as a result of social 

and physical intervention. Currently, EE does not have a standardized paradigm between 

laboratories with both the time-frame and level of physical and social enrichment differing 

significantly (for review see Simpson and Kelly, 2011). Regardless of this lack of consistency, 

many laboratories use EE to examine changes in biochemistry, physiology and behaviour. Some 

of the most well-known studies of EE have found that it is neuroprotective (During, Young, 

Lawlor, Leone, & Dragunow, 1999), increases neurotrophin levels in the brain (Ickes et al., 

2000), increases neurogenesis in the hippocampus (Olson, Eadie, Ernst, & Christie, 2006; 

Segovia, Yagüe, García-Verdugo, & Mora, 2006), and can even reverse the negative effects of 

early maternal separation (Francis et al., 2002) in rodents. Collectively, because of the positive 

effects of EE, it may be used as a potential intervention for animal models of depression. 

In this study, female rats were used in order to examine the effects of environment on 

astrocytes, microglia, and glucocorticoid receptors (GR) in the hippocampus and amygdala. The 

same animals were used in a previous study describing their behavioural outcomes in response to 

environmental manipulation (Mileva & Bielajew, 2015). Because of the volume loss in the 

hippocampus associated with major depressive disorder, this study focused on the hippocampus 

as well as the amygdala, a key component of the limbic system responsible for much of the 

emotional reactions to stimuli. Using immunohistochemistry, we hypothesized that female WKY 

rats,  a putative animal model of depression (Overstreet, 2012), would show greater baseline 

levels of fluorescence for the microglial markers while lower fluorescence of both GR and 

astrocyte markers. Furthermore, based on the expansive literature detailing the positive effects of 

enrichment, we expected to see more astrocyte and GR fluorescence in animals who had 
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experienced an enriched environment vs. those who were in isolation as enrichment may have an 

antidepressant-like effect on these animals (Pariante & Miller, 2001; Simpson & Kelly, 2011).  

 4.2. Results 

4.2.1 Hippocampus - CA1 and CA3: 

Figure 4.1 shows representative photomicrographs of GFAP, GR and Iba1 in the CA1 

(blue shaded area) and CA3 (yellow shaded area) across EE, SH and IH in Wistar animals. 

Photomicrographs of Wistar animals were used as the differences between environmental 

conditions was clearer in this strain. The results of a 2x3 independent ANOVA examining two 

levels of strain and three levels of environment were a main effect of environment 

F(2,28)=3.832, p=0.034, η 2= 0.215 and a strain x environment interaction F(2,28)=4.629, 

p=0.018, η 2= 0.248 in GFAP CTCF in the CA1 (Figure 4.2, A, left panel). Pairwise comparisons 

revealed that Wistar animals in EE had significantly higher GFAP CTCF than animals in both 

SH (p=0.006) and IH (p=0.006). Conversely, there was no significant difference in the WKY 

strain between environments (p>0.05). No main effects or interactions on the GFAP data were 

found in the CA3.  

Figure 4.2 (A, right panel) shows the percent area covered by GFAP 

immunofluorescence. There were no main effects of environment or strain in either the CA1 or 

CA3; however an environment by strain interaction was found in the CA1 F(2,28)=4.578, 

p=0.019,  η 2= 0.246. This interaction was likely due to the fact that Wistar animals in EE had a 

significantly higher percent area of GFAP immunofluorescence than that of animals in SH 

(p=0.046) and marginally higher percent area than that of animals in IH (p=0.056), whereas  
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Figure 4.1.  Immunoreactivity of astroglia (GFAP), glucocorticoid receptors (GR), and microglia 

(Iba1) in the CA1 and CA3 of the hippocampus across three different environmental conditions. 

Representative photomicrographs of GFAP (green, top), GR (red, middle) and Iba1 (red, bottom) 

are shown in the CA1 (blue shaded area) and CA3 (yellow shaded area) of Wistar animals across 

enriched (EE), standard (SH) and isolated housing (IH). Each photomicrograph represents 200x 

magnification of the distinct region of interest. 
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Figure 4.2. Corrected total cell fluorescence (CTCF) and mean percent staining area in the CA1 

(blue shaded area) and CA3 (yellow shaded area) of the hippocampus across the three 

environments and both the Wistar and WKY strain. The graphs represent GFAP CTCF (A, left) 

and mean percent area (A, right); GR CTCT (B, left) and GR mean percent area (B, right); Iba1 

CTCF (C, left) and mean percent area (C, right). Animal numbers in each group were: Wistar SH 

(n=6), IH (n=6), EE(n=5), WKY SH(n=6), IH(n=5), EE(n=6).CTCF is expressed in arbitrary 

units. Data are expressed as mean ± SEM. *p < 0.05 
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Figure 4.3. Photomicrographs and histograms showing staining in the amygdala across three 

environmental conditions. A) Photomicrographs of GFAP (green, top), GR (red, middle) and 

Iba1 (red, bottom) at 200x magnification are shown in the Wistar rats. B) Graphs represent the 

CTCF (top panel) and mean percent area (bottom panel) of GFAP (blue shaded area), GR 

(yellow shaded area), and Iba1 (green shaded area). Animal numbers in each group were: Wistar 

SH (n=5), IH (n=6), EE(n=5), WKY SH(n=5), IH(n=6), EE(n=5).CTCF is expressed in arbitrary 

units. CTCF is expressed in arbitrary units. Data are expressed as mean ± SEM. *p < 0.05. 
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WKY animals had no such differences and in fact animals in EE had the lowest percent area of 

GFAP immunofluorescence on average. 

Figure 4.2 (B) shows the CTCF (left panel) and mean percent area (right panel) of GR 

immunoreactivity. A main effect of environment on GR was found in the CA3 only 

F(2,29)=6.152, p=0.006, η 2= 0.298. Pairwise comparisons showed that in the CA3, animals in 

EE had significantly more GR CTCF than SH (p=0.023) or IH (p=0.009) animals. For the CA3, 

planned comparisons within the Wistar strain revealed that animals in EE had significantly 

higher levels of GR staining intensity as compared to those in SH (p=0.013).  Similarly, planned 

comparisons in the CA3 of WKY animals showed that GR area of staining was significantly 

higher in the EE animals than those in SH(p=0.05) and IH(p=0.023). 

Figure 4.2 (C) characterizes the immunoreactivity of Iba1 in the CA1 and CA3 by 

examining CTCF (left panel) and mean percent area (right panel). No statistical differences were 

found in either brain region. 

4.2.2 Amygdala 

Figure 4.3 (A) shows representative photomicrographs of GFAP, GR and Iba1 staining in 

the amygdala across EE, SH, and IH. As shown in Figure 3, B (blue shaded area) a strain 

difference approached significance F(1,28)=3.403, p=0.076, η 2=0.108, with the Wistar animals 

having more GFAP CTCF than observed in WKY animals (p=0.076).   

  A main effect of environment on GR was found in the amygdala F(2,28)=5.006, 

p=0.014, η 2= 0.263 (Figure 4.3 B, yellow shaded area). Animals in EE had significantly higher 

levels of GR CTCF than those in SH (p=0.011). Within the WKY strain, GR staining intensity 

was higher in the EE animals in comparison to those in SH (p=0.014) for the amygdala. GR 
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staining area was also significantly higher in WKY animals in EE as compared to animals in SH 

(p=0.012).  

 Figure 4.3 B (green shaded area) displays the CTCF and mean percent area of Iba1 

staining between the Wistar and WKY animals across EE, SH and IH. No significant differences 

were found when comparing these parameters. 

4.3. Discussion: 

 This study examined both the intensity of staining and total area of immunofluorescence 

of biomarkers connected to depression and anxiety in an animal model of depression. As 

mentioned above, female strains were used given the considerable lack of research focused on 

female data in this context. The hippocampus and amygdala were examined specifically because 

of their importance in the processing of emotional stimuli as well as the critical role of the 

hippocampus in the GR-mediated inhibitory feedback to the hypothalamus. In this study, we 

discovered significantly higher levels of GFAP in the CA1 of the hippocampus following EE in 

Wistar females, while the area of GR staining was significantly higher in WKY females 

following EE in the amygdala. 

 The hippocampus is a vital brain structure responsible for learning, memory, anxiety and 

stress regulation and shows great plasticity throughout the lifespan (for review see Leuner and 

Gould, 2010). We examined the CA1 and CA3 separately based on recent findings that the CA1 

and CA3 areas of the hippocampus have differential functions. These suggest that the CA1 is 

required for contextual memory retrieval while both CA1 and CA3 are important for context-

dependent extinction (Ji & Maren, 2008). The CA1 and CA3 are also involved in the formation 

of memories for non-spatial events; however the time-scales differ between these regions 
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(Farovik, Dupont, & Eichenbaum, 2010). The electrophysiological properties of pyramidal cells 

of the CA1 and CA3 are also distinct (Collingridge, Kehl, & McLennan, 1983; Harris & Cotman, 

1986). Thus, we felt it essential to examine both areas independently. It is important to realize 

that most of the above studies on the variety of functions of the CA1 and CA3 are done on male 

animals. Morphological sex-differences in the limbic system, including the hippocampus and 

amygdala, have been described in previous studies (for review see Madeira and Lieberman, 

1995) and may influence their function.  

While it is well-known that EE increases neuronal neurogenesis in the hippocampus as a 

whole (Olson et al., 2006; Segovia et al., 2006), less is known about its effects on astroglia, 

especially between different hippocampal regions. In this study, female Wistar rats in the EE 

condition showed significantly higher staining intensity and percent area of staining for astroglia 

in the CA1, but not CA3. While another study of male mice (Viola et al., 2009) found no change 

in immunoreactivity or density of astroglia following EE,  it did report  structural changes in the 

hippocampal CA1 following EE. In the motor cortex of adult female mice, EE has been shown to 

increase the number of astroglia (Ehninger & Kempermann, 2003). In addition, EE increases the 

number of GFAP positive stem cells in juvenile male and female mice following hypoxia 

(Salmaso et al., 2012). These studies suggest that EE does indeed affect astroglial proliferation, 

morphology, and the neuron-astroglial relationship. The data presented in this paper are 

consistent with the hypothesis that physical and social enrichment in the form of EE can have 

profound positive effects on astroglia, specifically in the Wistar strain. Future studies could 

examine the glial:neuron ratio as it is important to determine whether both are increasing 

together. This could indicate that learning and memory are indeed affected by enrichment. 

Interestingly, there were no significant differences in GFAP staining intensity or area of staining 
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in the WKY strain. While this could be due to the small sample size in this study, it may be 

because the constant changes and forced social and physical contact associated with EE are 

stressful to  WKY animals who are prone to withdrawal and isolation (Servatius et al., 2008).  

Similar to our findings with GFAP staining, GR staining intensity was the highest in EE 

in the CA3 for the Wistar female rats. Comparable results for GR staining area were found in the 

WKY CA3. Based on the importance of GRs for inhibitory feedback of the endocrine system, 

this indicates that EE may have been responsible for increasing GRs and in turn influence the 

regulation of circulating glucocorticoids. Furthermore, GRs in the hippocampus play a role in 

altering synaptic dynamics. For example, while activation of GRs of the CA1 is thought to 

prolong afterhyperpolarization in the pyramidal cells, less is known about the effects of GRs in 

the CA3 (Pavlides, Ogawa, Kimura, & McEwen, 1996). Corticosterone activated GRs in the 

CA3 may also play a part in enhancing the excitatory communications from the dentate gyrus 

(Yoshiya et al., 2013). The above suggest a distinct role for GRs in CA1 and CA3, specifically in 

their ability to influence synaptic dynamics. There is some evidence for an increase in GR in the 

hippocampus but not in other brain areas such as hypothalamus, amygdala, and pituitary 

following social housing as compared to isolated housing (Meaney et al., 1985). It is possible 

that the combined effects of social and physical enrichment in this study had similar effects on 

hippocampal GRs and act to help regulate inhibitory feedback. 

In this study, there was significantly more GR staining in the amygdala in the WKY 

strain. GRs of the amygdala may be implicated in the hyperactivity of the HPA axis by signalling 

the paraventricular nucleus of the hypothalamus and in turn increase CRH secretion (Hyman, 

2009). In the same subset of animals, circulating corticosteroids were lowest in the WKY 

animals housed in IH while highest in those in EE (Mileva, Rooke, Ismail, & Bielajew, 2017). 
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Moreover, the WKY females had significantly more circulating corticosterone after a 15 minute 

forced swim stressor than their Wistar counterparts. In human research, a recent study 

characterizing the distribution of GRs in the human amygdala found that patients with major 

depression had significantly more GR-containing astrocytes and GR protein level in the 

amygdala than either bipolar patients or control subjects (Wang et al., 2014). This study may 

suggest that it is not the number of GRs in the amygdala but rather their altered function that 

influences the development of depression. Conversely, other studies observe decreases in GR 

immunoreactivity or mRNA in the amygdala after stress (Arnett et al., 2015; Han, Ding, & Shi, 

2014) or in suicide victims (Pérez-Ortiz, García-Gutiérrez, Navarrete, Giner, & Manzanares, 

2013). It is unclear why some studies show an increase in GR in the amygdala while others show 

the opposite. Within the context of these discrepant findings, it is difficult to interpret the 

amygdala data in this study with certainty. In any case, changes in the amygdala following 

environmental manipulation are indicative of an effect of environment on the WKY females. 

Future studies will be necessary to replicate these findings and parse out their direction.  

The neuroinflammatory theory of depression has been gaining traction throughout the 

past two decades which prompted us to examine the changes caused by environmental 

manipulation on microglia. The data in this study were inconclusive regarding the changes in 

staining intensity or area of the microglial biomarker Iba1. One of the only studies on microglia 

in the WKY rat found that microglial expression is attenuated after stress (Sherwin, Gormley, 

McGuinness, & Harkin, 2014). Notably, the authors did not specify whether female or male 

animals were used. Another very recent study examining the number, distribution, and 

morphology of microglia in brainstem nuclei has reported that microglial morphology and 

percent area covered do not differ significantly among the three strains they examined -  
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Sprague-Dawley, Wistar-Kyoto, and spontaneously hypertensive rats (Kapoor, Bhandare, 

Mohammed, Farnham, & Pilowsky, 2016). While the insignificant findings in our study might 

suggest little effect of environmental manipulation, we have shown, in the same animals, a 

significant decrease in TNF- α serum concentration following enriched housing (in press). This 

indicates that it may not be the microglial number but rather that their function in the brain that is 

altered after environmental manipulation. 

Some of the limitations of this study included the small sample size. Future studies could 

expand on the promising data presented in this paper by employing more animals and potentially 

both female and male subjects. Coupling pharmaceutical or nutraceutical intervention with EE 

would also be an interesting course of study.  

In conclusion, the data in this paper show that there is an increase in astroglia after 

enrichment as compared to either standard or isolated housing. We also report an increase in GR 

immunoreactivity in enriched WKY animals in the amygdala. Taken together, the immediate 

environment does have an effect on astroglia and glucocorticoid immunoreactivity, hinting that 

behavioural and physical intervention may be important in the treatment of depression and 

anxiety. 

4.4. Experimental procedure 

4.4.1 Animals and environmental placement 

A total of 36 Wistar Kyoto (WKY) and Wistar female rats were obtained from Charles 

River Laboratories (Quebec, Canada). Figure 4.4 shows the timeline of this experiment. The 

animals arrived at post-natal day (PND) 28 and were left to acclimate in the facility for four 

days. Following this, they were handled for five minutes a day for 20 days. Baseline behavioural  
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Figure 4.4. Timeline of experiment. Animals arrived at the lab on PND 28, and were handled for 

20 days before being randomly assigned to one of three environments for 30 days. They were 

then sacrificed and immunological analyses conducted. 
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tests of anxiety and depression (elevated plus maze, forced swim test, and sucrose preference) 

described in Mileva et al (2015) were carried out prior to environmental manipulation.  Six 

animals from each strain were randomly assigned to one of three environmental conditions for 30 

days : 1) Environmental enrichment (EE) - six animals in a multistory cage with toys, chain 

bridges, Nestlets®, wooden chewing blocks, multicoloured Plexiglas® houses, cardboard tubes, 

and unlimited access to a running wheel; 2) Standard housing (SH), - 3 rats in one guinea pig 

cage, with dimensions 50cm x 38cm x 20cm,  3) Isolated housing (IH) - 1 rat per small cage, 

dimensions 45cm x 22cm x 20cm During PND (85) and PND (87), animals were again subjected 

to the elevated plus test and forced swim test as described in Mileva et al (2015). Animals were 

sacrificed at PND 96 by myocardial perfusion with 4% paraformaldehyde. Food and water was 

provided ad libitum, and the room temperature was kept at 21 ±1 oC with a humidity of ~41%. 

Light and dark cycle was regulated at 12hrs of light and 12hrs of dark.  Brains were flash frozen 

and stored at -80oC. A Leica Cryostat was used to obtain 16 µm brain sections which were then 

mounted on polarized Superfrost slides (Fisher Scientific, Canada).  

4.4.2 Immunohistochemistry 

 The slides with the regions of interest were located and blocked for 30 minutes using a 

phosphate buffered saline (PBS), Triton (0.002%) and bovine serum albumin (BSA) solution. 

The sections were incubated at 4oC with monoclonal mouse GFAP (1:400, ab10062, Abcam 

Inc.) and polyclonal rabbit GR (1:200, SC-8992 Santa Cruz Biotechnology) for 24 hours. The 

sections were then rinsed in PBS, and incubated with the secondary antibodies Alexa 488-

conjugated donkey anti-mouse IgG (1:500, Invitrogen Canada Inc.) and Alexa 594-conjugated 

donkey anti-rabbit IgG (1:500, Invitrogen Canada Inc.) at 37.5oC for 35 minutes. Following 

secondary antibody incubation, sections were stained with Hoechst (1:20000 Hoechst 33342, 
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Invitrogen Canada Inc.) for 10 minutes at room temperature and subsequently rinsed and 

mounted. In addition, the slides containing the areas of interest were later stained for 24 hours at 

4oC for microglia using rabbit anti Iba1 (1:1000, Wako, 019-19741). The rinsed sections were 

then incubated for 35 minutes at 37.5oC with Alexa 594-conjugated donkey anti-rabbit IgG 

(1:500, Invitrogen Canada Inc.) secondary antibody. Finally, the sections were stained with 

Hoechst (1:20000 Hoechst 33342, Invitrogen Canada Inc.) for 10 minutes, rinsed, and mounted. 

 Labelling was examined using an Olympus DX51 microscope (Center Valley, PA, USA) 

and Progress Pro 2.7.6 software under 200 x magnifications. Images were analyzed using Image 

J software (Image J, National Institutes of Health, USA). Optical densities in the form of mean 

grey values were obtained using the Otsu thresholding algorithm. From there, corrected total cell 

fluorescence (CTCF) was calculated using the equation: CTCF= Integrated density – (Area of 

selected cells x Mean fluorescence of background readings). Percent area was also calculated 

using area fraction x 100. Both staining intensity measured by CTCF and area of staining 

measured by percent area are important to consider and that is why both are examined in this 

paper. 

4.4.3 Statistical analysis: 

 Statistical analyses were performed using IBM SPSS V 20 software. The 2x3 

independent ANOVAs were performed on the factors strain (2 levels- Wistar and WKY) and 

environment (3 levels- EE, SH, IH). Bonferroni correction was applied to all pairwise and 

planned comparisons.  

Acknowledgements: We would like to thank the Natural Sciences and Engineering Research 

Council of Canada grant to CB for its support of this project. 
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The three studies that comprise this thesis were designed to examine the behavioural and 

physiological effects of environmental manipulation on an animal model of depression. The 

manipulations included both enrichment and impoverishment to investigate their consequences 

on behaviour, brain chemistry, and immune function. Data from these studies suggest that the 

environment does affect behaviour by decreasing anhedonia. In addition, the proinflammatory 

cytokine TNF-α is significantly lower following EE as compared to IH or SH. Finally, a positive 

effect of enrichment on astroglia and glucocorticoid receptors was found, hinting that it may help 

regulate the HPA axis.  

Though many studies have examined the effects of various antidepressants on the WKY 

strain (Lahmame & Armario, 1996; Lahmame et al., 1997; Tizabi et al., 2012; Will et al., 2003), 

few have addressed interventions such as changes to the social and physical components of the 

environment. In human work, social and physical changes in the form of social support and 

physical exercise are often enough to alleviate mild to moderate depression (Carek et al., 2011; 

Jané-Llopis et al., 2003); however little is known whether these interventions can also help 

clinically depressed individuals. The literature on EE is very promising, including its ability to 

decrease anxiety- and depressive-like behaviour as interpreted from EPM and FST results 

respectively (Simpson & Kelly, 2011), increase neurogenesis (Olson et al., 2006; Veena, 

Srikumar, Mahati, et al., 2009), and immunity (Benaroya-Milshtein et al., 2004; Marashi et al., 

2003). The question of whether EE alone can be used as an intervention in clinical models of 

depression has not been studied and was the central topic for this thesis.   

5.1 Summary of findings  

 The first paper in this thesis analysed the effects of four weeks of EE, SH, and IH on 

behavioural outcomes (Mileva & Bielajew, 2015). Many behavioural differences between strains 
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became apparent throughout this study. Activity in the FST and EPM was significantly lower in 

female WKY than in control animals, with WKY animals remaining immobile for almost the 

entire duration of the FST. Although not significant, the decrease in post-environment open arm 

duration and frequency and increase in closed arm duration in both strains suggests a practice 

effect. However, as discussed in paper one, other studies have shown that an interval of 28 days 

is sufficient to extinguish previous memory of the test (Schneider, Ho, Spanagel, & Pawlak, 

2011). Another explanation may be that the EPM is not an appropriate test of anxiety for female 

animals. The possibility that currently employed ‘gold standard’ behavioural tests may be 

catering to male animals will be discussed in more detail below. One of the major findings in this 

article was that female WKY and Wistar rats had significantly higher sucrose preference after 

exposure to EE than those in IH. A key physiological difference reported in this paper is that 

WKY animals gain weight at a significantly slower rate than Wistar animals and have opposite 

weight trends post-environment. This could be due to the naturally slower rate of weight gain 

and weight at adulthood in WKY rats. 

 The second paper in this thesis addressed the immune response in the same animals as in 

the first study following four weeks in each environmental condition (Mileva et al, 2016). To our 

knowledge, this is the first time the immune cytokine concentration of female WKY rats has 

been quantified with or without environmental intervention. Regardless of environmental 

condition, female WKY animals had significantly higher corticosterone levels than their Wistar 

counterparts only at the post-stress time-point. The discovery that WKY females had 

significantly lower levels of the proinflammatory cytokine IL-1β as compared to Wistar animals 

suggests a latent dysregulation either in the production of IL-1β or of the relationship between 

the HPA axis and the immune system. Though effects of environment were scarce in the above 
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analysis, the variability between strains highlighted the difference between the animal model of 

depression exploited in our study and animals in the control group. These results reinforce 

previous literature on the use of the WKY strain as a putative model of depression. 

 The third paper in this series once again examined the same subset of animals and the 

effects of environment on key brain structures implicated in depression and anxiety (Mileva et al 

2016). These included the CA1 and CA3 areas of the hippocampus and the amygdala. Female 

WKY and Wistar rats both showed significantly more GFAP staining after EE as compared to 

either of the other environments. A significant increase in GR after EE was found in the Wistar 

and WKY CA3. Finally, WKY animals in EE had the highest levels of GR receptors in the 

amygdala only. Whereas GRs in the hippocampus are necessary for inhibitory feedback of the 

HPA axis, the function of GRs in the amygdala is less well known. In sum, the studies above 

describe the three pronged approach of this thesis in investigating the effects of environmental 

manipulation on behaviour, the HPA axis, and the immune response.  

5.2 The relationship between the HPA axis and immune response can affect psychopathology 

 Circulating glucocorticoid hormones released by the HPA axis and its corollaries can 

profoundly affect the immune response. Typically, cortisol, the end product of the HPA axis in 

response to stress, has an inhibitory effect on the immune system, such that as circulating cortisol 

increases, the immune response is dampened in order to allow for stress-induced physiological 

changes to occur and to stop all non-essential processes (for review see Miller et al., 2009). 

However, chronic stress decreases the inhibitory effect of cortisol on the immune system 

allowing for an increase in macrophage-mediated release of proinflammatory cytokines which in 

turn access the brain and promote excitotoxicity, a decrease in monoamines and trophic factors. 

These have strong implications for psychopathology. For example, many studies have shown that 
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increases in circulating pro-inflammatory cytokines are correlated with depression (Liu et al., 

2012; Song et al., 2009; Sutcigil et al., 2007; Tuglu et al., 2003). Similarly, chronic stress and an 

increase in circulating cortisol have been found in patients with depression (Carroll et al., 2012; 

Checkley, 1996; Gillespie & Nemeroff, 2005). In fact, it may be that the increase in circulating 

cortisol has no effect on depression but rather that through chronic stress the HPA axis is 

dysregulated and can no longer act to inhibit and in turn suppress the downstream effects of 

proinflammatory cytokines on the brain. As a whole, the evidence points to an innate relationship 

between the HPA axis and immune system and the dysregulation of either can play a pivotal role 

in the development of psychopathology, and in particular depression.  

The studies in this thesis suggest that environmental manipulation can affect components 

of both the HPA axis and the immune response. The changes observed in study three with regard 

to GR concentration in the brain and circulating corticosterone are indicative of regulatory 

differences in the HPA axis whereas changes in circulating immune cytokine and microglial 

staining in the brain are indicative of functional changes in the immune system. The increase of 

GRs in the CA3 after EE suggests that forced physical and social intervention in the form of 

enrichment can increase the inhibitory effects of the hippocampus on the HPA axis. How to 

interpret the increase of GRs in the amygdala is less clear with findings in both directions 

common in depression research (Arnett et al., 2015; Wang et al., 2014). More research on the 

function of GRs in the amygdala will be necessary to understand how they fit into the 

neuroinflammatory theory of depression.  

5.3 Male-female differences in physiology and response to environment 

When discussing psychopathology, it is important to consider the sex differences inherent 

in the prevalence of depression as well as the response to environment and stress. It is well 
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known that the prevalence of depression is roughly twice as high in women as it is in men 

(Whiteford et al., 2013). Whereas fluctuating hormones have been implicated as a possible 

answer to the differences in the pervasiveness of depression between men and women (for 

review see Albert, 2015), little is known about how the immediate environment influences this 

difference. As enrichment and impoverishment can affect many aspects of functioning, it is 

important to determine whether males and females respond differently to these circumstances 

and whether this could precipitate the development of depression.  

A review of housing situation and self-reported heath status indicates that women are 

more vulnerable to socioeconomic dimensions of housing than men who only report negative 

health status through over-crowding (Dunn, Walker, Graham, & Weiss, 2004). Another example 

of sex differences in response to the environment can be found in the obesity literature. These 

studies  have found that fewer years of education and lower SES increase risk of obesity in both 

men and women, but that only female obesity is correlated with lower occupational status 

(Wardle, Waller, & Jarvis, 2002). Moreover low SES is tied to higher morbidity of myocardial 

infarction for women than for men (Vogels, Lagro-Janssen, & van Weel, 1999). It is clear that 

low SES can affect individuals in a sex-dependent fashion with females tending to be at higher 

risk of obesity, to report lower health status, and to have increased risk of mortality. As a whole, 

this literature provides evidence that males and females respond to their immediate environment 

in potentially different ways. In the above examples, low SES neighbourhoods are comparable to 

impoverished housing in animal studies as the infrastructure for optimal development is often 

lacking (Hood, 2005). 

Studies of enrichment in male and female rats have reported that enrichment, specifically 

the social aspect, improves performance in the open field test in both sexes (Elliott & Grunberg, 
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2005), a little more in males than in females generally. In contrast, in male mice, enrichment 

increases aggression and can be anxiogenic (Haemisch, Voss, & Gärtner, 1994; Marashi et al., 

2003). Thus, there is great variability within the Muridae family with respect to outcomes of 

enrichment and appears highly sex-dependent.  

Variability between males and females has also been shown with respect to stress and 

immunity. For example, in a sample of 45 healthy subjects exposed to the Trier Social Stress 

test, researchers found that despite similar salivary cortisol concentrations for both men and 

women, women had a significantly lower level of glucocorticoid sensitivity as compared to men 

1 hour after stress (Rohleder, Schommer, Hellhammer, Engel, & Kirschbaum, 2001). In the same 

study, women also showed a significant increase in cytokine production. In other words, after a 

psychosocial stressor, HPA axis feedback was decreased and immune activity was increased in 

women but not in men. Notably, all women were in the luteal phase of their menstrual cycle in 

the study providing strength to the notion that cycle phase needs to be accounted for in measures 

of HPA axis and immune response.  

Modest changes to circulating cytokines are found in the plasma throughout the murine 

estrous cycle (Orsi, Gopichandran, Ekbote, & Walker, 2006; Orsi, Ekbote, Walker, & 

Gopichandran, 2007) and may affect immunity differentially between male and female animals.  

For example, one study reported an increase in immune responsiveness in female mice as 

compared to male mice following haemorrhagic shock and resuscitation (Wichmann, Zellweger, 

DeMaso, Ayala, & Chaudry, 1996). Moreover, females in proestrus showed a decrease in plasma 

corticosterone following shock as compared to their male counterparts who showed the opposite 

pattern. Another report from the same laboratory once again found that female mice in proestrus 

were better able to tolerate septic shock than that observed in male animals (Zellweger et al., 
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1997). Taken together, it is unlikely that males and females respond in the same fashion to stress 

or immune challenges and this needs to be accounted for with appropriate methodological 

consideration.  

5.3.1 Are our current behavioural tests appropriate for female animals? 

 Is it possible that the currently held ‘gold-standard’ behavioural tests such as the FST and 

EPM are not measuring the same thing in males and females? For instance, it has been suggested 

that the FST tests learning and coping behaviours and not despair and depression (West, 1990). 

The rationale behind this theory is that after the first test, animals have realized that they cannot 

escape and then incorporate energy conserving behaviours, or what is typically interpreted as 

immobility. This immobility may not reflect a ‘depressed’ state but rather an adaptive measure 

employed by the animals to survive the immediate environment. Previous studies from our 

laboratory also suggest sex-dependent effects of stress on behavioural outcomes in the FST 

(Bielajew et al., 2003). For this reason, a multidimensional approach is necessary when studying 

depression which incorporates not only physiological measures, but also multiple behavioural 

tests. Therefore, this thesis employed the FST and sucrose preference tests as behavioural 

measures of depression and the EPM as a measure of anxiety. In addition to the typically 

quantified measures in the EPM including the frequency and duration of open and closed arm 

visits, paper one also analysed the overall activity of each animal. This added dimension was 

important, specifically as a way to analyse the withdrawal and isolation common in the WKY 

animals.  

To our knowledge, the question of whether the currently available behavioural tests are 

appropriate for female animals has been addressed in very few studies. For instance, factor 
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analysis of the EPM reported that only male behaviour in the EPM is anxiety-related while 

female behaviour in the EPM is more indicative of overall activity levels (Fernandes et al., 1999; 

Wall & Messier, 2000, 2001). In light of this finding, it puts into question whether other 

currently employed behavioural tests are equally useful for studies of male and female animals. 

This reinforces the idea that, when possible, the incorporation of as many different behavioural 

tests as possible to measure different dimensions of a behaviour is advisable.  

5.4 Is enrichment really enriching?  

 As extrapolation from pre-clinical to clinical research is common, it is important to 

question whether EE in preclinical research can translate to the same in humans. For instance, it 

is rare that human individuals are devoid of all physical and social interaction as is common in 

some ‘standard’ animal housing. Therefore, is the level of enrichment equivalent to that of the 

natural environment of the animal? In other words, animals in the typical ‘standard’ housing 

condition may actually be housed in a form of physical or social impoverishment due to the lack 

of novelty in their environment. In fact, studies have found precisely that animals in standard 

housing often display symptoms similar to those of animals in impoverished environments 

(Baker & Bielajew, 2007; Würbel, 2001). Following these findings, there has been a general 

push towards stating animal-welfare in the methods section of publications which should include 

some form of enrichment for all animals (Würbel, 2007). Often, animal housing is not discussed 

in the methodology or is stated briefly with little consideration for its effects on behaviour, 

physiology, disease or health related measures (Laviola et al., 2008). Thus, most studies of 

animal models of neurodegenerative disease and psychopathology should consider utilizing EE 

as their standard housing condition unless specifically studying the effects of impoverishment.  
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In this thesis, EE was meant to represent a form of forced social and physical intervention 

as animals were housed in a large multistory cage with five other conspecifics and were therefore 

unable to isolate themselves. In addition, they were subjected to changes in the objects in their 

environment every two to three days again adding an element of forced novelty. As depression 

tends to manifest itself with withdrawal and isolation, it was hypothesized that the EE utilized in 

these studies could ameliorate these tendencies, especially given the promising results of EE in 

previous literature (for review see Simpson and Kelly, 2011). As reported in Mileva et al 2015, 

sucrose preference is significantly higher after enrichment as compared to isolated housing in 

both Wistar and WKY strains. This suggests that enrichment does have the potential to decrease 

anhedonia in both strains. Weight was also affected by EE in this study with Wistar animal in EE 

showing a lower weight than those in IH. Due to the exercise wheel available in EE, a lower 

weight was expected; however it is interesting that the WKY animals had the highest weight gain 

in EE. This could be partially due to the increased sucrose intake in EE; however this trend 

would also be expected in Wistar animals and was not found. Future studies may find clues to 

shed light on these puzzling results. 

Effects on the physiology of animals across housing condition was also evident in papers 

two and three of this thesis. Housing condition can affect corticosterone and TNF-α 

concentration. The concentration of astrocytes increased greatly in the CA1 of Wistar animals in 

EE, while GR receptors were the elevated in both WKY and Wistar animals. The possible 

reasons for these increases were discussed in more detail above, but it is important to reiterate 

that changes in the environment can affect both behaviour and biomarkers of the HPA axis and 

the immune response in the studies presented in this thesis.  
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5.5: Limitations 

There were some limitations in this thesis. In this series of studies, for practical reasons, 

two cohorts of female animals were used. While all attempts were made to keep both cohorts 

equal, it is possible that conditions beyond experimenter control were experienced by one of the 

cohorts and resulted in potential behavioural or physiological differences. This was evident in 

paper one as Wistar animals exposed to EE in cohort one had significantly different behaviours 

in the FST than the same group in cohort two. In the same vein, a larger sample size, specifically 

in paper three would have been beneficial.  

Utilizing both male and female animals in the study of environmental intervention could 

elucidate any potential hormone-mediated effects of environment on depression. Male animals 

could experience enrichment in a different manner to female animals and this could affect 

behavioural and physiological outcomes. Furthermore, hormonal fluctuations would be 

negligible in male animals and therefore any hormone-environment interactions that female 

animals experience during the estrus cycle would be highlighted. Another way to examine this 

relationship would be to use ovariectomized female rats and examine their responses to the 

environment in contrast to control animals.  

5.6 Future directions 

 A detailed comparison of male and female behavioural, physiological, and immune 

responses to enrichment would be ideal for future studies. Examining the effects of 

environmental enrichment or impoverishment on a large sample of both male and female animals 

would verify the findings of this study and contrast them to that of male animals. A thorough 

examination of depressive- and anxiety-like behaviour using multiple behavioural tests such as 

the open field test and social interaction test in addition to the EPM and FST would provide clues 
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to the change in social interactions after enrichment or impoverishment. In the brain, it would be 

interesting to examine the differences in neurogenesis and trophic factors in the hippocampus, 

amygdala, and GRs in the anterior cingulate cortex. An alternate direction may involve keeping 

the animals in an enriched environment for a longer period of time which may be more likely to 

produce behavioural outcomes. Finally, studies of the combined effects of environmental 

manipulation and pharmaceutical or nutraceutical intervention could reveal an additive effect and 

would be a valuable addition to the current literature.        

5.7 Conclusions 

 The work highlighted in this thesis represents a promising avenue of research in which to 

explore the relationship of depression and the environment, specifically targeting women who 

show the highest rates of prevalence. The results of the studies in this thesis provide evidence for 

the usefulness of EE as an intervention, particularly in animal models of depression. Moreover, 

this thesis expands on the EE literature and supports its use to ameliorate the effects of 

impoverishment. Extrapolating to clinical intervention, it may be beneficial for clinicians to 

address the immediate environment of their patients in conjunction with pharmaceutical 

treatment. Encouraging patients to seek social support and increase their level of physical 

exercise may help to regulate the HPA axis and immune system and improve overall function 

and alleviate depressive symptoms. 
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