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Abstract 

 Exposure to stressors in adolescence, in both humans and rodents, leads to long-lasting alterations 

in their behaviour and corresponding neuroanatomical structures.  The experiments presented herein were 

designed to further investigate the lasting impact of intermittent physical stress (elevated platform, foot 

shock, water immersion) in mid-adolescence on adult behaviour and neuroanatomy.  Previously, I 

demonstrated that exposure to this intermittent physical stress protocol led to differential outcomes if the 

stressors were experienced during different periods within adolescence (i.e., early vs. mid-adolescence).  

The most intriguing outcome from that work was that exposure to intermittent physical stress in mid-

adolescence (PD35-46) led to paradoxical increases in exploration of typically avoided areas of the 

Elevated Plus Maze.  In Chapter 2 of this dissertation, I now demonstrate that this increase in exploration 

is modified based on the amount of social contact rats experience across adolescence whereby increasing 

the amount of social contact during adolescence normalized the increases in exploration.  This suggests 

that affiliative social contact buffers the lasting impact of stress in mid-adolescence and might, in some 

instances, promote resilience to subsequent stressors in later life. In Chapter 3, I demonstrate that 

exposure to intermittent physical stress in mid-adolescence not only increases rats’ exploration of open 

areas of the plus-maze, it also increases their sensitivity to the locomotor enhancing effects of 

amphetamine, such that their levels of exploration predicted their locomotor response.  Further analysis 

supported the idea that experiencing intermittent physical stress in mid-adolescence promotes a shift in 

rats’ behavioural response from a security-centric toward a more reward-centric phenotype. In Chapter 4, 

I argue that this shift might be due, at least in part, to the stress-induced dendritic remodeling of 

pyramidal neurons in the anterior basolateral amygdala.  Collectively, these findings suggest that 

exposure to stressors, when restricted to mid-adolescence, promotes neuroanatomical and behavioural 

changes that facilitate risk-taking phenotypes.   
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CHAPTER 1: GENERAL INTRODUCTION 

1.0 Theoretical Background and Preamble  

Exposure to adversity during sensitive periods of development has been linked to long-lasting 

increases in psychopathological outcomes like anxiety, depression and addiction (Lupien, McEwan, 

Gunnar & Hiem, 2009; Jacoby, Overfeld, Binder, & Heim, 2016; Maniam & Morris, 2012).  Over the 

past two decades it has become increasingly evident that the epoch of adolescence constitutes a second 

wave of neurodevelopment and plasticity (Burke & Miczek, 2014; Spear, 2013).  Alongside this advance, 

is burgeoning evidence that the highly plastic nature of the developing brain in adolescence renders it 

more vulnerable to environmental events (Buwalda, Geerdink, Vidal & Koolhaas, 2011; Patel et al., 2020; 

Spear, 2013). Before summarizing the pertinent evidence that stress in adolescence often evokes long-

lasting changes in behaviour, I briefly define adolescence and discuss why rodents are an acceptable 

model of human adolescence.  Following this, I will introduce a few of the widely used behavioural tests 

and stress protocols used in this field of research.  I then briefly review some of the evidence that while 

stress in adolescence alters rats’ anxiety-related behaviour in adulthood, the direction of these changes 

can depend on the specific stage of adolescence in which the stress was experienced.  Finally, I briefly 

review some neurodevelopmental changes that occur in different brain regions implicated in anxiety 

regulation, and then list my thesis objectives and predictions.  

1.1 Modelling Human Adolescence in Rodents: Parallels Between Species and Translational 

Research 

 The clinical research that has established a link between adversity in adolescence and deleterious 

outcomes in adulthood is compelling.  However, human studies are limited in their ability to exert precise 

control over specific variables of interest (e.g., age at stress experience) as well as potential confounds 

(e.g., social support).  Furthermore, because most human studies are retrospective, rely on participant 

reporting and are correlational in design, it is challenging to establish causal relationships between 

environmental events like exposure to stress and outcome variables of interest.  Animal studies can 

address some, but not all, of these limitations if they have face, predictive, and theoretical validity 



 2 

(Willner, 1986).  Of particular interest to the current project is the use of rodents to model the impact that 

exposure to stress during adolescence has on behavioural and neuroanatomical outcomes in adulthood.  

 Adolescence is a complex stage of development that is broadly defined as the period of transition 

between childhood and adulthood (Spear, 2000ab).  It is a period marked by global change in 

neuroanatomical (Buwalda et al., 2011; Spear, 2013), physiological (Romeo, 2010a; McCormick & 

Mathews, 2007), physical (Spear, 2000a), cognitive (Spear, 2000a), social (Spear, 2000a; Burke, 

McCormick, Pellis & Lukkes, 2017) and behavioural (McCormick, Mathews, Thomas & Waters, 2010, 

Spear, 2000ab) markers in both humans and model species like the rat.  Theoretically, this transitional 

period moves developing organisms from an immature state to a mature state and lays the foundation for 

adaptive adult behavioural repertoires and corresponding neuroanatomy (Kelley, Schochet & Landry, 

2004; Spear, 2000a; Spear, 2013).  Defining adolescence, in both humans and rats, is particularly 

challenging because, despite several indicators that organisms are in adolescence, this period of 

development lacks clear and/or definitive markers of its’ onset and offset (McCormick et al., 2010).  

1.1.1 Behavioral Markers of Adolescence  

 One indication that humans have moved from childhood into adolescence is social in nature.  

Relative to earlier (and later) periods of development, social contact gains a greater importance during 

adolescence.  Adolescents typically display an increase in socially directed behaviour (Spear, 2000b) and 

find social contact highly rewarding (Hostinar, Sullivan & Gunnar, 2014).  In childhood, most social 

behaviour is adult/parent-directed, but in adolescence social behaviour shifts and becomes peer-directed 

(Spear, 2000b).  Beyond increases in peer-directed behaviour, adolescence is also a time when humans 

begin to explore romantic relationships with their peers (Zimmer-Gembeck, 2002) and begin to engage in 

sexual activity (Haydon et al., 2012).  These changes in social behaviour are also evident in rats. 

Adolescent rodents display more playful, affiliative behaviour (Burke et al., 2017) and find this contact 

highly rewarding (Douglas, Varlinskaya, & Spear, 2004; Vanderschuren, Achterberg, Trezza, 2016).  

During adolescence there is also an increase in unique social behaviors, such as rough and tumble play, 

that are not as evident at earlier and later periods of development (Pellis, Pellis, & Himmler, 2014). In 
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addition, adolescence is the time during which rats reach sexual maturity and begin to mate (Sengupta, 

2013).  

 Another behavioural indication of adolescence is the notable increase in risk-taking behaviours 

that are evident during this epoch.  In humans, adolescents are more likely to engage in risky health 

behaviours (e.g., unsafe driving, unsafe sexual activity), display increases in sensation seeking, 

experiment with legal (e.g., alcohol/tobacco/marijuana) and illicit drugs (e.g., cocaine, amphetamine) and 

engage in impulsive decisions and actions (Spear 2000a, Spear, 2013, Steinberg, 2007).  Human 

adolescents also make riskier decisions when in peer groups as opposed to when they make the same 

decisions on their own, an effect that is less evident in adults (Gardener & Steinberg, 2005).  Similar 

increases in risk-taking behaviours are evident in adolescent rats.  During adolescence, rodents venture 

out of their home nest (Galef, 1981) and engage in higher levels of  exploration away from the nest 

(Philpot & Wecker, 2008; Macri, Adriani, Chiarotti & Laviola, 2002), a behaviour that is potentially risky 

for prey species (Blanchard, Blanchard, Tom, & Rodgers, 1990).  In experiments evaluating either 

impulsivity (Doremus-Fitzwater, Barreto & Spear, 2012; Lukkes et al., 2015; Sonntag et al., 2014) or 

novelty-seeking (Philpot & Wecker, 2008; Stansfield & Kierstein, 2006), adolescent rats typically show 

higher amounts of these behaviours than other age groups.  Adolescents also exhibit more stimulus-

directed vs. goal-directed behaviour (Hammerslag & Gulley, 2013).  Compared to other age groups, 

adolescent rats also show a higher dopaminergic response to drugs of abuse (e.g., nicotine, 

tetrahydrocannabinol, morphine, cocaine; Corongiu, Dessi & Caoni, 2018) and are more sensitive to the 

rewarding effects of some of these, and other, drugs (Burke & Miczek, 2014; Hammerslag & Gully, 2014; 

Spear, 2015).  These behavioural markers of adolescence are thought to reflect, at least in part, 

corresponding changes in neuroanatomical structures (e.g., a shift in the proportion of grey to white 

matter, Spear, 2013) and the further development of neurotransmitter systems (in particular, the 

dopaminergic system, Burke & Miczek, 2014; Mokler, Miller, & McGaughy, 2017).   

1.1.2 Neuroanatomical Markers of Adolescence 
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 Developmental remodeling of the brain is a hallmark of adolescence (Andersen & Teicher, 2008; 

Brenhouse & Andersen, 2011; Spear, 2013).  In both humans and rats, the adolescent brain undergoes 

progressive events (e.g., neurogenesis and dendritic arborization) and regressive events (e.g., synaptic and 

cellular loss associated with programmed cell loss and pruning; Spear, 2013).  Human imaging studies 

demonstrate that, throughout human adolescence, the brain undergoes several dynamic, time-dependent 

changes, of which the trade-off of grey matter to white matter is the most notable (Spear, 2013).  The 

development of gray matter volume has an inverted U-shape over the course of adolescence (Giedd, 2004; 

Gogtay et al., 2004; Spear, 2013) and the loss of grey matter (through normal apoptosis and pruning) is 

supplemented by the development of white matter (i.e., myelination of axons) that is delayed, relative to 

axonal growth (Casey, Tottenham, Liston, & Durston, 2005; Gogtay et al., 2004).  During adolescence, 

rat brains undergo a similar pattern of overproduction, organization and pruning, synaptogenesis and 

spine loss, and/or changes in neurotransmitter signaling (e.g., Schulz & Sisk, 2016, Spear, 2013; Willing 

& Juraska, 2015).  Among brain areas that undergo remodeling during adolescence (Meyer & Lee, 2019; 

Spear, 2013) of particular importance are the prefrontal cortex, the hippocampus and the basolateral 

amygdala, given their contributions to emotion regulation (LeDoux, 2007; Radley, Arias & Sawchenko, 

2006; Sapolsky, Krey & McEwen, 1984; Weinberg et al., 2010).  

1.1.3 Physiological Markers of Adolescence 

 Another commonly used marker of adolescence is the onset of puberty, which is marked by the 

initial organization and then subsequent activation of neuroendocrine cells (Eiland & Romeo, 2013; Sisk 

& Zehr, 2005) that increase downstream secretion of gonadal steroids (Ojeda & Urbansky 1994), 

including estrogens in females and androgens in males (Romeo, 2010b).  In humans, the presence of 

gonadal steroids leads to an increase in primary and secondary sex characteristics (Bordini & Rosenfield, 

2011).  In rats, gonadal steroids also induce sexual maturation in females (e.g., vaginal opening and first 

ovulation, McCormick et al., 2010) and males (e.g., preputial separation and sperm in the epididymis, 

McCormick et al., 2010) and stimulate reproductive (e.g., lordosis and/or mounting, Sisk & Zehr, 2005; 

Södersten, 1975) and nonreproductive sex-dependent behaviours (Beatty, 1979).   
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 A common misconception is that puberty and adolescence are synonymous and can be used 

interchangeably. Several, if not most, investigators argue that adolescence is better defined by 

neuroanatomical and behavioural changes as opposed to pubertal maturation.  This is because external 

developmentally relevant factors can accelerate the onset of puberty.  For example, young rats that are 

larger in size because they come from small litters enter puberty much earlier than smaller rats from large 

litters (Kennedy, 1957; Kennedy & Mitra, 1963).  As well, exposing prepubertal organisms to stressors 

can promote gonadotrophic hormone release from the pituitary gland, thus initiating an earlier onset of 

puberty than occurs in the absence of stress (Li et al., 2014; Mandl & Zuckerman, 1952).  In addition, 

behavioural and brain maturation are required for puberty to occur and these maturational events 

encompass far more than just reproductive function (Sisk & Zehr, 2005).     

1.1.4 Chronological Markers of Adolescence  

 Given the challenges of identifying clear boundaries of adolescence, in both humans and model 

species, most research in this area defines adolescence simply according to chronological age.  In rats, 

adolescence is broadly defined as the period from weaning (post-natal day (PD) 21) to adulthood (~PD 

55-60; Odell, 1990; Ojeda & Urbanski, 1994; Tirelli, Laviola, & Adriani, 2003).  Tirelli and colleagues 

(2003) further divided adolescence into three discrete, but somewhat arbitrary, stages; i.e., early 

adolescence (juvenile/prepubescence, PD 21-34), mid-adolescence (peri-pubescence, PD 34-46) and late 

adolescence (young adulthood, PD 46-59).   Conceptually, these stages roughly correspond to early (10–

13 years), middle (14–16 years) and late (17–21 years) adolescence in humans (Neinstein, 2009; Weiner 

et al., 2012).  For clarity and comparative purposes, I adopted the Tirelli et al., (2003) classification 

schema for my research.  

1.2 Measuring Anxiety-Related Defensive Behaviour in the Rat  

 One long-standing approach for measuring anxiety-like behaviour in rodents is to examine their 

innate defensive responses to either potential threats (that might or might not be present) or present threats 

(that are clearly localizable in the immediate environment; Blanchard & Blanchard, 1989). Potential and 

present threats elicit different, yet characteristic behavioral defense profiles.  For example, in the presence 
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of a potential threat (e.g., cat odor) rats predominantly retreat to a secure location where they can more 

‘safely’ assess the situational degree of risk by engaging in so-called risk-assessment behaviors (e.g., 

stretch attend and/or flat back approach; Blanchard & Blanchard, 1989).  Exposure to an actual threat 

stimulus (e.g., cat) that is clearly present in the rat’s environment predominantly elicits a different set of 

defensive responses, ranging from freezing to fight/flight behaviours (Blanchard & Blanchard, 1989).  

Although several ethological tests tap into rodents’ innate defensive behaviours, two are of particular 

importance to my research; the elevated plus-maze (EPM) and shock-probe burying test (SPBT), which 

take advantage of rats’ defensive responses to potential and present threats, respectively. Both are 

described in more detail below.  

1.2.1 The Elevated Plus-Maze.  

 File and her colleagues were the first to develop and extensively validate the EPM  as a test for 

measuring anxiety-related responses in the rat (Pellow, Chopin, File & Briley, 1985).  The test itself was 

based on Montgomery’s influential hypothesis that novelty evokes two opposing drives; an exploratory 

drive, which leads to approach and a fear drive, which leads to avoidance (Montgomery, 1955).  

Montgomery attached an elevated runway (approximately 10 cm wide by 180 cm long) to the rats’ home-

cage (Montgomery, 1955).  The home cage and runway were separated by a guillotine-style door.  When 

the door was opened, rats readily entered and explored the full length of the runway if it was enclosed 

with walls (approximately 20 cm high).  If the runway was open (without walls), rats made markedly 

more retreats away from the door to the far end of their home-cage, engaged in more risk-assessment 

behaviour at the opening to the runway and traversed markedly less distance on the runway.  Montgomery 

concluded that novel environments evoke an approach-avoidance conflict that is resolved by balancing 

the strength of the exploratory drive with that of the fear drive (Montgomery, 1955).  Since then, several 

other exploration-based, approach-avoidance conflict tests have been developed, including the Elevated 

X-Maze (Handley & Mithani, 1984), Elevated Zero-Maze (Shepherd, et al., 1994) and the EPM (Pellow 

et al., 1985).   
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 The EPM consists of an elevated, plus-shaped maze with two opposing open and two opposing 

closed arms.  Similar to Montgomery’s earlier findings (1955), rats normally avoid the open arms of the 

EPM and instead spend most of the test exploring the closed arms.  To validate the EPM, File and 

colleagues showed that rats open-arm avoidance is selectively reduced by drugs that reduce anxiety in 

humans (e.g., diazepam), and exacerbated by drugs that induce anxiety in humans (e.g., yohimbine; 

Pellow et al., 1985). If rats are forced to stay on an open arm, they show increases in their plasma levels 

of corticosterone (CORT), as well as increases in freezing behaviour and defecation (Pellow et al., 1985).  

Rats' open-arm avoidance does not habituate, but instead increases across repeated testing (Treit, Menard, 

& Royan, 1993).  Novelty and the height of the maze do not seem to be responsible for rats’ open-arm 

avoidance.  Instead, open-arm avoidance appears to be driven by rats innate thigmotaxis bias (Treit et al., 

1993), a natural defensive response in which rats remain close to vertical surfaces, perhaps shielding 

themselves from potential threats (e.g., avian predators; Barnett, 1966; Grossen & Kelly, 1973).   

1.2.2 The Shock-Probe Burying Test.  

 In the SPBT, rats that receive a self-inflicted, contact-induced shock from an electrified probe 

attached to one wall of the test chamber will attempt to ‘bury’ the probe by using alternating thrusts of 

their front limbs to spray bedding material toward and over the probe (Pinel & Treit, 1978).  Burying is a 

robust response that is unambiguously directed toward the aversive stimulus.  If two identical probes, one 

electrified and one not, are mounted on opposite walls of the test chamber, rats will selectively bury the 

electrified probe they received shock from (Pinel & Treit, 1978).  Furthermore, burying is considered an 

adaptive defensive response that rodents direct toward aversive stimuli (Hudson, 1950; Poling, Cleary & 

Monaghan, 1981).  For example, when presented with water bottle spouts containing hot sauce or chow 

that has been coated in a bitter substance (i.e., quinine), rats displayed defensive burying toward these, but 

not neutral/positive, stimuli (Poling et al., 1981).  In the wild, ground squirrels will defend themselves 

from predatory snakes by spraying particulate material from the ground directly at the snake, or by 

sealing themselves from an approaching snake by burying the entrance to their burrows (Towers & Coss, 

1990).  These and other data suggest that burying behavior represents an innate defensive response toward 
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present dangers or threats (Treit, 1985; de Boer & Koolhaas, 2003).  Burying behaviour is suppressed by 

anxiolytic drugs (e.g., diazepam; Treit, 1987) and enhanced by anxiogenic drugs (e.g., yohimbine; Tsuda, 

Yoshishige, & Tanaka, 1988).  Anxiolytic drugs also suppress shock-induced increases in plasma levels 

of corticosterone and adrenaline in this test (de Boer & Koolhaas, 2003).  

1.3 Protocols Used to Study the Impact of Stress in Adolescent Rodents 

 Stress protocols used to study the impact of stress in adolescence on behaviour in adulthood on 

can be grouped according to whether they involve social stressors or non-social stressors.  While these 

stressor categories are also used in human research, the literature reviewed below is restricted to rodent 

models.   

1.3.1 Social Stressors 

 Social Isolation Stress.  Social isolation stress consists of housing rats individually in standard 

cages.  Isolated rats are typically deprived of physical contact (e.g., touch, social licking/grooming) but 

still have access to non-physical cues (e.g., smell, sight, sound) from other rats in the colony space (Einon 

and Morgan, 1977; Fone & Porkess, 2008; Weiss et al., 2004; Wilkinson et al., 1994).  Some 

investigators apply social isolation stress from weaning onwards, an approach sometimes referred to as 

isolation rearing (Einon and Morgan, 1977; Hellemans, Benge & Olmstead, 2004; Weiss et al., 2004; 

Wilkinson et al., 1994).  Other investigations focus on the impact of social isolation within specific stages 

of adolescence, e.g., early adolescence (PD 21-34).  Various arguments have been put forward to account 

for the deleterious impact of social isolation during adolescence.  One idea is that the unique social 

behaviors, like rough and tumble play, that peak during adolescence are important for the development of 

adaptive behavioral repertoires in adulthood, whereas their absence is thought to lead to maladaptive 

outcomes (Burke et al., 2017; Pellis et al., 2014).  Alternatively, rodents engage in social behaviours that 

indicate affiliative social contact is important for their well-being.  For example, rats will seek out 

physical contact with a conspecific following exposure to stressors (Davitz & Mason, 1955; Taylor, 

1981).  This appears to be an adaptive response in that access to a non-threatening conspecific promotes 

recovery from a stressful experience, a phenomenon termed “social buffering” (Hostinar, Sullivan & 
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Gunnar, 2014; Kiyokawa & Hennessy, 2017; Kiyokawa & Takeuchi, 2017).  It should be noted, however, 

that most, if not all, social buffering studies have been conducted in adult rodents.  To the best of my 

knowledge, no studies have examined whether affiliative social contact buffers the lasting impacts of 

stress in adolescence in the rat. I explore this possibility in Chapter 2.  

 Social Instability Stress. Social instability stress involves repeatedly exposing rats to  

brief (typically 1hr) bouts of isolation followed by rehousing with a novel cage-mate.  This sequence is 

repeated on a daily basis, for a duration of 2-3 weeks. Control animals are exposed to daily bouts of social 

isolation but are rehoused with their original, and thereby familiar, cage-mate.  When applied in 

adolescence (typically across PD 30-45), social instability stress effectively produces enduring changes in 

behaviour and neural function (Burke et al., 2017, McCormick et al., 2010).  This stress regimen is 

thought to be effective because, over and above the stress incurred from the brief periods of social 

isolation, the repeated introduction of novel cage-mates disrupts the formation of familiarity bonds and 

dominance hierarchies that rats normally establish when housed together (Adams & Boice, 1989; 

Baenninger, 1966; Becker & Flaherty, 1968).   

 Social Defeat Stress.  Social defeat stress is predominantly used with male rodents because it is 

based on male-specific territorial defense profiles.  Social defeat is typically achieved by exposing rodents 

to the resident intruder paradigm.  Here, an experimental rodent (i.e., intruder) is placed into the home 

cage of a larger, adult male rat (i.e., resident; Koolhaas et al., 2013).  Typically, resident males in this 

situation maintain their territorial dominance by defeating the smaller intruder (Koolhaas et al., 2013).  

Social defeat is indexed when the resident uses its forelimbs to hold the intruder down while the intruder 

lies on its back with all four paws in the air.  Although some adult intruder rats will occasionally defeat 

the resident rat, this is rarely observed when the intruders are adolescents due, in large part, to their 

smaller size, but also to their immature forms of offensive and/or defensive aggression (Thor & 

Halloway, 1985).   
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1.3.2. Non-Social Stressors  

 Non-social stressors can be further categorized into one of two groups based on whether the 

stressors are homotypic or heterotypic.  

 Homotypic Stress.  Homotypic stressors are applied either acutely (e.g., Van Dijken et al., 1994) 

or chronically (e.g., Kubala et al., 2012).  The most common homotypic stressors are restraint stress and 

foot-shock.  When rats are chronically exposed to foot/tail shock that is beyond their control, the resulting 

behaviour is sometimes referred to as learned helplessness and has been used to model depression 

(Conoscenti & Fanselow, 2019; Maier & Watkins, 2005; Seligman and Maier, 1967).   

 Heterotypic Stress. Heterotypic stress protocols are sometimes referred to as mixed modality 

stressors due to the fact that a variety of different stressors are randomly applied across a given 

timeframe.  These protocols vary according to the intensity (mild vs. noxious) and the duration (long vs. 

short) of the various stressors that make up the paradigm.  I illustrate these two variants, below by 

describing a classic example of each one.  

 Chronic Mild Stress.  With the chronic mild stress (CMS) paradigm, originally developed as a 

rodent model of depression by Willner and colleagues, (1987), various ‘mild’, but long duration, stressors 

(e.g., 8 hr noise, 10 hr cage tilt, overnight wet bedding, 14 hr water deprivation) are randomly applied, 

typically one stressor/day in the home-cage, for upwards of 3 to 6 weeks (Willner et al., 1987). For each 

of those stressors, the duration of exposure is more important than their intensity (e.g., 30 min of water 

deprivation would likely have little impact).  In contrast to CMS, other mixed modality protocols consist 

of stressors that, although relatively brief, are highly noxious.  

 Intermittent Physical Stress.  In contrast to CMS, other mixed modality protocols consist of 

stressors that, although relatively brief, are highly noxious.  For my MSc thesis research, I developed the 

intermittent physical stress (IPS) paradigm, with an aim to administer mixed modality stressors within a 

relatively brief timeframe (i.e., 12 days) in adolescence (see Wilkin, Waters, McCormick & Menard, 

2012).  Unlike CMS, which typically requires at least a 3 weeklong exposure period to be effective 

(Willner et al., 1987), each of the three unique stressors used in the IPS protocol are known to evoke a 
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robust and immediate acute stress response in adult rats.  One of these stressors, water immersion-

restraint stress, involves placing individual rats into a restraint tube that allows them to stand or sit, but 

not locomote forwards or backwards.  The closed end of the tube is equipped with small holes that allow 

water to enter the tube when it (and the rat it contains) is immersed into a 24°C water bath, to a depth of 

10-12cm (application time: 45 min).  Water immersion-restraint stress increases hypothalamic levels of 

corticotrophin-releasing hormone (CRH) and adrenocorticotropic hormone (ACTH), as well as plasma 

levels of stress hormones (Nishioka et al., 1993).  This stress procedure is known to induce gastric ulcers 

(Higashimori et al., 2020) and evokes anxiety- and depression-like behaviours (Zhou et al., 2020).  The 

second IPS stressor, elevated platform stress, involves placing individual rats on a small (15 x 15 cm) 

platform atop a 100 cm high tower (application time: 30 mins).  Elevated platform stress increases plasma 

CORT in adult rats and evokes abnormal, fear-related behaviour (Kavushansky & Richter-Levine, 2006; 

Moench, Maroun, Kavushansky & Wellman, 2016).  The third IPS stressor is random foot-shock stress, 

where three 0.6 mA bursts, each lasting 3 secs in duration, are randomly delivered through the grid floor 

of an operant chamber (application time: 5 mins).  Foot-shock is a commonly used and effective stressor, 

that evokes both physiological and behavioural stress responses even when the shock intensity and 

density are relatively low (dos Santos Corrêa et al., 2019, Kinn Rød et al., 2012).  In the IPS protocol, the 

3 stressors were randomly distributed across 12 days, with each stressor used twice and no more than one 

stressor used on any given day.  This resulted in a total of 6 stressor application sessions.  As will be 

reviewed in greater detail below, several studies now confirm that exposing rats to IPS in either early- 

(PD 21-34; Tao, Dhamija, Booij & Menard, 2017; Wilkin et al., 2012) or mid- (PD 35-47; Wilkin et al., 

2012; Wilkin & Menard, 2020) adolescence differentially alters their anxiety-related behaviours in 

adulthood.  

1.4 The Impact of Stress During Adolescence on Rodents’ Anxiety-Related Behaviour 

 Some of the first evidence that experiencing stress in adolescence leads to long-lasting changes in 

anxiety-related responses was conducted here at Queen’s University.  This initial study was based on 

clinical evidence that exposure to emotional abuse (neglect) in early life was preferentially linked to 
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mood disorders (e.g., major depressive disorder) whereas exposure to physical abuse predicted a wider 

array of psychopathology (e.g., anxiety disorders alone, anxiety disorders comorbid with mood disorders; 

Harkness & Wildes, 2002).  Based on this, Pohl and colleagues (2007) designed two stress regimens: 

chronic mild stress (designed to model the characteristics of emotional abuse) and severe sporadic stress 

(designed to model the characteristics of physical abuse).  Using these two different stressors they found 

that adult (PD 70+) rats previously exposed to CMS (e.g., dirty bedding, empty water bottle, white noise, 

overnight illumination, etc.) across the span of adolescence (PD 23-51) displayed normal levels of 

anxiety-related open-arm exploration, but depression-like reductions in sucrose consumption and burying 

behaviour in the SPBT (Pohl et al., 2007).  In contrast, severe sporadic stress (2 random exposures/week 

to either water immersion-restraint stress or foot-shock stress) across this same time period was associated 

with anxiogenic-like increases in burying behaviour in the SPBT and unexpected increases in open-arm 

exploration in the EPM, but no changes in sucrose (10%) consumption (Pohl et al., 2007). This was some 

of the first evidence that the type of stress experienced in adolescence can differentially impact the 

different anxiety-related behaviours in adulthood.   

 Subsequent work focused on specific time frames within adolescence.  Much of this work found 

that adversity during early adolescence (PD 21-34; Tirelli et al., 2003) promotes higher levels of anxiety-

related behaviour in adulthood.  Such effects have been consistently found using a variety of stress 

protocols, including social isolation (Leussis & Anderson, 2008; Van den Berg, Van Ree, Spruijt & 

Kitchen, 1999), social defeat stress (Mouri et al., 2018), as well as various homotypic (Li et al, 2015) and 

heterotypic stress protocols (MacKay et al., 2014; Ariel, Inbar, Edut & Richter-Levine, 2006).  For 

example, I found that adult male and female Long-Evans rats previously exposed to my IPS protocol (i.e., 

water immersion-restraint stress, elevated platform stress, foot-shock stress) in early adolescence (PD 22-

33) displayed significant anxiogenic-like decreases in open-arm exploration (i.e., decreases in the 

percentage of entries they made into and trend-like decreases in the percentage of time spent on the open 

arms of the EPM; Wilkin et al., 2012).  Long-lasting decreases in open-arm exploration appear to be a 
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relatively consistent outcome following stress that is restricted to the early adolescent period (Ariel et al., 

2017; Li et al., 2015; Mackay et al., 2014).   

 Similar results are also evident in in other tests of anxiety-like behaviour.  For example, 

experiencing IPS in early adolescence increased male rats’ burying behavior in the SPBT when they were 

tested as adults (Wilkin et al., 2012), and decreased social interaction in adult female rats (Tao et al., 

2017).  Likewise, exposing male rats to a slightly different multimodal stress protocol (i.e., forced swim, 

elevated platform, and restraint stress) in early adolescence also evoked anxiogenic-like reductions in 

social interaction in adulthood (Mackay et al., 2014), as did social isolation stress restricted to early 

adolescence (PD 22-35; Van den Berg et al., 1999).  Thus, it seems abundantly clear that if rats 

experience stress in early adolescence it promotes an anxious phenotype in adulthood.    

 In contrast to the relatively consistent increases in anxiety-related responses that follow stress in 

early adolescence, experiencing stress over a time frame that either predominantly includes or is exclusive 

to mid-adolescence (PD 34-46, Tirelli et al., 2003) has been associated with increases (Green, Barnes & 

McCormick, 2013; Hodges et al., 2019; Weathington, Arnold & Cooke, 2012), no changes (McCormick, 

et al., 2008; Provensi et al., 2019; Klinger, Gomes, Rincon-Cortes & Grace, 2019) and even decreases 

(Mousavi et al., 2019; Watt, Burke, Renner & Forster, 2009; Weintraub, Singaravelu & Bhatnigar, 2010 ) 

in adult levels of anxiety-related behaviour.  For example, a history of social instability stress in the latter 

part of early- through mid-adolescence (PD 30-45) failed to alter open-arm exploration of male rats in 

adulthood (PD 70) but increased open-arm exploration of adult female rats when they were tested in the 

estrous phase of their cycle (McCormick et al., 2008).  Similar increases in open-arm exploration were 

evident in adult male rats previously exposed to daily social defeat stress in mid-adolescence (PD 35-40; 

Watt et al., 2009), and in adult female rats previously exposed daily to threat cues (PD 35-39; Mousavi et 

al., 2019).  The variable outcomes that follow stress in early- versus mid-adolescence, raise the possibility 

that these developmental periods might evoke differing behavioural phenotypes in adulthood.  

 I was one of the first to directly assess whether stress in early versus mid-adolescence leads to 

similar or differing changes in anxiety-related behaviour.  In contrast to the anxiogenic-like outcomes I 
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observed when rats with a history of IPS in early-adolescence were tested as adults in the EPM and 

SPBT, I found that IPS in mid-adolescence produced marked increases in adult levels of open-arm 

exploration, in both sexes, without altering their burying behaviour (Wilkin et al., 2012).  The enduring 

effects of IPS in mid-adolescence on open-arm exploration seem to be robust, as they have been 

replicated in both male (Wilkin & Menard, 2020) and female rats (Lamontagne, Wilkin, Menard & 

Olmstead, 2020).  

 Increased open-arm exploration in adulthood following stress in mid-adolescence has been 

interpreted in various ways.  For example, following exposure to social isolation stress in mid-

adolescence (PD 30-50) adult male rats displayed higher levels of open-arm exploration but lower levels 

of corticosterone response to an acute stressor (Wientraub et al., 2010).  As such, the increased open-arm 

behaviour was interpreted as an anxiolytic-like effect.  Increased open-arm exploration displayed by adult 

rats previously exposed to severe sporadic stress (PD 23-51), which was paired with jumping from the 

plus-maze, was interpreted as increased defensive escape response (Pohl et al., 2007).  However, the most 

compelling interpretation to date, is that increased open-arm exploration displayed by adult rats 

previously exposed to stress in mid-adolescence reflects increased risk-taking behaviour (McCormick & 

Matthews, 2007; Watt et al., 2009; Wilkin et al., 2012; Wilkin & Menard, 2020).  Risk-taking, in this 

context, is defined as an increased willingness to explore a normally avoided environment where a threat 

might be encountered, which aligns with a broad, conceptual definition of risk-taking as choosing a risky 

option where the outcome is uncertain (Crone, van Duijvenvoorde & Peper, 2016).   

 These interpretations are hypothetical, and it remains unclear what the paradoxical increases in 

open-arm exploration actually reflect.  Do they reflect IPS-induced decreases in anxiety-like behaviour?  

Do they reflect increases in risk-taking behaviour?  Or, perhaps is it both?  Further, does IPS in mid-

adolescence evoke structural changes in the brain that might help us to understand its’ enduring impact on 

rats’ responses in the EPM?  Thus, going forward, my PhD research aimed to further illuminate our 

understanding of the paradoxical changes in exploratory behavior that follow IPS in mid-adolescence.  

This research is important because a better understanding of the subtle nuances that characterize the 
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lasting impact of stress in mid-adolescence could inform the direction of clinical research aimed at 

protecting and/or treating vulnerable youth.  

1.5 Timing of Peak Changes in Grey Matter in the Rat Basolateral Amygdala, Hippocampus and 

Medial Prefrontal Cortex 

 In the section that follows, I will identify some of the key neurodevelopmental changes that occur 

in regions implicated in defensive behaviour (i.e., basolateral amygdala, BLA; hippocampus; medial 

prefrontal cortex, mPFC) and will present some evidence that suggests these regions, because they show 

different patterns of development in adolescence, might be impacted by stress in different ways.   

1.5.1 The Basolateral Amygdala 

 The basal nucleus of the amygdala shows significant volumetric increases from PD 20 to PD 35 

with no change from PD 35 to PD 90 (Rubinow & Juraska, 2009).  Reports suggest that this volumetric 

increase can range from 83% (Chareyron, Lavenex, & Lavenex, 2012) to 116% (Berdel, Moryś & 

Maciejewska, 1997).  The number of neurons in the BLA reach adult levels very early in postnatal 

development (i.e., with no change in neuron counts between PD 7 and PD 90, Chareyron et al., 2012) as 

neurogenesis in this region is completed before birth (Bayer, 1980a; Berdel et al., 1997).  Additional 

evidence indicates that the number of neurons (and glial cells) is stable from PD 20 to PD 35, but then 

significantly declines between PD 35 and PD 90 (Rubinow & Juraska, 2009).  The absence of 

corresponding volumetric changes across that time period (Rubinow & Juraska, 2009), might be due (at 

least in part) to age-related increases in the neuropil (i.e., dendritic arborization, synapses and/or incoming 

innervation).  

 Although I am not aware of any studies examining whether stress in adolescence alters 

volumetric measures of the BLA, there is some evidence that stress restricted to the early adolescent 

period (PD27-29) disrupts normal cellular development in the BLA by reducing neural cell adhesion 

molecules (Tsoory, Gutterman & Richter-Levin, 2008).  Another study found that stress during early 

adolescence (PD 21-35) reduced dendritic arborization and spine density of pyramidal cells in the BLA 

(Pinzon-Parra et al., 2019).  Notably, those changes were evident shortly after the end of stress (PD 38-
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50) and persisted into adulthood (PD 68; Pinzon-Parra et al., 2019). Interestingly, stress in adulthood also 

alters dendritic complexity in the BLA, but in an opposing fashion relative to stress in early adolescence 

(i.e., stress in adulthood evoked increases in dendritic arborization and spine density; Patel et al., 2018, 

Vyas, Jadhav & Chattarji, 2006, Vyas et al., 2002).  Thus, it seems likely that stress in mid-adolescence 

would similarly alter dendritic complexity, but the potential direction of this change is less clear.  

1.5.2 The Hippocampal Formation.  

 The initial stages of hippocampal development occur prenatally, with the greatest volumetric 

increases occurring over the 5 days prior to birth and more modest increases up to PD 21 (Bayer, 1980b). 

Although hippocampal volume continues to increase across adolescence (Piontkewitz, Arad & Weiner, 

2011) this likely reflects changes in the neuropil, because post-natal neurogenesis in the hippocampus 

peaks between PD 8 and PD 15 and then declines sharply to relatively low levels across adolescence and 

into adulthood (Altman & Das, 1965; He & Crews, 2007).  Interestingly, in male mice, there is a 

significant increase in spine density on apical dendrites in CA1 between PD 25–PD35 followed by a 

significant decline from PD 45-55 (Meyer, Ferres-Torres and Mas 1978).  This inverted U-shaped 

trajectory might be sex specific as female rats do not display changes in total spine density from PD 35-55 

(Chen et al., 2018).   

 Although exposing adult rats to chronic restraint stress (6hr/day for 21 days) led to reductions in 

the length and branch points of apical (but not basil) dendrites in area CA3 of the dorsal hippocampus that 

were apparent immediately after the last stress session, these changes were no longer present after 10 days 

of recovery (Conrad, Margarinos, LeDoux & McEwan, 1999).  In contrast, exposure to chronic stressors 

across the span of adolescence (PD28-58) led to long-lasting, but not immediate, reductions in 

hippocampal thickness and dendritic arborization that were apparent 3 weeks after the end of stress (Isgor, 

Kabbaj, Akil and Watson, 2004).  However, it remains unanswered whether stressors restricted to distinct 

periods of adolescence would produce similar results to this previous work.   

1.5.3 The Medial Prefrontal Cortex (mPFC).  
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 Unlike the hippocampus, which largely develops prenatally (Bayer 1980b), the mPFC develops 

postnatally with much of its’ final maturation occurring across adolescence (Van Eden & Uylings, 

1985a).  For example, mPFC volume peaks at roughly PD30 and then progressively decreases into 

adulthood (i.e., ~PD 90+; Van Eden & Uylings, 1985b).  Other evidence indicates that from the start of 

mid-adolescence (PD 35) through to adulthood (PD 90), both male and female rats show a selective 

reduction of the number of neurons in the infralimbic (IL) and prelimbic (PrL) regions of the mPFC, but 

not in the cingulate gyrus (Markham, Morris & Juraska, 2007; Willing & Juraska, 2015).  Dendritic 

length, dendritic complexity and dendritic spine density in the mPFC increase between PD 20-35 (Koss, 

Belden, Hristov & Juraska, 2015), followed by a process of pruning and synaptic spine loss between 

PD35-90 (Koss et al., 2015).  This suggests that the dendritic tree develops prior to mid-adolescence but 

dendritic remodeling is ongoing throughout that timeframe.   

 Given the substantive development of the mPFC across adolescence, it is not surprising that this 

region is vulnerable to the impact of adolescent stress.  For example, exposure to chronic restraint stress 

across mid-late adolescence (PD 35-56) produced dendritic atrophy in the apical portion of pyramidal 

cells within the IL area of the mPFC which were evident even after 21 days of no-stress recovery (~PD 

72+; Goldwater et al., 2009).  Interestingly, social isolation stress restricted to PD 30-35 decreased 

synaptophysin levels, an indirect index of spine density, in the mPFC but not the hippocampus when rats 

were evaluated after a period of no stress (i.e., on PD 60; Luessis et al., 2008). This dissociation agrees 

with the differing maturational time frames of those two structures (i.e., during adolescence vs the 

neonatal period, respectively).  

 The final goal of my dissertation research was to explore whether the BLA, hippocampus and 

mPFC are sensitive to the impact of IPS in mid-adolescence.  Given the different maturational time 

frames of the mPFC and hippocampus, my expectation was that IPS in mid-adolescence would produce 

structural changes (e.g., dendritic complexity) in the mPFC but perhaps not the hippocampus.  I also 

expected to find changes in dendritic arborization and/or spine density in the BLA, but the direction of 

those changes is yet to be determined. 
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1.6 Objectives and Hypotheses 

 The overarching goal of my research was to further characterize the long-lasting impact of IPS 

during mid-adolescence (PD 35-46) on rats’ behavioural and neuroanatomical profiles in adulthood (PD 

73+).  Despite extensive evidence that access to an affiliative, social conspecific can buffer the impact of 

stress in adulthood, no studies have specifically addressed whether social buffering also occurs during 

adolescence (Objective 1).  Another unresolved issue surrounded IPS-induced increases in open-arm 

exploration that followed stress in mid-adolescence.  If increases in risk-taking are driving the increases in 

open arm exploration, then a logical expectation is that IPS-induced increases in this exploration should 

map onto IPS-induced increases in sensitivity to drugs such as amphetamine (Objective 2).  Last, I used 

Golgi staining to explore potential structural changes in the brain following IPS in mid-adolescence 

(Objective 3).  

 For each objective listed below, rats were randomly exposed to my IPS protocol over the 12 days 

of mid-adolescence (PD 35–46).  This was followed by a 27-day recovery period, after which their 

behavior was tested in adulthood (starting on PD 73; as per Wilkin et al., 2012).  ‘No-stress’ control rats 

were included in all studies.  

Objective 1: Examining the potential impact of social housing on the long-lasting outcomes of IPS.   

 1A.  Is the long-lasting impact of IPS in mid-adolescence reliable?  Based on my earlier 

findings (Wilkin et al., 2012), I predicted that single housed rats with a history of IPS in mid-adolescence 

would display higher levels of open-arm exploration when tested as adults in the EPM, but normal levels 

of burying behaviour in the SPBT.  

 1B. Does resocialization reverse the long-lasting impact of IPS in mid-adolescence? 

Resocialization rats were single housed from PD 21 through to the end of the IPS regimen (i.e., PD 21-

46), and then pair-housed from PD 47 onwards.  I predicted that resocialization would not alter the impact 

of IPS on rats’ responses in the EPM.  This was based on earlier reports that resocialization failed to 

reverse the impact of a prior chronic stress experience in adolescence (Zhang, Tuan, Shao & Wang, 2016; 

Weintraub et al., 2010).  
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 1C. Does continuous social housing block the long-lasting impact of IPS in mid-adolescence?  

I predicted that the long-lasting effects of IPS in mid-adolescence on open-arm exploration would be 

blocked by continuously pair housing rats from weaning onward.  My reasoning here was that recovery 

from each individual stress episode (6 in total), that make up the IPS protocol, would be facilitated in rats 

that are rehoused with their cage-mate at the end of each episode. This was supported by prior evidence 

that access to a familiar cage-mate in close proximity to an acute stressor reduced stress-related levels of 

CORT (Terranova, Cirulli & Laviola, 1999) and promoted a faster return to baseline (McCormick, 

Merrick, Secen, Helmreich, 2007) in adolescent rats.   

Objective 2: Examining whether IPS-induced increases in open-arm exploration are linked to IPS-

induced increases in sensitivity to amphetamine 

 2A. Does exposure to IPS in mid-adolescence (PD 35-46) increase sensitivity to 

amphetamine in adulthood? I predicted that rats exposed to IPS in mid-adolescence (PD 35-46) would 

display higher levels of amphetamine-induced locomotion when tested in adulthood.  This was based on 

earlier reports that social defeat stress in mid-adolescence evoked long-lasting increases in rats’ 

sensitivity to psychostimulants, including amphetamine (Burke et al., 2013; Burke, Watt & Forster, 

2011).  

 2B.  Do IPS-induced increases in open-arm exploration predict IPS-induced increases in 

sensitivity to amphetamine?  I predicted that IPS-induced increases in open-arm exploration would 

positively correlate with IPS-induced increases in amphetamine-induced locomotion.  I further explored 

that relationship by conducting a factor analysis of key behavioural outcomes in this study.  

 2C. An ancillary goal of this study was to determine if interim treatment with the NMDA 

receptor antagonist MK801 ameliorates the long-lasting outcomes of IPS. I predicted that rats 

exposed to IPS in mid-adolescence (PD 35-46) followed by treatment with MK801 (PD 47-61) would 

display levels of open-arm exploration similar to no-stress controls.  This was based on a prior report that 

acute and/or sub-chronic treatment with NMDA receptor antagonists yields fast-acting anxiolytic and 
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antidepressant effects that can persist for days or even weeks beyond the end of drug treatment (Williams 

& Schatzberg, 2016).   

Objective 3: Characterizing the impact IPS in mid-adolescence on cortical thickness and dendritic 

complexity of the mPFC, hippocampus and BLA. 

 3A. Does exposure to IPS during mid-adolescence produce long-lasting changes in cortical 

thickness, dendritic complexity and dendritic spine density in the mPFC, hippocampus and BLA? 

My predictions across this final objective were that exposure to IPS in mid-adolescence (PD 35-

46) will produce long-lasting reductions in cortical thickness, dendritic arborization and dendritic spine 

density in the mPFC but would have less impact on these measures in the hippocampus.  Finally, I also 

expected that IPS in mid-adolescence would alter dendritic complexity and spine density in the BLA, but 

the direction of that effect remains to be seen.  
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CHAPTER 2:  

SOCIAL HOUSING AMMELIORATES THE ENDURING EFFECTS OF 

INTERMITTENT PHYSICAL STRESS DURING MID-ADOLESCNECE 

 
A reformatted version of this chapters has been published: “Wilkin, M.M. & Menard, J.L. (2020). Social 

housing ameliorates the enduring effects of intermittent physical stress during mid-adolescence. 

Physiology & Behavior, 214, 112750, 1-19. doi:https://doi.org/10.1016/j.physbeh.2019.112750.  

 

2.1 Abstract 

My prior work showed that exposing single housed rats to IPS in mid-adolescence (PD 35-46) led 

to increased risk-taking/decreased anxiety behaviour in adulthood, as indexed by their greater willingness 

to explore the open arms of an elevated plus maze.  Here, I tested the hypothesis that the long-lasting 

impact of IPS during mid-adolescence on open-arm exploration would be ameliorated by social housing.  

At weaning on PD 21, male rats were randomly assigned to one of 3 housing groups: single housed (from 

weaning at PD 21 onward), re-socialized (single housed from PD 21–46 and then pair housed from PD 47 

onward) or pair housed (from PD 21 onward).   Half of the rats in each housing group were exposed to 

IPS (elevated platform, foot-shock, water immersion) for 12 days across mid-adolescence and the other 

half served as housing matched no-stress controls.  As hypothesized, the effect of IPS in mid-adolescence 

on adult levels of open-arm exploration was dependent on housing.  Significant IPS-induced increases in 

open-arm exploration were displayed by single housed rats, and this effect was reduced, but still 

marginally significant, in re-socialized rats.  By contrast, IPS had virtually no effects on open-arm 

exploration in pair housed rats.  In the shock-probe burying test, prior exposure to IPS reduced adult 

levels of defensive burying in continuously pair housed rats but had no lasting effects in single housed or 

re-socialized rats. Taken together, my findings reaffirm that stress during mid-adolescence can have long-

lasting effects on adult behavior and highlight the stress reducing properties of social housing.     
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2.2 Introduction 

 Social contact gains greater importance during adolescence, relative to earlier or later periods of 

development (Pellis, Pellis & Himmler, 2014; Schneider, et al., 2016) and is highly rewarding for 

adolescent rats (Douglas, Varlinskaya & Spear, 2004; Hostinar, Sullivan & Gunnar, 2014; 

Vanderschuren, Achterberg, & Trezza, 2016).  The rat adolescent period is further characterized by the 

presence of unique social behaviors, such as rough and tumble play, that are not as evident at other 

developmental time points (Pellis et al., 2014; Vanderschuren et al., 2016). Such behaviors are thought to 

be important for the development of adaptive behavioral repertoires for adulthood, whereas their absence 

is thought to lead to maladaptive outcomes (Pellis et al., 2014, Burke, McCormick, Pellis & Lukkes, 

2017).  Indeed, social isolation during adolescence can act as a stressor and is often associated with 

enduring changes in emotive and cognitive behavior (Pellis et al., 2014, Burke, et al., 2017, Fone & 

Porkess, 2008).  Far less is known as to whether the presence or absence of social contact during 

adolescence modulates the effects of other stressors experienced within that time period. This lacuna is 

surprising as housing conditions (isolation vs. social) could confound or interact with the actions of other 

stressors (McCormick & Green, 2013).    

  I previously found that intermittently exposing single housed rats to physical stressors (e.g., foot-

shock, water immersion, elevated platform) during mid-adolescence (PD 35-46, as defined in Tirelli, 

Laviola & Adriani, 2003) led to elevated risk-taking/decreased anxiety in adulthood (PD 72), as indexed 

by their greater willingness to explore the normally avoided open-arms of the EPM (Pohl, Olmstead, 

Wynne-Edwards, Harkness, & Menard, 2007; Wilkin, Waters, McCormick & Menard, 2012).  Prior 

social isolation alone, from PD 30 to PD 50, also evoked long-lasting increases in the open-arm 

exploration of male rats tested at PD 80 (Weintraub, Singaravelu, Bhatnagar, 2010), raising the possibility 

that the IPS-induced increases in open-arm exploration we observed might, at least in part, reflect the 

single housing utilized in my earlier studies (Pohl et al., 2007, Wilkin et al., 2012).  By contrast, long 

lasting decreases in open-arm exploration were observed when pair-housed rats were exposed to social 

instability stress (daily 1 hr social isolation followed by housing with an unfamiliar cage-mate) from PD 
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30 to PD 45 (Roeckner, Bowling & Butler, 2017; McCormick, Smith & Mathews, 2008).  Although such 

inconsistencies could reflect differences in the type of stressor, age at time of stress or other factors, given 

the importance of social contact to developmental trajectories (Pellis et al., 2014; Burke et al., 2017; Fone 

& Porkess, 2008) I thought it important to determine whether the enduring outcomes of IPS in mid-

adolescence are influenced by social housing.  

 Most of the work directly examining the influence of social housing on stress outcomes has been 

conducted using adult rodents.  In general, such studies indicate that access to a non-threatening 

conspecific promotes recovery from a stressful experience, a phenomenon termed “social buffering” 

(Hostinar et al., 20104, Kiyokawa & Hennessy, 2018; Beery & Kaufer, 2015).  In classic social buffering 

experiments, two or more animals remain together during the stress exposure itself, a procedure termed 

“exposure-type” social buffering (Kiyokawa & Hennessy, 2018).  For example, exposing pair-bonded 

prairie voles to chronic mild stress (CMS; e.g., intermittent exposure to overnight illumination, water 

deprivation, stroboscopic illumination, white noise, cage tilt, wet bedding) evoked a greater impact in 

voles that were shifted to single housing at the start of CMS relative to pair-bonded voles that experienced 

CMS together (McNeal et al., 2017).  Far less is known about “housing-type” social buffering, in which 

the subject is exposed to the stressor alone and then is re-housed with a cage-mate at the end of the stress 

episode (Kiyokawa & Hennessy, 2018).  In one such study, restraint stress increased fear expression in 

adult female voles who spent the 30-min post-stress recovery period alone, but these effects were 

completely reversed in female voles that recovered with their pair-bonded male partner (Smith & Wang, 

2014).  Housing-type social buffering also occurs outside of reproductive pair-bonds.  Individually 

exposing group housed (2-3/cage) adult male rats to a single episode of social defeat stress decreased their 

open-arm exploration when they were subsequently tested, 2 weeks later, in the EPM, but only if rats 

were single (rather than group) housed after the defeat (Ruis et al., 1999).  Importantly, those results did 

not reflect the rats’ recent (or current) social deprivation because single housing no-defeat controls for 2 

weeks did not alter their open-arm exploration relative to pair-housed controls (Nakayasu & Ishii, 2008). 

In another striking demonstration of social buffering, adult male rats individually exposed to daily social 
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defeat stress for 5 consecutive days followed by individual housing displayed impaired social memory, 

decreased social interactions and blunted anticipation for a sucrose solution up to 3 months later, and all 

of these effects were prevented when the defeats were followed by social housing (Von Frijtag et al., 

2000).   

 Surprisingly few studies have directly examined whether the enduring outcomes of stress in 

adolescence differ in single and socially housed rodents.  I was only able to locate two such studies in the 

literature.  One found that mice exposed to a combination of social isolation and chronic social defeat 

during adolescence (daily from PD 28–38) displayed social avoidance behaviours in adulthood (PD 80) 

regardless of whether they were single-housed or re-socialized with their original cage-mates at the end of 

the chronic defeat period (Zhang et al., 2016).  Similarly, exposing mice that were either isolation or 

group reared (from weaning onwards) to three weeks of daily social defeat stress across adolescence (PD 

28-49) decreased the amount of time they spent in the center of an open field 10 weeks after the end of 

the defeat period (Adamcio, Havemann-Reinecke, & Ehrenreich, 2009). Notably, this anxiogenic-like 

response reflected additive effects of social defeat stress and single housing (Adamcio et al., 2009). 

Although these results conflict with clear evidence that affiliative social contact buffers the effects of 

social defeat in adulthood (Ruis et al., 1999; Nakayasu & Ishii, 2008; Von Frijtag et al., 2000), the 

younger rodents were exposed to substantively more defeats than the adult rodents.  It appears likely that 

the efficacy of social buffering is influenced by the intensity and/or chronicity of a given stressor 

(Hostinar et al., 2014; Kiyokawa & Hennessy, 2018; Beery & Kaufer, 2015).  In this regard, social defeat 

can have markedly greater impacts on rodent behavior relative to other stressors, such as restraint, foot-

shock, and chronic mild stress (Koolhaas et al., 1996; Blanchard et al., 1998; Sgoifo, Carnevali & Grippo, 

2014) all of which are sensitive to social buffering, at least in adult rodents (McNeal et al., 2017; Smith & 

Wang, 2014; Kiyokawa & Takeuchi, 2017; Kiyokawa et al., 2016).  I reasoned that recovery from 

random exposure to each of the individual IPS stressors (3 brief, mild foot-shocks over 5 min, 45 min 

water immersion, 30 min elevated platform; 2 times each over 12 days with only 1 stressor experienced 

on any given day) would be facilitated in rats that are re-housed with their cage-mate at the end of each 
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stress episode, relative to those that recover alone. This hypothesis was bolstered by evidence that access 

to a familiar cage-mate in close proximity to an acute stressor reduced stress-related levels of 

corticosterone (Terranova, Cirulli & Laviola, 1999) and promoted a faster return to baseline (McCormick 

et al., 2007; Hodges et al., 2014) in adolescent rats, analogous to what is observed in adult rodents 

(Hodges et al., 2014; McNeal et al., 2017; Smith & Wang, 2014).    

  In summary, I previously found that exposing single housed rats to IPS during mid-adolescence 

increased their open-arm exploration of the EPM in adulthood (Wilkin et al., 2012).  The current goal was 

to determine whether these effects are influenced by the degree of social contact the rats experience from 

weaning onwards.  As in my prior work, rats were randomly exposed to IPS over 12 days of mid-

adolescence (PD 35–46), followed by a 27-day no-stress period, at which point their behavior was tested 

in adulthood (starting on PD 73; as per Wilkin et al., 2012).  In addition, the rats were provided with 

varying levels of social contact from weaning (PD 21) onward: no social contact (single housing PD 21 

onward), re-socialization (single housing from PD 21-46, pair housing PD 47 onward) or continuous 

social contact (pair housing PD 21 onward).  I expected that IPS in mid-adolescence would increase adult 

levels of open-arm exploration in single-housed rats and these effects would not be altered by re-

socialization at the end of the IPS regimen.  In contrast, I expected that the long-lasting effects of IPS in 

mid-adolescence on open-arm exploration would be blocked by continuous pair housing.  To further 

explore the generality of my findings, I also tested the rats in the SPBT.  Because I previously found that 

IPS during mid-adolescence did not alter burying behavior I expected null effects of IPS (Wilkin et al., 

2012), but possible effects of housing. The latter is based on prior reports that social isolation during 

adolescence reduced burying behavior in adulthood (Simpson et al., 2010; Arakawa, 2007).  

2.3 Methods 

2.3.1 Subjects 

 Male Long-Evans rats were obtained from an in-house breeding program (Department of 

Psychology, Queen’s University).  At weaning (PD 21), rats were housed (according to housing 

condition, below) in standard Plexiglas cages (26 x 48 x 20 cm) containing wood shavings (BetaChips, 
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NEPCO; Warrensburg, NY) and a black piece of polyvinyl chloride (PVC) tubing (10 x 15 cm) for 

enrichment.  Standard rat chow (LabDiet, PMI Nutrition International; Brentwood, MO) and water were 

provided ad libitum.  The colony was maintained on a 12 hr light/12 hr dark cycle, with lights on at 0700 

hrs.  All procedures were conducted in accordance with the guidelines of the Canadian Council on 

Animal Care and were approved by the Queen’s University Animal Care Committee. 

2.3.2 Treatments  

Housing Condition.  Rats were randomly assigned to one of three housing conditions: single 

housed rats (n=20) were individually housed from weaning (PD 21) to the end of behavioral testing in 

adulthood, re-socialized rats (n=16) were single housed from weaning (PD 21) to the end of the IPS stress 

regimen (PD 46) after which they were housed with a treatment-matched, non-littermate (from PD 47 

onwards) and pair housed rats (n=20) were housed with a treatment-matched, non-littermate from 

weaning (PD 21) onwards. 

Stress Condition.  After assignment to housing condition, rats were randomly assigned into one 

of two groups in the stress condition (no-stress controls vs. IPS), resulting in the following groups: single 

housed/control (n=10), single housed/IPS (n=10); re-socialized/control (n=8), re-socialized/IPS (n=8); 

pair housed/control (n=10), pair housed/IPS (n=10). Stress treated rats were exposed to the IPS protocol 

(i.e., elevated platform, water immersion, and foot shock; as described in detail in Wilkin et al., 2012) 

across 12 days of mid-adolescence (PD 35-46).  For elevated platform stress, rats were individually 

placed on a Plexiglass platform (15 x 15 cm), fixed to the top of a Plexiglas tower (10 x 10 x 100 cm), for 

a 30-min exposure period.  For the water immersion stress, rats were individually placed in a restraint 

tube (black polyvinyl chloride pipe; 10 x 30 cm) with 3 small holes in the closed end.  The tubes were 

lowered into a water immersion tank containing room temperature (24°C) water (to a height of 12 cm) for 

a 45 min exposure.  The rats could either sit or stand upright in the tubes but were restrained from 

locomoting.  For the foot-shock stress, rats were individually placed into an operant chamber (Med 

Associates Inc., St. Albans, VT) equipped with a grid floor that delivered three, mild (0.6 mA), 3 sec foot 

shocks, randomly over a 5-min exposure period.  Only one stressor was applied on any given day, with 
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the three different stressors randomly applied a total of two times each across the 12-day stress period.  

The stressors were administered at random times throughout the day (between 0900 and 1700 hrs).  No-

stress control rats in each of the housing conditions were briefly handled on stress exposure days.  Body 

weights were taken at various timepoints (prestress, post stress, pre-behavioural testing, end of 

behavioural testing).  Because there were no main effects of Stress or Housing or interactions of these two 

variables (all p’s>.40) these findings are not discussed further.  At the end of the stress period, rats were 

given a 27-day recovery period prior to behavioral testing (described below) in the EPM (PD 73) and 

SPBT (PD 79). A procedural timeline is provided in Figure 1. 

 

 

 
 
Figure 2.1. Experimental Timeline. Timeline of events for the intermittent physical stress and 
behavioral testing protocols.  (1) Rats were weaned on post-natal day (PD) 21. (2) IPS was initiated on 
PD 35 and ended on PD 46. (3) Starting on PD 47, rats were given a 27-day, no-stress recovery period. 
This was also the start date of re-socialization; i.e., rats in this group were housed with a non-littermate, 
treatment-matched cage mate for the remainder of the experiment.  (4) On PD 73, rats were tested in the 
EPM.  (5) On PD 79, rats were tested in the SPBT.  Single housing is depicted by a solid white bar.  Re-
socialized rats were single housed from weaning to the end of IPS (white bar) after which they were pair 
housed for the remainder of the experiment (grey bar).  Pair housing is depicted by a solid grey bar.   
 

2.3.3 Behavioral Testing  

Elevated Plus Maze. The EPM was a plus-shaped, urethane-sealed, wooden maze with open (50 

x 10 cm) and closed (50 x 10 x 40 cm) arms, raised 50cm above the floor that was situated in a dimly lit 

(white light, 60 w / 800 lumens; red light, 40 w / 75 lumens) room. Rats were individually placed on the 

maze, facing a closed arm, for a 5 min test.  The criterion for arm entries was all four paws in any given 
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arm.  The percentage of open-arm entries was calculated as the number of open-arm entries relative to the 

total arm entries (i.e., open/open + closed).  The percentage of time spent in the open arms was calculated 

as time spent in the open arms relative to total arm time (discounting center time).  The number of closed 

arm entries and total arm entries indexed general locomotor activity (Pellow et al., 1985; Rodgers & 

Dalvi, 1997).  For rats housed with a conspecific at the time of testing (i.e., re-socialized and pair housed), 

cage-mates were tested sequentially on the same day.  EPM testing was recorded using a camcorder 

(Sony Handycam Digital 8) and recording software (MovieStar 5) for offline coding (Noldus Observer 

5.0) by an individual unaware of the rats’ group assignment.  

Shock-Probe Burying Test.  The apparatus was a Plexiglas chamber (40 x 30 x 40 cm) with a 

small hole (5 cm) on one far wall of the chamber that allowed for the insertion of the shock-probe.  The 

bottom of the chamber was covered in standard lab bedding (BetaChips) to a height of 5 cm.  All rats 

were habituated to the SPBT chamber (without the probe present) for 15 min, on each of the four 

consecutive days prior to testing.  On the test day, a copper wire-wrapped Plexiglas probe (0.5 x 6 cm) 

was inserted into the chamber.  The probe was connected to a 2,000-V shock source, with the intensity of 

shock set at 2.25 mA.  On the test day, rats were individually placed into the test chamber, facing away 

from the probe.  Whenever the rat touched the copper wrapped Plexiglas probe, with either its snout or 

forepaw(s), it received a brief contact-induced shock.  The 15-min test started immediately after this first 

contact-induced shock.  Rats housed with a conspecific at the time of testing (i.e., re-socialized and pair 

housed) were tested sequentially on the same test day.  SPBT tests were recorded using a camcorder and 

the digital recording program, and videos were coded offline (Noldus Observer 5.0) by an individual 

unaware of the rats’ group assignment.  The behaviors of interest were: the total duration of time spent 

burying (i.e., pushing bedding material toward the probe using rapid, forward thrusts of the front limbs 

and/or snout), total duration of time spent immobile (i.e., absence of movement, except that needed for 

respiration), and total number of shocks.  Rats’ immediate behavioral response to shock (i.e. shock 

reactivity) was also coded according to the following standard 4-point scale: (1) head flinch; (2) whole 

body flinch; (3) whole body flinch with movement (i.e., walking) away from the probe; and (4) whole 
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body flinch or jump with rapid movement (i.e., running) away from the probe (Menard & Treit, 1996; 

Treit, Pinel & Fibiger, 1981).  A mean shock reactivity score was calculated for each rat by summing the 

shock reactivity score(s) and dividing this by the total number of shocks. 

2.3.4 Data Analysis 

Only one animal per litter was assigned to a given group, with one exception.  Two control rats 

from the continuous pair housing condition were obtained from the same litter and their scores were 

averaged prior to analysis, resulting in the following groups: single housed/control (n=10), single 

housed/IPS (n=10); re-socialized/control (n=8), re-socialized/IPS (n=8); pair housed/control (n=9), pair 

housed/IPS (n=10).  Thus, all of the analyzed data points were unique with regard to litter, minimizing 

any potential litter effects.  All statistical analyses were performed using the Statistical Package for Social 

Sciences (SPSS) version 24 for Windows.  Data were evaluated for normality and homogeneity of 

variance.  For all analysis, significance was set at p < .05.   

Elevated Plus Maze. The data for the percentages of open-arm time and entries were evaluated by 

a 2 (Stress: control vs. IPS) x 3 (Housing: single housed vs. re-socialized vs. pair housed) analysis of 

variance (ANOVA).  Because this data violated the assumptions for the ANOVA (i.e., normality and 

homogeneity of variance) the main effects were validated by subsequent non-parametric bootstrapping, 

using the following parameters: 5000 samples and bootstrapped 95% Confidence Intervals that were bias-

corrected and accelerated.  Based on our a priori predictions, we further analyzed the effects of IPS on 

open-arm exploration within each Housing condition, using bootstrapped independent t-tests.  The general 

locomotor activity data from the EPM (i.e., number of closed arm and total arm entries) satisfied the 

assumptions of the ANOVA (and thus were not bootstrapped).    

 Shock Probe Burying Test.  SPBT data met the assumptions of the ANOVA and were evaluated 

using a 2 x 3 ANOVA, as above.  A one-way ANOVAs was used to evaluate the effects of IPS on 

burying scores within each of the Housing conditions.  

2.4 Results 

2.4.1 Elevated Plus Maze 
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 The EPM data is depicted in Figure 2.2.  The ANOVA revealed significant main effects of Stress 

on the percentage of open-arm entries, F(1,49) = 10.68, p < .002, h2 = .18 and the percentage of open-arm 

time,  F(1,49) = 15.54, p < .000, h2 = .24, such that rats with a history of IPS in mid-adolescence 

displayed significantly more open-arm exploration than did the no stress controls.  There were no main 

effects of Housing or Stress x Housing interactions (all p’s > .20). The main effects of Stress on open-arm 

exploration were validated by bootstrapped pairwise comparisons (percentage of open-arm entries: mean 

difference = 16.51, SEM = 4.99, p < .002, bootstrapped 95% CI = 6.40, 26.69; percentage of open-arm 

time: mean difference = 22.95, SEM = 5.97, p < .002, bootstrapped 95% CI = 11.93, 35.07).    

Based on my a priori predictions, I further evaluated the effects of IPS within each housing 

condition, using bootstrapped independent t-tests with equal variances not assumed.  Continuously single 

housed/IPS rats displayed significantly more open-arm exploration than did single housed/no stress 

controls (percentage of open-arm entries: t(18) = 3.07, p < .007, mean difference = 24.27, SEM = 7.89, p 

< .01, bootstrapped 95% CI = 8.94, 38.51; percentage of open-arm time: t(11.873) = 3.90, p < .002, mean 

difference = 34.63, SEM = 8.94, p < .01, bootstrapped 95% CI = 16.12, 50.97).  Re-socialized/IPS rats 

tended to explore the open-arms more than did their respective controls, but this difference was only 

marginally significant with a two-tail test (percentage of open-arm entries: t(8.481) = 1.97, p = .08, mean 

difference = 19.91, SEM = 10.01, bootstrapped 95% CI = 0.95, 39.64; percentage of open-arm time: 

t(8.268) = 1.87, p < .10, mean difference = 24.73, SEM = 13.22, bootstrapped 95% CI = -.75, 50.79).  

Pair housed/IPS did not differ from their respective controls (percentage of open-arm entries: t(17) = 0.64, 

p = .53, mean difference = 5.35, SEM = 8.12, bootstrapped 95% CI = -9.90, 21.43; percentage of open-

arm time: t(17) = 1.13, p = .27, mean difference = 9.50, SEM = 8.23, bootstrapped 95% CI = -5.30, 

25.58). 

General locomotor activity scores are summarized in Table 2.1.  Stress significantly reduced the 

number of closed arm entries (F(1,47) = 8.30, p < .01, h2 = .15), but this variable was not affected by 

Housing, as indexed by the absence of a main effect of Housing or Stress x Housing interaction (both p’s 
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> .32).  There were no main effects of Stress or Housing and no Stress x Housing interaction on the total 

number of entries (all p’s > .29).  Thus, the IPS-induced increases in open-arm exploration I observed in 

single housed and re-socialized rats did not appear secondary to Stress- and/or Housing-induced 

hyperactivity.  
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Figure 2.2. Open-Arm Exploration in the Elevated Plus Maze. Open arm exploration in the elevated 
plus maze displayed by single housed, re-socialized, and pair housed adult rats previously exposed to 
intermittent physical stress (IPS) during mid-adolescence.  (A) Mean (+SEM) percentage of open-arm 
time and (B) mean (+SEM) percentage of open-arm entries for no stress control (single housed/control, 
n=10, re-socialized/control, n=8, pair housed/control, n=9; light grey bars) and IPS treated (single 
housed/IPS, n=10, re-socialized/IPS, n=8, pair housed/IPS, n=10; dark grey bars) rats. * denotes a 
significant increase in the percentage of time single housed/IPS rats spent in the open arms relative to 
single housed/no stress controls (p < .001).  # denotes a trend-like increase in the percentage of time re-
socialization/IPS rats spent in the open arms relative to re-socialization/no stress controls (p < .10, two-
tailed test).  The percentage of time pair housed/IPS rats spent in the open arms of the maze did not differ 
from pair housed/no stress controls. 
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Table 2.1. Locomotor Behavioiur in the Elevated Plus Maze. Mean (+/- SEM) general locomotor activity scores in the Elevated Plus Maze 

displayed by rats previously exposed to intermittent physical stress (IPS) in mid-adolescence.  

 

 

 

 

 

 

  Stress Treatment and Housing Condition 

  Single Housed  Re-socialized  Pair Housed 

  Control 
(n=10) 

 IPS 
(n=10) 

 Control 
(n=8) 

 IPS 
(n=8) 

 Control 
(n=9) 

 IPS 
(n=10) 

Number of Closed Arm Entries  9.67 
(1.05) 

 7.00 
(0.91) 

 9.00 
(1.36) 

 7.25 
(0.92) 

 8.17 
(0.52) 

 5.90  
(0.86) 

Total Number Entries  10.00 
(1.01) 

 11.50 
(1.77) 

 9.14 
(1.40) 

 10.00 
(1.16) 

 9.61 
(0.69) 

 7.90  
(1.37) 
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2.4.2 Shock Probe Burying Test 

 The burying data is depicted in Figure 2.3.  An initial ANOVA revealed main effects of Stress 

(F(1,49) = 8.70, p < .01, h2 = .15) and Housing (F(2,49) = 12.21, p < .001, h2 = .33) on the total number 

of shocks and a significant Stress x Housing interaction for mean shock reactivity scores (F(2,49) = 3.28, 

p < .05, h2 = .12).  Thus, the number of shocks and mean shock reactivity scores (see Table 2) were used 

as covariates in a subsequent Analysis of Covariance (ANCOVA).  That analysis found no main effect of 

Stress (F(1,47) = 0.001, p > .97, h2 = .00) but did reveal a significant effect of Housing (F(2,47) = 3.85, p 

< .03, h2 = .14) and a strong trend-like Stress x Housing interaction  (F(2,47) = 2.98, p < .06, h2 = .14.  

Follow-up comparisons of interest between the two Stress groups within each of the three Housing groups 

revealed that pair housed/IPS rats spent significantly less time burying (F(1,15) = 7.70, p < .01, h2 = .34) 

compared to pair housed/no stress controls, whereas the single housed/IPS rats (F(1,16) = 0.82, p > .37, 

h2 = .05) and re-socialized/IPS rats (F(1,12) = 0.73, p > .41, h2 = .06) did not differ from their respective 

controls. I further explored the effects of housing on the duration of time spent burying within each of the 

2 stress groups (no stress controls vs IPS).  The was no main effect of housing on burying durations 

displayed by no-stress control rats, (F(2,24) = 0.57, p > .57, h2 = .05).  However, within the IPS-treated 

rats there was a main effect of housing, (F(2,25) = 6.57, p < .005, h2 = .35) on burying, such that the pair 

housed/IPS rats spent significantly less time burying than did the single housed/IPS and re-socialized/IPS 

rats (both p’s < .01), whereas the latter two groups did not differ from each other.   

General locomotor activity (i.e., duration of time spent immobile) in the SPBT is summarized in 

Table 2.2.  There was no main effect of Stress on the duration of time spent immobile (F(1,47) = 0.00, p > 

.98, h2 = .00 but there was a significant main effect of Housing (F(2,47) = 9.40, p < .001, h2 = .29) and 

significant Stress x Housing interaction (F(2,47) = 4.45, p < .02, h2 = .16).  Follow-up comparisons 

revealed that pair housed/IPS rats spent significantly less time immobile than did the pair housed control 

rats (F(1,16) = 4.43, p = .05, h2 =. 22), suggesting that the lower levels of burying displayed by the 
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former group was not secondary to decreases in general locomotor activity.  There was no other statistical 

significance between group differences on this measure (see Table 2.2).  

 

Figure 2.3. Shock Probe Burying Behaviour. Shock probe burying in adulthood was significantly 
reduced in continuously pair-housed rats exposed to intermittent physical stress (IPS) in mid-adolescence. 
Mean (+/-SEM) duration of burying displayed by single housed (Control, n=10; IPS, n=10), re-
socialization housed (Control, n=8; IPS, n=8), and pair housed (Control, n=9; IPS, n=10) rats previously 
exposed to IPS during mid-adolescence. The * denotes a significant decrease in the duration of time spent 
burying in pair- housed/IPS rats relative to their respective no-stress Controls (p = .01).  
 

0

50

100

150

200

250

300

350

400

450

500

Single Housed Re-socialized Pair Housed

D
ur

at
io

n 
of

 B
ur

yi
ng

 (s
ec

.)

Housing Condition 

Control IPS

*



 36 

Table 2.2: Shock Probe Burying Behaviour. Mean duration and frequency (+/- SEM) of behaviors displayed in the Shock Probe Burying Test 

by rats previously exposed to intermittent physical stress (IPS) in mid-adolescence.  

  Stress Treatment and Housing Condition 

  Single Housed  Re-socialized  Pair Housed 

  Control 
(n=10) 

 IPS 
(n=10) 

 Control 
(n=8) 

 IPS 
(n=8) 

 Control 
(n=9) 

 IPS 
(n=10) 

Total Number of Shocks  1.90 
(0.28) 

 1.30 
(0.15) 

 1.71 
(0.29) 

 1.00 
(0.22) 

 3.06 
(0.32) 

 2.20  
(0.33) 

Mean Shock Reactivity  2.38 
(0.22) 

 2.50 
(0.30) 

 2.76 
(0.25) 

 1.43 
(0.37) 

 2.26 
(0.27) 

 2.45  
(0.31) 

Duration of Immobility  0.28 
(0.19) 

 2.65 
(0.95) 

 6.10 
(1.40) 

 6.35 
(2.28) 

 3.90 
(1.51) 

 0.50  
(0.25) 
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2.5 Discussion 

The primary goal of the current experiment was to examine whether housing conditions influence 

the long-lasting effects of a heterotypic (non-social) stressor experienced during mid-adolescence.  As 

hypothesized, IPS-induced increases in open-arm exploration were most evident in rats that were single 

housed throughout the experiment, were reduced, but still evident, in rats re-socialized at the end of the 

stress regimen and were no longer evident in continuously pair housed rats.  The impact of prior IPS 

during mid-adolescence on the duration of time adult rats spent burying was also influenced by social 

housing.  Here, IPS had no effects on burying behavior in single housed or re-socialized rats but 

unexpectedly reduced burying levels of continuously pair housed rats when they were tested in adulthood.  

Taken together, these results reaffirm that stress during mid-adolescence can have enduring effects that 

last into adulthood but highlight the influence of social housing on the expression of these effects.  

2.5.1 IPS Evoked Long-Lasting, Outcome Specific Effects in Single Housed Rats 

 The IPS-induced increases in open-arm exploration that were observed in single housed rats are 

consistent with other studies linking stress during mid-adolescence to higher levels of open-arm activity 

in later life (Pohl et al., 2007; Wilkin et al., Weintraub et al., 2010).  The current finding that these same 

rats displayed normal levels of shock-probe burying also aligns with my prior findings (Wilkin et al., 

2012).  This dissociation accords with the contention that the EPM and SPBT tap into different aspects of 

anxiety/fear (Lamontagne, Olmstead & Menard, 2016, Harkvoort-Schwerdtfeger & Menard, 2008).  

Indeed, open-arm avoidance and shock-probe burying are not correlated (De Boer & Koolhaas, 2003), 

and these two behaviours share overlapping but distinct neural mechanism (Lamontagne, Olmstead & 

Menard, 2016, Harkvoort-Schwerdtfeger & Menard, 2008).  One commonly used framework that might 

account for the results is the idea that anxiety arises in response to potential threats that might or might 
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not be present (as modeled in the EPM), whereas fear is elicited by tangible threats that are clearly present 

in the  immediate environment (potentially modeled by the electrified probe in the SPBT; Dias et al., 

2013, Tovote et al., 2015).  Thus, it might be the case that IPS in mid-adolescence decreased rats’ 

expression of anxiety-related responses to ambiguous threat stimuli in adulthood while leaving their 

presumably more potent, fear-related responses to noxious threat stimuli intact.  

 Alternatively, it has been argued that the EPM reflects both defensive and appetitive mechanisms, 

and that open-arm exploration can be facilitated by either reducing anxiety or by increasing motivation to 

explore (Weiss et al., 1998).  I, along with others, suggested that the increased open-arm exploration 

displayed by rats with a history of stress in mid-adolescence could reflect changes in appetitive 

motivation that manifest as increased risk-taking/novelty-seeking behavior (Wilkin et al., 2012; 

McCormick et al., 2008; Watt, Burke, Renner & Forster, 2009).   Higher levels of risk-taking/novelty-

seeking have been linked to enhanced sensitivity to reward (Blanchard, Mendelsohn & Stamp, 2009; 

Dellu et al., Kabbaj et al., 2000; Shulman et al., 2016), as have higher levels of open-arm exploration in 

the EPM (David & Vaccarino, 2007; Alsiöa et al., 2009). Notably, stress in mid-adolescence is also 

associated with long-lasting increases in sensitivity to drugs of abuse, including nicotine (McCormick & 

Ibrahim, 2007), amphetamine (Burke et al., 2013; Burke, Watt & Forester, 2011; Mathews, Mills & 

McCormick, 2008) and cocaine (Burke, DeBold & Miczek, 2016; Burke & Miczek, 2015).  Given the 

multiple associations between these variables, the IPS-induced increases in open-arm activity displayed 

by my single housed (and re-socialized) rats might predominantly reflect changes in the brain’s 

motivational system rather than changes in the neural regulation of anxiety, per se.  Clearly, more detailed 

behavioral work is needed to choose between these alternatives. As further discussed below, the current 

study suggests that such work should consider housing as an important variable. 
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2.5.2 Re-socialization failed to completely reverse the effects of IPS on rats’ EPM behaviours 

 IPS-induced increases in open-arm exploration were still evident in re-socialized rats.  Although 

this finding was only significant at the level of a one-tail test, it nonetheless accords with my a priori 

predictions, i.e., that re-socialization across the 27-day recovery period would fail to reverse the lasting 

effects of IPS on rats’ exploration profiles in the EPM.  Consistent with this, an even longer period of re-

socialization (42 days) failed to reverse the higher levels of social avoidance displayed by adult mice (PD 

80) with a history of chronic daily social defeat in adolescence (PD 28-38; Zhang et al., 2016).  These 

findings also align with prior evidence that housing-type social buffering in adult rats only occurred if rats 

were re-housed with a cage-mate either immediately or 12 hrs after a stress experience (foot-shock) but 

was no longer evident if the re-housing occurred 24 or 36 hrs after the stressor (Kiyokawa et al., 2016).  

In the current study, re-socialized rats were single housed at weaning (on PD 21) and were not housed 

with a cage-mate until PD 47, that is, 24 hrs after the last stress episode of the IPS timeframe.   

 It is important to note, however, that social buffering research in adult rodents predominantly 

examines its’ impact on the immediate effects of acute stress (Hostinar et al., 2014; Kiyokawa & 

Hennessy, 2018).  The window of opportunity might be wider for social buffering to reverse the long-

term impact of prior chronic stress. Furthermore, because re-socialized IPS rats only tended to display 

higher levels of open-arm exploration they might have benefited somewhat from affiliative social contact 

over the 27-day recovery period.  Due to space constraints in the animal facility, the re-socialization 

groups were re-housed with a cage-mate from the same treatment condition.  I might have seen a greater 

reduction of IPS-induced increases in open-arm exploration if they had been re-socialized with stress 

naive pair-housed rats.  This is predicated on prior evidence that when isolation reared rats were 

subsequently housed together (4 isolates/cage) they displayed abnormal behaviours in the home-cage, 
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including more un-signaled attacks, fewer submissive postures (which normally reduce aggression), more 

unprovoked defensive responses and significantly less sleep-related huddling (i.e., sleeping in contact 

with a cage-mate; Tulogdi et al., 2014).  Although these abnormal behavior profiles dissipated over time, 

they might have diminished opportunities for social buffering.  In line with this, when rats with a history 

of social isolation in early adolescence (e.g., PD 21-29) were re-socialized with another isolate, they 

displayed reduced social responses in adulthood, but these effects were reversed if isolates were re-

socialized with a socially experienced cage-mate (Hol et al., 1999; Makinodan et al., 2017).  In other 

words, re-socialization between cage-mates that both lacked normal social experiences in early/mid-

adolescence maintained the effects of prior social deprivation.  Although it is not known if the prior stress 

history (over and above social isolation) of the partner rat alters the efficacy of social buffering in 

adolescence, this appears to be the case for adult rats.  Specifically, access to a stress naïve conspecific 

evokes greater social buffering than does access to a stress experienced conspecific (Kiyokawa et al., 

2004). 

 It is important to note that, in the current study, housing alone failed to influence rats’ behavioral 

defensiveness in adulthood, as indexed by the equivalent levels of open-arm avoidance and shock-probe 

burying displayed by control rats in the three housing conditions.  This finding adds to other 

inconsistencies in the social isolation literature.  Specifically, adult rats with a history of isolation during 

adolescence have displayed increases (Weintraub et al., 2010; Fone et al., 1996), decreases (Wright, 

Upton & Marsden, 1991; Chappell et al., 2013) and no changes (Simpson et al., 2010, Brenes, Padilla & 

Fornaguera, 2009) in open-arm exploration, as well as decreases (Simpson et al., 2010; Arakawa, 2007) 

and no changes (van den Berg et al., 1999) in burying behavior.  Such inconsistencies could reflect 

various procedural differences, including species, strain, age at start and end of social isolation, and the 



 

 

 

 

 

41 

number of animals/cage in the social comparison group.  One likely explanation for the failure to see 

effects of housing alone is that I handled control rats on each of the stress exposure days.  Handling is 

known to reverse the effects of social isolation rearing (Holson et al., 1991; Rosa et al., 2005). 

Furthermore, because the high levels of social play that characterize early to mid-adolescence are thought 

to be especially important for the emergence of adaptive social responses in adulthood (Pellis et al., 2014; 

Vanderschuren, Achterberg & Trezza, 2016; Burke et al., 2017) one might expect that non-social 

responses would be relatively less sensitive to the enduring impact of social deprivation in adolescence.  

Although speculative, there is some support for this position.  For example, a recent meta-analysis 

indicated that the effects of social isolation rearing in exploration-based tests of anxiety (EPM, open field 

and light-dark tests) are modest at best and subject to a publication bias; Mohammad et al., 2016).  Even 

more telling, rats exposed to social isolation from PD22 to PD35 followed by re-socialization through to 

testing in adulthood (PD 77+) displayed normal levels of behavioral defensiveness in the open field, EPM 

and SPBT but abnormal, potentially maladaptive social behaviors in the social interaction and resident 

intruder tests (van den Berg et al., 1999; Holson et al., 1991).  Regardless as to why I did not observe 

main effects of social isolation alone, this factor clearly influenced the lasting impact of IPS on rats’ 

open-arm exploration and these effects were not completely reversed after 27 days of re-socialization. 

2.5.3 Exposing Socially Housed Rats to IPS in Mid-Adolescence Enhanced Resilience  

 Continuously pair housed adult rats with a history of IPS in mid-adolescence displayed a marked 

reduction in the duration of time they spent burying the electrified probe in the SPBT.  Although 

unexpected, this finding aligns with the idea that stress in early life can, at least in some instances, lead to 

enhanced resilience (i.e., anxiolytic-like responses) to subsequent threats in later life (Hostinar et al., 

2014; Beery & Kaufer, 2015; Ashokan, Sivasubramanian & Mitra, 2016; Lyons et al., 2009; Romeo, 
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2015).  Stress history did not alter the burying behavior of rats in the other housing conditions, both of 

which were single housed during the stress exposure period.  Thus, paired housing at the time of stress in 

adolescence might be necessary for the development of enhanced resilience to subsequent stressors.  

Although speculative, to the best of my knowledge, all existing reports of enhanced resilience in 

adulthood following stress in adolescence utilized rats that were socially housed throughout the 

experiment (Chaby et al., 2015; Kendig et al., 2011; Suo et al., 2013; Joshi, Leslie & Perrot, 2017).  For 

example, relative to no-stress control rats, rats exposed along with their cage mates (4 rats/cage) to a test 

arena containing a ball of cat fur for 30 mins every other day across mid/late adolescence (PD 33-57) 

subsequently displayed higher levels of social interaction with a novel conspecific and lower levels of 

immobility in a forced swim test in adulthood (PD61-77; Kendig et al., 2011).  Interestingly, exposure to 

cat fur elicited high levels of huddling behaviour (whereby 3 or all 4 of the rats huddled closely together; 

Kendig et al., 2011.  This defensive response is thought to reduce the risk of predation for any single 

individual within the huddle (Nishimura, 2002; Inmans & Krebs, 1987), and has been linked to social 

buffering in adult rats (Kendig et al., 2011; Bowen et al., 2013, but see Bowen et al., 2012).  Interestingly, 

another study found that when 4 rats (cage-mates) were exposed together to either bright light or cat fur 

they displayed dramatic increases in huddling behavior, but social proximity was not altered when pairs 

of rats were co-exposed to these same stressors (Bowen et al., 2012).  This might explain why pair-housed 

rats that were co-exposed to cat odor stress for 30 min every other day in mid-adolescence (PD 38-46) 

generally displayed enhanced anxiety-related responses in adulthood (PD 60+; Wright, Hébert & Perrot-

Sinal, 2008; Wright, Muir, & Perrot, 2012a; Wright, Muir, Perrot, 2012b).   

 Another elegant study found that rats previously exposed to predictable chronic mild stress (5 min 

restraint/day) across adolescence (PD 28-56) were resilient to the depressogenic- and anxiogenic-like 
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effects of subsequent chronic unpredictable stress (CUS) in adulthood (PD 63-83; Suo et al., 2013). By 

contrast, when stress naïve adult rats were exposed to the same CUS protocol they displayed marked 

increases in depression- and anxiety-like responses in the sucrose preference, force swim and novelty-

induced suppression of feeding tests (Suo et al., 2013).  Overall, the findings of that study align with the 

stress “inoculation” hypothesis, which posits that repeated exposure to predictable, relatively mild stress 

in early life can shift developmental trajectories toward a more resilient phenotype, whereas the opposite 

occurs following unpredictable and/or severe stress (Ashokan et al., 2016; Lyons et al., 2009; Romeo, 

2015).  Indeed, group-housed rats (3/cage) exposed to an unusually intense restraint protocol (3 hr daily) 

from PD 42 to PD 49 displayed long-term increases in anxiety-related behaviour when later tested as 

adults (PD 70) in a light-dark test (Negrón-Oyarzo et al., 2014).   

 The studies reviewed above make a compelling case that experiencing stress in adolescence can, 

in certain instances, impart enduring increases in resilience in later life.  However, because those studies 

solely utilized social-housed rats (that were either stressed in adolescence or not), it is not known if social 

buffering was a key component in fostering the resilience outcomes.  One study that did use a fully 

balanced design sought to examine the experience of control rats routinely used in their research on 

predator odor stress.  Single and pair-housed rats were co-exposed (or not exposed) to the presumably 

mild stress experienced during standard control procedures (i.e., extra handling, transport to a test room 

where cage-mates were placed, together, for 30 min, in a small arena that contained a non-threatening 

odor stimulus) 6 times from PD 32-63, and their anxiety-related behaviors were subsequently tested in 

early adulthood (PD7 0+; Joshi et al., 2017).  The overall emotionality quotient (average of composite z-

scores derived from acoustic startle-amplitude, open field and EPM tests) of the pair-housed adult rats 

with a history of mild stress in adolescence were markedly lower than all three of the other groups (Joshi 
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et al., 2017).  In other words, the long-term benefit derived from experiencing repeated mild stress during 

adolescence on emotionality in adulthood depended on social housing during and after the mild stress 

experience.   

  I saw no evidence of enhanced resilience (i.e., anxiolytic-like effects) when I tested continuously 

pair housed rats in the EPM.  Although such an account might explain the heightened open-arm 

exploration I observed in IPS rats from the single housed and re-socialization groups, this begs the 

question as to why access to a conspecific (paired housing) during the adolescent stress period would 

block the expression of enhanced resilience in the EPM (but not the SPBT).  Alternatively, to the extent 

that IPS-induced increases in open-arm exploration reflect increases in risk-taking (and potentially 

increased vulnerability to drugs of abuse) I might expect that such a risk factor would be ameliorated by 

social buffering after each of the stress episodes that make up the IPS protocol.  At the very least, the 

current EPM findings support the contention that paired housing conferred resilience to the enduring 

impact of IPS in mid-adolescence.  Specifically, paired housing completely blocked the IPS-induced 

increases in open-arm exploration I typically observe in adult rats that are single housed during the IPS 

exposures in mid-adolescence.  

 Although the current findings suggest that social housing might shift the long-term outcomes of 

stressful events in adolescence toward enhanced resilience, I fully expect that this process is constrained 

by various factors. For example, exposing pair-housed rats to social instability stress (1 hr daily social 

isolation followed by housing in a novel cage with a novel cage-mate) in mid-adolescence (PD 30-45) 

reliably evokes long-term increases in emotion-related behaviour in the EPM, open field and social 

interaction tests (Green, Barnes, & McCormick, 2012; McCormick, Smith & Mathews, 2008), as well as 

higher levels of aggression (Cumming, Thompson & McCormick, 2014), greater alcohol consumption 
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(Maconlin et al., 2019) and cognitive deficits (Green & McCormick, 2013).  Notably, social instability 

stress does not have long-term outcomes when it is administered in adulthood (Burke et al., 2017; 

McCormick & Green, 2013).  Given the greater importance of social contact in adolescence relative to 

later periods of life (Pellis et al., 2014), it may be the case that social stressors impede social buffering to 

a greater degree in the younger age group.  Such a scenario might explain why social buffering effects are 

seen when adult rats are re-socialized after social defeat stress (Ruis et al., 1999; Nakayazu & Ishii, 2008; 

Von Frijtag et al., 2000), but not when pair-housed adolescent rats are exposed to an equivalent number of 

social defeat episodes (Watt et al., 2009’ Burke et al., 2013; Burke et al., 2011).  As alluded to above, the 

intensity of the stressor appears to influence the direction of long-term outcomes following stress in 

adolescence, with chronic mild stress favoring long-term resilience (Suo et al., 2013; Joshi et al., 2017) 

and chronic intense stress favoring increased vulnerability to subsequent stressors (Negrón-Oyarzo et al., 

2014).  Consideration should also be paid to whether social buffering during adolescence is influenced by 

sex.  Notably, a social instability stress study revealed that the neuroendocrine stress response that follows 

repeated exposure to 1hr of social isolation stress is sensitive to social buffering effects (familiar vs novel 

cage-mate) in female, but not male, adolescent rats (McCormick et al., 2007).  Unfortunately, exceedingly 

few studies have examined whether social housing, at least in some instances, mitigates the impact of 

other stressors experienced in adolescence.  Future research should aim to determine the factors that 

constrain or facilitate social buffering.   

2.5.4 Conclusion 

 To the best of my knowledge, this is the first study to examine the lasting impact of a heterotypic 

(non-social) stressor in mid-adolescence in single housed, re-socialized and pair housed rats.  I saw no 

evidence of additive effects from social isolation and exposure to IPS across mid-adolescence in either the 
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EPM or the SPBT.  However, stress history-induced increases in open-arm exploration displayed by 

continuously single housed rats in adulthood were somewhat diminished in re-socialized rats and 

completely normalized by continuous pair housing.  I also observed enhanced resilience (i.e., stress 

inoculation) in the SPBT in continuously pair housed rats with a history of stress in mid-adolescence.  

Thus, I saw clear evidence that the enduring effects of stress in mid-adolescence are sensitive to social 

buffering. More work is needed to clarify the parameters whereby social buffering of stressful events in 

adolescence might foster the development of greater resilience over the long term. 
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CHAPTER 3: 

INTERMITTENT PHYSICAL STRESS IN MID-ADOLESCENCE SHIFTS RATS’ 

BEHAVIOR TOWARD A REWARD-CENTRIC PHENOTYPE IN ADULTHOOD.  

 
A reformatted version of this chapter has been prepared for publication:  Wilkin, M.M., Beninger, R.J. & 

Menard, J.L. (in prep). Intermittent physical stress in mid-adolescence shifts rats’ behavior toward a 

reward-centric phenotype in adulthood, in preparation. 

 
3.0 Abstract 

 Adolescence is a period of transition during which exposure to stressors can have a lasting impact 

on behaviour.   I tested the hypothesis that high levels of open-arm exploration displayed by rats with a 

history of IPS in mid-adolescence are associated with increased sensitivity to amphetamine. An ancillary 

goal was to determine whether the lasting outcomes of IPS are normalized/reversed by interim treatment 

with the N-methyl-D-aspartic acid (NMDA) receptor antagonist, MK-801.  Male Long-Evans rats were 

randomly assigned to no-stress control or IPS treatment conditions, applied across mid-adolescence (PD 

35-46).  At the end of the IPS regimen, control and IPS rats were randomly subdivided into 3 drug 

treatment groups (no injection, saline, or MK-801), with injections intraperitoneal (i.p.) occurring daily 

across the first 15 days of the recovery period (PD 47-61).  In adulthood (PD 72+), rats with a history of 

IPS in mid-adolescence not only displayed higher levels of open-arm exploration in the EPM but also 

increased sensitivity to the locomotor enhancing effects of amphetamine. There was a positive 

relationship between open-arm exploration and amphetamine-induced locomotion that was only evident 

in IPS rats, supporting my hypothesis.  The observed changes in exploratory behaviour and sensitivity to 

amphetamine were not reversed by interim MK-801 treatment.  Findings such as these provide support for 
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the idea that experiencing stress in mid-adolescence shifts rats’ behavior in favour of risk-taking and 

reward, and this shift is not prevented by interim NMDA receptor antagonism. 
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3.1 Introduction 

 Adolescence marks the transition from childhood to adulthood. In the rat, adolescence can be 

divided into three stages (Tirelli, Laviola and Adriani, 2003): early (prepubescent/juveniles, PD21–34), 

mid- (peri-pubescence, PD34–46), and late- (young adulthood, PD46–59) adolescence.  Adolescent 

rodents, like human adolescents, are highly sensitive to reward especially during mid-adolescence 

(Doremus-Fitzwater & Spear, 2006).  Compared to their younger or older counterparts, mid-adolescent 

rodents display higher levels of reward-related behaviours, including: peer-directed social interactions 

(Douglas, Varlinskaya, & Spear, 2004; Yates, Beckmann, Meyer, & Bardo, 2013), impulsivity (Doremus-

Fitzwater, Barretto, & Spear, 2012), novelty seeking (Adriani, Chiarotti, & Laviola, 1998; Douglas, 

Varlinkaya, & Spear, 2003; Laviola, Macri, Morley-Fletcher & Adriani, 2003), exploration (Philpot & 

Wecker, 2008) and risk-taking (Macri, Adriani, Chiarotti, & Laviola, 2002) behaviours.  In addition, they 

are more sensitive to the rewarding effects of drugs of abuse (Burke & Miczek, 2014; Hammerslag & 

Gully, 2014; Spear, 2000).  This “reward-centric” phenotype appears to be driven, at least in part, by 

changes in the dopaminergic system that coincide with this period of development (Burke & Miczek, 

2014; Mokler, Miller, & McGaughy, 2017).  

 Along with hyper-sensitivity to reward, a second hallmark of mid-adolescence is a heightened 

sensitivity to the lasting impact of stress (Tottenham & Galvan, 2016).  An important caveat here is that 

the enduring outcomes of stress in mid-adolescence often differ from those that follow stress in earlier 

periods, including early adolescence (Bingham et al., 2011; Wilkin, Waters, McCormick & Menard, 

2012).  For example, stress in early adolescence consistently decreases rats’ open-arm exploration in the 

EPM (Lu et al., 2017; Luo et al., 2014; MacKay et al., 2014; Tao, Dhamija, Booij & Menard, 2017; 

Tsoory, Cohen & Richter-Levin, 2007; Wilkin et al., 2012) and increases indices of anxiety-like response 
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(e.g., duration of burying in the shock-probe burying test) in adulthood (Wilkin et al., 2012).  In contrast, 

stress during mid-adolescence often leads to long-lasting, increases in open-arm exploration 

(Lamontange, Wilkin, Menard & McCormick, 2020; McCormick & Mathews, 2007; Suo et al., 2013; 

Watt, Burke, Renner & Forster, 2009; Weintraub, Singaravelu & Bhatnigar, 2010; Wilkin & Menard, 

2020; Wilkin et al., 2012) while having null effects on other indices (e.g., no effect on shock probe 

burying; Wilkin et al., 2012).  Mid-adolescent stress-induced increases in open-arm exploration have been 

variously interpreted as: evidence for stress resilience (i.e., long-lasting anxiolytic-like effects; Weintraub 

et al., 2010); a shift from passive to active defensive behaviour (i.e., passive open-arm avoidance vs. 

active escape; Pohl, Olmstead, Wynne-Edwards, Harkness & Menard, 2007); and increases in risk-taking 

behavior (i.e., increased willingness to explore a normally avoided environment where a threat might be 

encountered (McCormick & Matthews, 2007; Watt et al., 2009; Wilkin et al., 2012; Wilkin & Menard, 

2020).  The latter aligns with a broad, conceptual definition of risk-taking as choosing a risky option 

where the outcome is uncertain but could be costly (Crone, van Duijvenvoorde & Peper, 2016).   

 Higher levels of open-arm exploration have been linked to higher sensitivity to drugs of abuse.  

For example, over expression of dopamine receptors (DR D1) in the prefrontal cortex (PFC) increased 

rats’ open-arm exploration as well as their sensitivity to cocaine, as indexed by greater self-administration 

and higher breakpoints (Sonntag et al., 2014).  Rats characterized as ‘high responders’ to novelty (as 

indexed by their relatively high levels of locomotor activity in a novel open-field) display higher levels of 

open-arm exploration in the EPM (Dellu, Piazza, Mayo, Le Moal & Simon, 1996; Kabbaj, Devine, 

Savage & Akil,  2000) and greater sensitivity to drugs of abuse (Mantsch, Ho, Schlussman & Kreek, 

2001; Piazza, Deminiere, Le Moal & Simon, 1989).  Together, these studies raise the possibility that the 

high levels of open-arm exploration that follow a history of stress in mid-adolescence might predict 
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heightened sensitivity to reward.  In line with this, adult rats with a history of 5 brief episodes of social 

defeat stress in mid-adolescence (PD 35-39) displayed higher levels of open-arm exploration (Watt et al., 

2009) as well as greater sensitivity to amphetamine (Burke, Forster, Novick, Roberts & Watt, 2013; 

Burke, Watt and Forster, 2011) and cocaine (Burke, DeBold and Miczek, 2016; Burke & Miczek, 2014). 

These outcomes might be stressor specific; unlike social defeat stress, repeated foot-shock stress in mid-

adolescence (PD 35-39) failed to alter rats’ sensitivity to amphetamine in adulthood (Burke et al., 2011). 

Because EPM testing and drug responding were done in separate subjects, the presumed link between 

stress-induced increases in open-arm exploration and sensitivity to drugs of abuse remains unclear.  The 

primary goal of the current study was to extend my earlier work (Wilkin & Menard, 2020; Wilkin et al., 

2012) by determining whether the marked increases in open-arm exploration displayed by adult rats with 

a history of IPS during mid-adolescence are associated with IPS-induced increases in sensitivity to 

amphetamine in the same animals.   

 I also wanted to explore the possibility of reversing the lasting effects of stress in mid-

adolescence using a pharmacological intervention. Research implicates the glutamatergic system in the 

pathophysiology of stress-related disorders (Calabrese et al., 2012; Garakani, Mathew & Charney, 2006).  

Experiencing stress (or injections of corticosterone) increases the amount of readily available glutamate 

(Treccani, Musazzi, Perego, Milanese, Nava, et al., 2014) and enhances glutamate release in the 

hippocampus (Bagley & Moghaddam, 1997; Lowy, Wittenberg, & Yamamoto, 1995 ) and PFC (Bagley 

& Moghaddam, 1997; Lowy et al., 1995; Musazzi, Milanese, Farisello, Zappettini, Tardito et al., 2010).  

Excessive glutamate in those regions promotes neuronal atrophy and reductions in synaptic density (e.g., 

Belleau, Treadway & Pizzagalli, 2019; Gao et al., 2014).  NMDA receptor antagonists reverse the effects 

of stress on neurogenesis, synaptic connectivity and dendritic morphology (Bermundo-Soriano, Perez-
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Rodriguez, Vaquero-Lorenzo, & Baca-Garcia, 2010).  Functionally, both clinical and pre-clinical studies 

indicate that acute and/or sub-chronic treatment with NMDA receptor antagonists yields fast-acting 

anxiolytic and antidepressant effects that can persist for days or even weeks beyond the end of drug 

treatment (Browne & Lucki, 2013; Tokita, Yamaji & Hahimoto, 2012; Williams & Schatzberg, 2016).   

 Although the latter studies predominantly utilize rodents that were stressed in adulthood, there is 

some evidence that NMDA receptor antagonism might similarly ameliorate the long-lasting effects of 

early-life adversity.  Rats previously exposed to maternal separation (180 min / day; PD 2-12) displayed 

impaired reward function in adulthood (PD 68+), and this effect was reversed by interim treatment with 

the NMDA receptor antagonist memantine during adolescence (PD 25-46; O’Connor, Moloney, Glennon, 

Vlachou & Cryan, 2015).  However, as that study did not include memantine-treated controls (without a 

history of prior maternal separation), it remains unclear whether exposure to memantine, on its’ own, 

alters reward-related mechanisms in unstressed animals.  In another study, adult rats (PD 60) with a 

history of social isolation stress in adolescence (PD 30-35) displayed long-lasting decreases in the 

synaptic marker, synaptophysin in the PFC.  These decreases were selectively reversed by interim 

treatment with the NMDA receptor antagonist, MK-801 (0.3mg / kg, i.p., daily from PD 40-55) without 

altering synaptophysin levels in the PFC of no-stress control rats (Leussis, Lawson, Stone, Andersen, 

2008).  Thus, an ancillary goal of the current study was to assess whether MK-801 similarly reverses the 

enduring behavioural outcomes that follow IPS in mid-adolescence.  

 In summary, I hypothesized that adult rats with a history of IPS in mid adolescence would display 

increases in open-arm exploration that would be positively correlated with increases in amphetamine-

induced locomotor activity.  I further hypothesized that the long-lasting effects of IPS would no longer be 
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apparent in rats treated with MK-801 during a post-stress period (i.e., PD 47-61).  To further explore the 

generality of my findings I also tested rats in the SPBT. 

3.2 Methods 

3.2.1 Subjects 

Male Long-Evans rats (n = 38) were obtained from an in-house breeding program (Department of 

Psychology, Queen’s University).  At weaning (PD 21), rats were individually housed in Plexiglas cages 

(26 x 48 x 20 cm) containing wood shavings (BetaChips, NEPCO; Warrensburg, NY) and were provided 

with rat chow (LabDiet, PMI Nutrition International; Brentwood, MO) and water ad libitum. Rats were 

maintained on a 12 hr light / 12 hr dark cycle, with lights on at 0700 hrs.  All procedures were conducted 

in accordance with the guidelines of the Canadian Council on Animal Care and the Queen’s University 

Animal Care Committee. 

3.2.2 Experiment Timeline 

On PD 21 weanling rats were randomly assigned to: No Stress Control (n = 19) or IPS (n = 19) 

groups, with no more than 2 rats from any given litter assigned to the same treatment group (see Figure 

1).  Stress-treated rats were exposed to my IPS regimen as per Wilkin et al (2012).  Briefly, IPS rats were 

exposed to one of three stressors (water immersion, elevated platform exposure or foot-shock, described 

in detail below), two times each for a total of 6 stress sessions, randomly distributed across 12 days in 

mid-adolescence (PD 35-46). No-stress control rats were briefly handled on stress-session days to control 

for potential handling effects.  To minimize predictability, stress sessions occurred at varied times, either 

in the morning (0900-1230 hrs) or in the afternoon (1300-1630 hrs).  On the days where no stress sessions 



 

 

 

 

 

55 

occurred, rats were left undisturbed, except for regular cage maintenance and health monitoring.  The IPS 

regimen was followed by a 27-day recovery period (PD 47-71).  The MK-801 treatment phase occurred 

across the first 15 recovery days (PD 47-61).  At the end of the MK-801 treatment phase, rats were left 

undisturbed in the colony for the remainder of the recovery period (10 days; PD 62-71), after which 

behavioural testing in the EPM (PD 72), SPBT (PD 79) and Amphetamine-Induced Locomotion (AMPH-

IL, PD 86) tests were conducted.   

 

 
 
 
 
 
Figure 3.1: Experimental Timeline. Summary of the experimental design starting at weaning (WEAN), 
through intermittent physical stress (IPS) treatment (black bar) MK801 drug treatment (grey bar), no-
stress recovery period, behavioural testing in the Elevated Plus Maze (EPM), Shock Probe Burying Test 
(SPBT) and Amphetamine Induced Locomotion (AMPH).  White bars indicate where rats were left 
undisturbed in the colony except for regular cage maintenance and health checks.   

 

3.2.3 Intermittent Physical Stress 

Elevated Platform Stress.  Rats were transported in their home cage to a testing room containing 

the elevated platform, a Plexiglas tower (10 x 10 x 100 cm) with a removable platform (15 x 15 cm) at the 

top.  The tower was centered in a Plexiglas open field (48 x 100 x 100 cm) lined with 4 cm thick foam 

padding to prevent injury if any rats fell and/or jumped from the platform.  Rats were individually placed 

on the platform for a total of 30 min.  If a rat fell and/or jumped off the platform, the timer was stopped 

until the rat was replaced on the platform. At the end of the 30-min exposure, the rat was removed from 

 
 
 
 
 
 
 
 
 
Figure 1: Summary of the experimental design starting at weaning (WEAN), through intermittent physical stress (IPS) treatment (black bar) MK801 drug treatment (grey bar), no-
stress recovery period, behavioural testing in the Elevated Plus Maze (EPM), Shock Probe Burying Test (SPBT) and Amphetamine Induced Locomotion (AMPH).  White bars 
indicate where rats were left undisturbed in the colony except for regular cage maintenance and health checks.  Note: Postnatal day (PD).    
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the platform and return to its home cage and colony.  The platform was disinfected (Swish Quato 44, 

Swish Canada), rinsed with water, and dried between rats.   

Water Immersion Stress.  Rats were transported in their home cage to a testing room containing 

the water immersion apparatus, consisting of four parts: immersion tank, restraint tubes, stabilizer plate, 

and ventilated restraint tube lids.  The immersion tank was an opaque plastic container (40 x 40 x 60 cm) 

that contained water (24°C) to a height of 10 cm (1st exposure) and 12 cm (2nd exposure).  The Plexiglas 

stabilizing plate (35 x 50 cm), equipped with 4 rows of holes (11 cm; 3 holes/row) was securely placed 

approximately 15 cm from the bottom of the immersion tank.  The restraint tubes (black polyvinyl 

chloride, 10 x 30 cm) had 3 small holes in the closed end that allowed water to flow into the tube.  Rats 

were individually placed into a restraint tube and the tube was inserted, vertically, through the stabilizer 

plate, which held the tube in place.  A clear Plexiglas ventilated lid (2.5 x 10 x 35 cm) was used to cover 

each row of three restraint tubes.  When in place, the rats (up to a total of 12) could sit or stand in the 

water-filled tubes but were unable to locomote forwards or backwards.  The total exposure time in water 

immersion stress was 45 min.  All rats were continuously monitored throughout the exposure period.  At 

cessation, each restraint tube was removed from the immersion tank, rats were removed from the tubes, 

dried with a terry cloth towel and were returned to their individual home cage.  Rats were then placed 

under a heat lamp for 15 min before being returned to the colony.  The immersion tank was emptied, 

accompanying equipment was disinfected (Swish Quato 44) and filled with fresh water in preparation for 

the next use.  

Foot-Shock Stress.  Rats were transported in their home cage to a testing room containing four 

operant chambers (29 x 22 x 20 cm; Med Associates Inc., St. Albans, VT).  Rats were individually placed 

into one of the operant chambers equipped with a grid floor which delivered a total of three, 3 sec, mild 
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(0.6 mA) foot-shocks, randomly over a 5-min exposure period. At the end, rats were removed from the 

operant chamber, returned to their home cage and transported back to their colony.  The operant chambers 

were disinfected (Swish Quato 44, Swish Canada), rinsed with water and dried prior to subsequent foot-

shock exposures.   

3.2.4 MK-801 Treatment 

 MK-801[(5R-10S)-(+) 5-methyl-10, 11-dihydro-5H-dibenzo(a,d)cyclohepten-5,10-imine maleate 

salt] (Sigma-Aldrich, Oakville, ON, CAN) was mixed in physiological saline (0.9%) and stored in 

aliquots, at -20°C.  A fresh aliquot was used on each drug administration day.   

No Stress Control and IPS rats were randomly assigned to either the MK-801 (No Stress/MK-

801, n = 9; IPS/MK-801, n = 9) or No MK-801 (No Stress/No MK-801, n = 10; IPS/No MK-801, n = 10) 

groups.  To control for potential injection effects, animals in the No MK-801 condition were further 

subdivided into two groups, one of which received injections of physiological saline (No Stress/Saline, n 

= 5; IPS/Saline, n = 5) and the other received no injections (No Stress/No Injection, n = 5; IPS/No 

Injection, n = 5).  Saline (1 ml / kg) and MK-801 (0.3 mg / kg, i.p.) injections were administered once 

daily, between 0900-1000 hrs, for the initial 15 days of the recovery period (PD 47-61).  Rats in the No 

Injection groups were briefly handled on each of the injection days of the other rats.  The dose of MK-801 

(0.3 mg / kg) and dosing schedule were based on Leussis et al (2008) and evidence that repeated 

administration of MK-801 at this dose is not neurotoxic (Ikonomidou, Stefovska & Turski, 2000; Popke 

et al., 2002), does not alter general locomotor activity (Mandillo, Rinaldi, Oliverio & Mele, 2003) but 

reverses behavioural effects of chronic mild stress (Papp & Moryl, 1994).   

3.2.5 Behavioural Testing  
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Elevated Plus Maze. On PD 72, rats were transported in their home cage, to a testing room 

containing the EPM. The apparatus consists of a plus-shaped, urethane-sealed wooden maze that had 

opposing open (50 x 10 cm) and closed (50 x 10 x 40 cm) arms, raised above the floor (50 cm).  Testing 

took place between 0930-1130 hrs, under dim light (i.e., white light, 60 w; red light, 40 w; for combined 

illumination of 75 lumens, measured at the center of the maze). Rats were placed on the center of the 

maze, facing a closed arm, for 5 min then returned to their home cage and colony.  Following each test, 

the EPM was cleaned with disinfectant (Swish Quato) followed by water and dried in preparation for 

subsequent test sessions.  The number of open and closed arm entries (all 4 paws in an arm) were counted 

in real time by an experimenter seated approximately 1.5 meters from the maze. EPM testing was also 

recorded using a camcorder (Sony Handycam Digital 8, DCR-TVR315 NTSC) and recording software 

(MovieStar 5) for offline coding (Noldus Observer 5.0; Wageningen, Netherlands) by an individual 

unaware of the rats’ group assignment.  Outcome variables of interest included the percentages of open-

arm entries and open-arm time (as indices of anxiety) and the number of closed-arm entries and total 

number of entries (as indices of locomotor activity; Pellow, Chopin, File and Briley, 1985; Rodgers and 

Johnson, 1995).  I also measured the number of stretch-attend postures (i.e., the rats stretches its’ snout 

and body in a forward direction and then quickly returns to its original posture, without locomoting 

forward) and the number of head dips (i.e.,  the rat dips its head over and below the edge of an open-arm).  

Stretch attends are used to index risk-assessment in response to threats and/or potential threats 

(Blanchard, Blanchard & Rodgers, 1990), whereas head-dips index exploration/novelty-seeking 

behaviour (File & Wardill, 1975; Rodgers & Johnson, 1995).  

Shock-Probe Burying Test.  The SPBT is another well-validated, animal model of anxiety (Treit, 

1990; De Boer & Koolhaas, 2003).  The primary index is the duration of time spent burying the electrifies 
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shock-probe, with decreases in burying indicating decreases in anxiety.  The SPBT apparatus is 

comprised of a Plexiglas chamber (40 x 30 x 40 cm) that has a small hole (5 cm in diameter, 10 cm from 

the bottom of the chamber) on one wall of the chamber that allows for the insertion of the shock-probe 

(described further below).  The bottom of the chamber was covered in standard lab bedding (BetaChips) 

to a height of approximately 5 cm.  All rats were habituated to the SPBT chamber (without the probe 

present) and SPBT testing room for 15 min, on each of the four consecutive days leading up to the day of 

testing.   

On test day (PD 79), a copper wire-wrapped Plexiglas probe (0.5 x 0.5 x 6 cm) was inserted into 

the chamber.  The probe was connected to a 2,000 volt shock source, with the intensity of shock set at 

2.25 mA.  Rats were transported in their home cage to the SPBT testing room and placed into the SPBT 

chamber, facing away from the probe.  Whenever the rat touched the copper wrapped Plexiglas probe, 

with either its snout or a forepaw, it received a contact-induced shock.  After receiving shock(s), rats’ 

innate, defensive response is to ‘bury’ the probe using alternating movements of its’ front limbs to spray 

bedding material toward and over the probe (Pinel & Treit, 1978).  Testing in the SPBT took place 

between 1200–1500 hrs. The 15 min test started immediately after the first contact-induced shock. After 

testing, rats were returned to their home cage and colony.  The SPBT chamber was cleaned following 

each rat’s session by removing soiled bedding/fecal boli and replenishing bedding to a height of 

approximately 5 cm.  The bedding was completely replaced at the end of each testing day. 

Each SPBT was recorded using a Sony Handycam Digital 8 camcorder and the digital recording 

program MovieStar 5, and videos were coded offline (Noldus Observer 5.0) by an individual unaware of 

the rats’ group assignment.  The behaviors of interest were: the total duration of time spent burying (i.e., 

pushing bedding material toward the probe using rapid, forward thrusts of the paws/forelimbs and/or 
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snout), total duration of time spent immobile (i.e., absence of movement, except that needed for 

respiration), and total number of contact-induced shocks.  Rats’ immediate shock reactivity was also 

coded according to the following 4-point scale: (1) head flinch; (2) whole body flinch; (3) whole body 

flinch with movement (i.e., walking) away from the probe; and (4) whole body flinch or jump with rapid 

movement (i.e., running) away from the probe (Menard & Treit, 1996).  A mean shock reactivity score 

was calculated for each rat by summing the shock reactivity score(s) and dividing this score by the total 

number of shocks. 

Amphetamine-Induced Locomotion (AMPH-IL) Test. Testing took place on PD 86, between 

0900 and 1500 hrs.  Rats were transported in their home cage to a testing room containing six custom 

built test chambers (50 x 40 x 40 cm).  Each chamber was equipped with 14 infrared photo-beams (7 

upper; 20 cm from floor of chamber and 7 lower; 5 cm from floor of chamber) that automatically 

registered a ‘beam break’ when the rat’s movement around the chamber interrupted the projection of the 

photo-beam to its corresponding sensor (Beninger, Cooper & Mazuski, 1985).  The AMPH-IL test 

consisted of three sequential phases. During the first phase (i.e., Habituation, 60 min), rats were 

individually placed into a chamber and their locomotor behaviour was automatically recorded.  Rats were 

then individually removed from their chamber, given an i.p. injection of 0.9% physiological saline (1 ml / 

kg) and replaced for the second phase (i.e., Saline, 60 min).  Rats were then again removed from their 

chamber and given an i.p. injection of amphetamine (1 mg / kg, suspended in 0.9% saline) and replaced 

into the same testing chamber (i.e., Amphetamine, 90 min).  The dose of amphetamine was selected based 

on the knowledge that it has psycho-stimulating/locomotor effects (Burke et al., 2013, Cruz et al., 2013) 

and higher doses were found to be ineffective (2.5mg / kg, Burke et al., 2010).  
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Following testing, rats were returned to their home cage and colony.  The test chambers were 

disinfected with 70% ethanol at the end of each testing session.  The variables of interest in the AMPH-IL 

are the total number of upper and lower beam breaks. 

3.2.6 Data Analysis 

To control for potential litter effects, whenever more than one pup from a given litter was 

assigned to a given treatment group, the scores of littermates were averaged to derive a composite score 

for their litter.  Thus, the final analysis represents data from unique litters, as follows: No-Stress/No MK-

801, n = 10; IPS/No MK-801, n = 10; No Stress/MK-801, n = 7 and IPS/MK-801, n = 8.  Preliminary 

analysis confirmed that none of the groups differed in weight across 6 time-points (weaning, pre-IPS 

regimen, post-IPS regimen, post EPM, post SPBT and pre-AMPH, all p’s > .05, data not shown). 

Independent t-tests confirmed that neither of the Saline Injection groups (No Stress/Saline; 

IPS/Saline) differed from their respective No-Injection controls (No-Stress/No Injection; IPS/No 

Injection) on any of the variables of interest (all p’s >.05, data not shown).  Thus, the Saline Injection and 

No Injection groups were collapsed across their appropriate Stress condition, yielding an overall 2 x 2 

design, with the two factors being Stress (No-Stress vs. IPS) and Drug (No MK-801 vs. MK-801).) 

Independent 2 factor ANOVA tests were used to evaluate data from the EPM and SPBT tests, and 

each phase of the AMPH-IL test (i.e., Habituation, Saline and Amphetamine).  Outliers were evaluated 

using Grubb’s Extreme Studentized Deviate (ESD; based on z scores).  In addition, the data were assessed 

for normality (skewness and kurtosis) and homogeneity of variance (Levene’s test). A Pearson’s r 

correlation was conducted to evaluate the a priori prediction that there would be a positive correlation 

between open-arm exploration in the EPM and total number of beam breaks during the Amphetamine 

phase of the AMPH-IL test.  As a follow-up, two independent correlations, for these same variables were 
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conducted using data from the No-Stress control and IPS groups.  All statistical analyses were performed 

using the Statistical Package for Social Sciences version 24 for Windows. 

To gain further insight into the different behavioural profiles observed between rats exposed to 

IPS during mid-adolescence and their age-matched No-Stress Controls, we conducted exploratory factor 

analysis on EPM and AMPH-IL data.  Two separate Principle Components analyses were conducted (i.e., 

one for no-stress controls and one for IPS treated rats), using orthogonal (varimax) rotation to ensure the 

extracted factors were independent.  All variables entered into the analysis (percentage of open-arm time, 

percentage of open-arm entries, number of closed entries, total number of entries, total number of head 

dips, total number of stretch attends, and amphetamine-induced locomotion) satisfied the Kaiser-Meyer-

Olkin (KMO) criterion measure of sampling adequacy, Bartlett’s test of sphericity and the normality 

assumption for factor analysis (Cain, Zhang & Yuan, 2017).   Factors were selected based on the Kaiser 

criterion (Eigenvalue =/> 1) and the Cattell Scree Plot Test. Only factor loadings greater than .45 are 

reported (Rodgers & Johnson, 1995; Adamec & Shallow, 2000).    

 

3.3 Results 

3.3.1 Elevated Plus Maze 

 Rats with a history of IPS in mid-adolescence displayed markedly greater open-arm exploration 

than did the no-stress controls (see Figure 3.2). ANOVA revealed significant main effects of Stress on the 

percentage of open-arm entries, (F(1,31) = 24.66, p < .001, h2 = .44) and the percentage of open-arm time 

(F(1,31) = 29.05, p < .001, h2 = .48).  The percentage of open-arm time data analysis violated the 

assumption of homogeneity of variance and was subsequently confirmed by a non-parametric 

bootstrapped independent t-test (mean difference = -38.86, SEM = 7.33, p < .001, 95% CI = -52.01, -
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24.83).  There was no main effect of Drug on the percentage of open-arm entries (F(1,31) = 1.95, p = .17, 

h2 = .06).  Although there was a main effect of Drug on the percentage of open-arm time (F(1,31) = 4.41, 

p < .05, h2 = .12), these data violated the assumption of homogeneity of variance and the analysis did not 

survive subsequent bootstrapping (mean difference = -16.61, SEM = 9.68, p = .10, 95% CI = -35.69, 

3.44). There were no Stress x Drug interactions on either measure of open-arm exploration (both p’s > 

.35). 
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Figure 3.2: Open-Arm Exploration in the Elevated Plus Maze. Exposure to intermittent physical stress 
(IPS) in mid-adolescence (PD35-46) increases open-arm exploration (percentages of open-arm entries (A) 
and time (B) in adulthood (PD 72). Data are presented as group means and error bars represent standard 
error of the mean (SEM). Light grey bars indicate no drug treatment (No-Stress/No MK-801, n = 10; 
IPS/No MK-801, n = 10) and dark grey bars indicate treatment with MK801(No Stress/MK-801, n = 7 
and IPS/MK-801, n = 8) following IPS treatment (PD 47-61).  (*) denotes statistical significance, p < 
.001.  
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 There was a significant main effect of Stress on the number of closed arm entries (F (1,31) = 

19.61, p < .000, h2 =.39), such that IPS-treated rats displayed fewer closed arm entries relative to no-stress 

controls (see Table 3.1).  However, IPS did not significantly alter the total number of entries (F(1,31) = 

0.07, p = .80, h2 =.00), suggesting that the reduction in closed arm entries displayed by IPS-treated rats 

reflected a redistribution, rather than a reduction, of their locomotor activity.  There were no main effects 

of Drug or Stress x Drug interactions on either the number of closed arm entries or the total number of 

entries (all p’s > .10).   

 

Table 3.1. Locomotor Activity in the Elevated Plus Maze. Mean (+/- SEM) locomotor behaviours in 

the Elevated Plus Maze displayed by rats exposed to intermittent physical stress (IPS) in mid-adolescence 

followed by MK801 treatment.   

 

 

The ANOVA also revealed main effects of Stress on the total number of stretch attends (F(1,31) 

= 4.05, p = .05, h2 = .12), such that IPS rats displayed significantly fewer stretch attends compared to no-

stress controls, and the total number of head dips (F(1, 31) = 16.76, p < .001, h2 = .35), such that IPS rats 

  Stress and Drug Treatment 

  No Stress Control  IPS 

  NO MK801 
(n=10) 

 MK801 
(n=7) 

 NO MK801 
(n=10) 

 MK801 
(n=8) 

# Closed Arm Entries  9.70  
(0.94) 

 10.57 
(0.60) 

 7.00 
 (0.91) 

 4.89 
(1.11) 

# Total Entries  9.90  
(0.91) 

 12.28 
(1.22) 

 11.50  
(1.77) 

 9.88 
(2.07) 



 

 

 

 

 

66 

displayed significantly more head dips compared to no-stress controls (see Figure 3.3).  Because head dip 

data violated the assumption of homogeneity of variance, they were subsequently followed up with a non-

parametric bootstrapped independent t-test (mean difference = -8.48, SEM = 1.95, p < .01, 95% CI = -

12.48, -4.66) which confirmed the previous ANOVA results.  Finally, there were no main effects of Drug 

or Stress x Drug interactions for either of these variables (all p’s>.20).   
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Figure 3.3. Risk Assessment Behavior in the Elevated Plus Maze. Exposure to intermittent physical 
stress (IPS) in mid-adolescence (PD3 5-46) alters indices of risk-assessment in adulthood (PD 72). Mean 
number (+/- SEM) head dips (A) and stretch attends (B) displayed by no-stress control and IPS-treated 
rats. Light grey bars indicate no drug treatment (No-Stress/No MK-801, n = 10; IPS/No MK-801, n = 10) 
and dark grey bars indicate treatment with MK801(No Stress/MK-801, n = 7 and IPS/MK-801, n = 8) 
following IPS treatment (PD 47-61).  (*) denotes statistical significance, p < .05.  
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3.3.2. Shock Probe Burying Test.  

 
 ANOVA revealed no main effects of Stress or Drug, or Stress x Drug interactions on any of the 

SPBT variables of interest (all p’s > .05; see Table 3.2).   

 
Table 3.2. Shock Probe Burying Behavior. Mean (+/-SEM) behaviours in the Shock Probe Burying test 

displayed by rats exposed to intermittent physical stress (IPS) in mid-adolescence followed by MK801 

treatment.   

 

 

 

 

 

 

 

 

 

 

 

3.3.3 Amphetamine Induced Locomotor Activity Test 

 There were no main effects of Stress or Drug or Stress x Drug interactions on total, lower, or 

upper number of beam breaks in either the Habituation (all p’s > .35) or the Saline (all p’s > .08) phases 

(Tables 3 and 4, respectively). 

  

 Treatment 
 No MK801 MK801 
 Controls 

(n=10) 
IPS 

(n=10) 
Controls 

(n=7) 
IPS 

(n=8) 
Duration of Burying 345.78 

(46.33) 
385.53 
(46.34) 

437.93 
(55.37) 

390.41 
(51.81) 

Duration of Immobility 0.28 
(2.20) 

2.65 
(2.20) 

0.97 
(2.63) 

8.05 
(2.46) 

Total Number of Shocks 1.90 
(0.22) 

1.30 
(0.22) 

1.86 
(0.26) 

1.56 
(0.25) 

Mean Shock Reactivity 2.38 
(0.22) 

2.50 
(0.22) 

2.21 
(0.27) 

1.97 
(0.25) 
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Table 3.3. Beam Breaks in the Habituation Phase.  Mean (+/-SEM) number of total, lower and upper 

beam breaks during the Habituation Phase of the Amphetamine Induced Locomotor Test displayed by rats 

previously exposed to intermittent physical stress (IPS) during mid-adolescence.  

 

 

 

 

 

 

 

Table 3.4. Beam Breaks in the Saline Phase.  Mean (+/-SEM) number of total, lower and upper beam 

breaks during the Saline Phase of the Amphetamine Induced Locomotor Test displayed by rats previously 

exposed to intermittent physical stress (IPS) in mid-adolescence. 

 

 

 

 

 

 

 

Data from the Amphetamine phase are depicted Figure 4. Analysis of the total number of beam 

breaks (upper and lower, combined) revealed a significant main effect of Stress (F(1,31) = 7.99, p = .008, 

 Habituation 
 No MK801 MK801 
 Control 

(n=10) 
IPS 

(n=10) 
Control 
(n=7) 

IPS 
(n=8) 

Total Beam Breaks 1120.70 
(93.14) 

1217.50 
(62.01) 

1213.50 
(111.75) 

1262.44 
(104.27) 

Lower Beam Breaks 919.20 
(75.80) 

990.90 
(48.11) 

1009.64 
(69.80) 

1034.56 
(85.39) 

Upper Beam Breaks 201.50 
(18.33) 

226.60 
(27.61) 

203.86 
(46.09) 

227.88 
(22.07) 

 Saline 
 No MK801 MK801 
 Control 

(n=10) 
IPS 

(n=10) 
Control 
(n=7) 

IPS 
(n=8) 

Total Beam Breaks 744.00 
(65.17) 

830.70 
(59.41) 

736.21 
(122.76) 

816.94 
(43.07) 

Lower Beam Breaks 641.90 
(59.15) 

693.10 
(50.42) 

624.71 
(99.93) 

674.31 
(27.01) 

Upper Beam Breaks 102.10 
(11.96) 

137.60 
(15.16) 

111.50 
(25.90) 

142.63 
(21.97) 
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h2 = .21).  This was reflected by a main effect of Stress on the number of lower beam breaks (F(1,31) = 

8.00, p = .008, h2 = .21) with no effect on the number of upper beam breaks (F(1,31) = 1.77, p = .19, h2 = 

.05).  The effect on lower beam breaks, which violated the assumption of homogeneity of variance, was 

subsequently confirmed significant via non-parametric bootstrapping (independent t-test; mean difference 

= -504.13, SEM = 181.40, p = .02, 95% CI = -870.67, -159.47).  
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Figure 3.4. Locomotor response to Amphetamine.  Intermittent physical stress (IPS) in mid-
adolescence (PD 35-46) increases sensitivity to the locomotor effects of amphetamine in adulthood (PD 
86).  The left panel depicts the mean (+/- SEM) number of beam breaks (A) and the number of upper (B) 
and lower (C) beam break counts for no-stress control (n=17; light grey bars) and IPS-treated rats (n=18; 
dark grey bars).  Intermittent physical stress in mid-adolescence significantly increased total number of 
beam breaks (B) and the number of lower beam breaks (C). The right panel depicts the mean (+/- SEM) 
number of beam breaks displayed by rats not treated with MK801 (n=20, light grey bars) and those that 
were treated with MK801 (n=15, dark grey bars) following exposure to IPS (treatment PD 47-61). 
Treatment with MK801 reduced the number of upper beam breaks (B).  Asterisks denote statistical 
significance, (*) p<.05.  
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 MK-801 did not alter either the total number of beam breaks or the number of lower beam breaks 

made during the Amphetamine phase (both p’s > .55, Figure 3.4). However, there was a main effect of 

Drug on the number of upper beam breaks during the Amphetamine phase (F(1,31) = 6.11, p = .02, h2 = 

.17), such that rats previously treated with MK-801 across PD 47-61 displayed fewer upper beam breaks 

in response to amphetamine relative to untreated rats (i.e., No MK-801).  This data analysis, which 

violated the assumption of homogeneity of variance survived subsequent bootstrapping (independent T-

test; mean difference =88.18, SEM = 32.47, p = .02, 95% CI = 29.12, 149.21). There were no Stress x 

Drug interactions in the Amphetamine phase (all p’s > .24).  

3.3.4. Correlation Between Open-Arm Exploration and AMPH-Induced Locomotion 

 A one-tailed Pearson’s r correlation coefficient was computed to evaluate the a priori expectation 

that open-arm activity would correspond with locomotor response to amphetamine (see Figure 3.5). 

Interestingly, the percentages of open-arm entries and open-arm time were both positively correlated with 

the total number of lower beam breaks in the Amphetamine phase (r = 0.45, p = .003 and r = 0.49, p = 

.002, respectively). This relationship was evident in IPS (n=18; percent open-arm entries:  r = 0.41, p =.05 

and percent open-arm time: r = 0.44, p = .03) but not the no-stress control (n=17; percent open-arm 

entries: r = – 0.04, p =. 44; percent open-arm time: r = – 0.10, p =.35).  
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Figure 3.4. Relationship Between Exploration and Locomotor Response to Amphetamine.  Open 
arm exploration predicts rats’ locomotor response to amphetamine.  (A) The percentage of open arm time 
(p<.002) and (B) percentage of open arm entries (p<.002) significantly predicts the number of lower beam 
breaks in response to amphetamine displayed by no-stress control (n=17) and IPS-treated (n=18) rats.  
The relationship between these variables is only evident in IPS (solid circles) but not no-stress control 
(open circles) rats.    
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3.3.5. Factor Analysis of Behaviors Displayed in the EPM and AMPH-Induced Locomotion Test   

 Separate factor analysis was done for the no-stress control and IPS groups, respectively.  For the 

no-stress controls, three factors emerged in the model, accounting for 85% of the total variance (see Table 

3.5).  I labelled Factor 1 “approach/avoidance conflict”, with “approach” reflected by the strong, positive 

loadings of the percentages of open-arm time/entries and the total number of head dips, and 

“avoidance/conflict” reflected by the strong, negative loading of the number of stretch attends.  Factor 2, 

“locomotion”, included high, positive loadings of both the number of closed arm entries and total arm 

entries.  Amphetamine-induced locomotion loaded positively and exclusively on Factor 3, and as such I 

labelled it “reward-related locomotion”. 

 

Table 3.5 Factor Analysis Summary for No-Stress Control Rats 

 

 Factor 

 1 2 3 

 Approach/Avoidance  
Conflict 

Locomotion Reward-Related  
Locomotion  

Percentage of Open Arm Time .88   

Percentage of Open Arm Entries  .96   

Number of Closed Arm Entries  .94  
Number of Total Entries  .95  

Number of Head Dips .93   
Number of Stretch Attends -.58   
Amphetamine-Induced Locomotion   .99 

 

 Behavioural data from the IPS rats also yielded a three-factor model, accounting for 87% of the 

variance within this sample (see Table 3.6).  However, the IPS model was characterized by a qualitative 
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shift in the factor loadings.  Amphetamine-induced locomotion now loaded highly and positively onto 

Factor 1, along with measures of open-arm exploration and number of head dips. Thus, I renamed this 

factor ‘reward-related approach’. Number of head dips also co-loaded on to Factor 2, along with the 

closed arm entries and total entries, thus still representing ‘locomotion’.  Finally, the number of stretch 

attends was no longer linked to open-arm exploration but instead loaded exclusively and positively onto 

Factor 3, which I labelled ‘approach/avoidance conflict’  

 

Table 3.6. Factor Analysis Summary for Rats Exposed to Intermittent Physical Stress. 

 

 

 
 
 
 
 
 
 
 
 
 
 

  

 Factor 

 1 2 3 

 Reward-Related 
Approach 

Locomotion Approach/Avoidance 
Conflict 

Percentage of Open Arm Time .91   
Percentage of Open Arm Entries  .90   
Number of Closed Arm Entries  .92  
Number of Total Entries  .91  
Number of Head Dips .67 .66  
Number of Stretch Attends   .96 
Amphetamine-Induced Locomotion .70   
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3.4 Discussion 
 

The primary goal of the current study was to investigate whether the increases in open-arm 

exploration displayed by adult rats previously stressed in mid-adolescence are associated with stress-

history induced increases in sensitivity to amphetamine.  An ancillary goal was to examine whether 

NMDA receptor antagonism via MK-801, following the IPS regimen, could reverse its’ long-lasting 

effects.  As expected, adult rats with a history of IPS in mid-adolescence displayed higher levels of open-

arm exploration in the EPM, but normal levels of anxiety-related behaviour in the SPBT.  These same rats 

were, markedly more sensitive to the locomotor enhancing effects of amphetamine.  Finally, there was a 

positive relationship between levels of open-arm exploration and amphetamine-induced locomotor 

activity, and this profile was only evident in rats with a history of IPS.  Although the lasting behavioural 

outcomes of IPS were not significantly altered by interim treatment with MK-801, this drug treatment 

produced modest reductions in rats’ sensitivity to amphetamine that were independent of stress history.  

My overall findings suggest that stress during mid-adolescence sensitizes responses linked to appetitive 

motivation and reward, including the motivation to explore a normally avoided environment.   

3.4.1 Intermittent Physical Stress Increases Exploratory Behaviours in Adulthood 

 My finding that stress in mid-adolescence increased open-arm exploration in adulthood is 

consistent with prior work in both our laboratory (Pohl et al., 2007, Wilkin & Menard, 2020; Wilkin et 

al., 2012) and that of others (Watt et al., 2009, Weintraub et al., 2010).  I expanded on my earlier work by 

including an assessment of the number of stretch attend postures and head-dips rats made during the EPM 

test.  Stretch attend postures are widely regarded as a classic risk-assessment behavior that enables 

information gathering in potentially threatening situations (Blanchard & Blanchard, 1989; Blanchard, 

Blanchard & Rodgers, 1990), and typically occur during approach/avoidance conflict (Cruz, Frei & 
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Graph, 1994; Rodgers & Johnson, 1995).  In contrast, head dips, used to index exploration and/or novelty 

seeking, are seen in a wide variety of contexts (File & Wardill, 1975; Rodgers & Johnson, 1995; Weiss, 

Wadsworth, Fletcher & Dourish, 1998).  Thus, it is notable that IPS in mid-adolescence evoked a long-

lasting decrease in stretch attends while at the same time increasing head dips, suggesting that anxiolytic-

like reductions in risk-assessment were accompanied by higher levels of exploration/novelty seeking.  

Alongside my previous (Wilkin & Menard, 2020; Wilkin et al., 2012) and current findings that IPS in 

mid-adolescence does not alter rats’ defensive burying in the shock-probe test, a well characterized test of 

rodent ‘anxiety’ (Treit, Pinel, & Fibiger, 1981), it appears that IPS in mid-adolescence is not simply 

decreasing anxiety-like responses, per se, but instead is predominantly promoting novelty seeking and/or 

risk-taking behavior (the latter reflected by the rats’ increased willingness to explore the normally avoided 

open arms of the maze).  I acknowledge that the two possibilities (anxiety reduction vs increased risk-

taking) are not mutually exclusive.  Ample clinical and pre-clinical evidence points to an inverse 

relationship between anxiety and risk-taking (Del Carlo, Benvenuti, Toni, Dell’osso, & Perugi, 2013; 

Gray & McNaughton, 2000; Perugi et al., 2011; Peters, Bowen & Balbuena, 2020).  

3.4.2 Intermittent Physical Stress in Mid-Adolescence Increases Sensitivity to Reward-Related 

Processes in Adulthood 

 Other evidence points to a positive relationship between risk-taking and sensitivity to drugs of 

abuse (Gabriel, Freels, Setlow & Simon, 2019; Mitchel et al., 2014; Simon et al., 2011).  Thus, in line 

with prior reports (Burke et al., 2013; Burke, Renner, Forster & Watt, 2010; Burke, Watt, & Forster, 

2011), I found that exposure to IPS in mid-adolescence selectively increased rats’ sensitivity to the 

locomotor effects of amphetamine, without altering locomotor activity in the Habituation or Saline 

phases.  Most importantly, I directly confirmed, for the first time, that the levels of open-arm exploration 
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displayed by IPS rats positively predicted their locomotor response to amphetamine, whereas this 

relationship was not evident in control rats.  Notably, I observed a similar profile in adult female rats with 

a history of IPS in mid-adolescence, i.e., in that study, open-arm exploration positively predicted sweet 

solution intake of IPS-treated, but not no-stress control, rats (Lamontagne, Wilkin, Menard & Olmstead, 

2020).  Female IPS rats also displayed higher levels of binge-like consumption of sucrose solution, as 

well as decreased sensitivity to fear conditioned suppression of responding for sucrose (Lamontagne et 

al., 2020), providing further evidence that stress in mid-adolescence evokes a qualitative shift in rats’ 

behavioral profiles away from a security-centric toward a more reward-centric phenotype.  

 This possibility is similarly supported by my factor analysis.  Here, the primary factor for the no-

stress control rats, reflected classic indices of approach/avoidance conflict in the EPM (i.e., positive 

loadings for percentages of open arm time and entries and total number of head dips combined with a 

negative loading for stretch attend postures).  This pattern replicates previous findings in un-treated, adult 

male rodents (Doremus, Varlinskya, & Spear, 2006; Fernandes, Gonzalez, Wilson & File, 1999; Rodgers 

& Dalvi, 1997; Rodgers and Johnson, 1995).  Additional factors that emerged for no-stress control rats 

reflected general-locomotion as this second factor had classic loadings of total and closed arm entries 

(Rodgers & Dalvi, 1997; Rodgers & Johnson, 1995) and reward-related locomotion as this third factor 

had an exclusive loading of amphetamine-induced locomotor activity.   

Three factors also emerged for the IPS rats, but with some notable qualitative differences. The 

primary factor here continued to include open-arm exploration and head dipping, but amphetamine-

induced locomotion now loaded highly and positively onto this factor.  This profile mirrors the previously 

noted relationships between high levels of open-arm exploration, novelty seeking/risk-taking behaviour 

and sensitivity to drugs of abuse (Flagel, Waselus, Clinton, Watson & Akil, 2014; Sonntag et al., 2014; 
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Piazza et al., 1989).  The other notable difference is that, for IPS rats, stretch attend postures, which 

normally cluster with open-arm exploration (Cruz, Frei & Graff, 1994; Ohl et al., 2001), now appeared as 

an independent factor (i.e., Factor 3),  Given these shifts, the primary factor for IPS-treated rats appeared 

to exclusively reflect reward-related approach/exploration whereas the third factor exclusively reflected 

risk assessment, itself a typical expression of approach/avoidance conflict (Cruz, Frei & Graff, 1994;  

Sorregotti et al., 2013; Rodgers & Johnson, 1995).  As seen in the case of no stress controls, indices of 

general locomotion (total entries and closed arm entries) also clustered on the second factor for IPS rats, 

with the exception that the number of head dips now appeared here.  This is, perhaps, not surprising, 

given that locomotion is a key component of exploration. 

3.4.3 Treatment with MK-801 Does Not Reverse the Effects of Intermittent Physical Stress in Mid-

Adolescence 

I saw no evidence that interim treatment with MK-801, during the recovery period, reversed the 

effects of IPS on open-arm exploration and/or sensitivity to amphetamine.  This null effect conflicts with 

other reports that NMDA receptor antagonism ameliorated the lasting impact of stress in early life 

(O’Connor et al., 2015; Leussis et al., 2008).  These conflicting results could reflect differences in the 

chosen antagonist, dose regimen, age at treatment and/or the measured outcome.  Alternatively, it might 

be that in order to reverse stress outcomes, MK-801 treatment must occur either immediately before (e.g., 

Natarajan, et al., 2017) or immediately after each individual stress session, rather than at the end of a 

chronic stress regimen.  Further research is needed to elucidate these possibilities.   

Unexpectedly, the interim treatment with MK-801 (daily, from PD 47-61), regardless of stress 

treatment in mid-adolescence (PD 35-46), selectively reduced rats’ locomotor response to amphetamine 

in adulthood (PD 86), and this drug effect was evident despite a 25-day washout period.  The lasting 
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impact of MK-801 was restricted to vertical locomotion, as indexed by a selective reduction in the 

number of upper (but not lower) beam breaks in response to amphetamine.   Interestingly, I observed the 

exact opposite profile in IPS-treated rats; i.e., amphetamine-induced increases in lower (but not upper) 

beam breaks.  This dissociation suggests that the two profiles reflect different processes and/or underlying 

mechanisms.  This possibility is supported by evidence that vertical (rearing and jumping) and horizontal 

(ambulatory) locomotion differ in their genetic and pharmacological underpinnings (Kelly, Low, Phillips, 

Wakeland & Yanagisawa, 2003; Medvedev et al., 2013; Zhou, Mailloux & McGinty, 2005).  For 

example, linkage analysis, using129S6 and C57BL/J6 mice, revealed independent quantitative trait loci 

governing vertical and horizontal locomotion, respectively (Kelly et al., 2003).   Furthermore, D1 receptor 

activation is critical for horizontal, but not vertical, locomotion (Medvedev et al., 2013).  

3.4.4 Limitations, Conclusions and Future Directions 

 Although the current experiment was conducted using male rats, it is fully expected that the 

results would generalize to females.  Adult female rats with a history of stress in mid-adolescence 

displayed marked increases in open-arm exploration (Wilkin et., al 2012; Lamontagne et al., 2020), as 

well as increased sensitivity to drugs of abuse (McCormick, Mathews, Thomas & Waters, 2010).  These 

outcomes might be further influenced by estrous cycle at the time of testing.  For example, McCormick et 

al (2007) noted that adult female rats with a history of social instability stress in adolescence displayed 

higher levels of open-arm exploration, but only during the estrus phase of their cycle. In general, 

exploration (Mora, Dussaubat & Diaz-Véliz, 1996) and reward-related behaviours (Steiner, Katz, 

Baldrighi, & Carroll, 1981) increase during the fertile, pro-copulatory, proestrus/estrus phase. Female rats 

also display greater motivation to self- administer drugs of abuse, such as cocaine (Lynch, 2008; Lacy, 

Austin & Strickland, 2020) and amphetamine (Becker, Molenda and Hummer, 2001) when 
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estrogen/estradiol levels are at their highest (i.e., in proestrus/estrus). Thus, it seems plausible that the 

lasting impact of mid-adolescent stress on reward-related responses might be accentuated in females by 

the phase of their estrous cycle at testing.  In line with this, the binge-like increases in sucrose intake 

displayed by adult female rats with a history of IPS in mid-adolescence were most pronounced during 

proestrus (Lamontagne, et al., 2020). 

 It is well documented that alterations in rats’ social conditions including social crowding (Kabbaj 

et al., 2002; Xigeng et al., 2004), social instability (Mathews, Mills & McCormick, 2008), social defeat 

(Burke et al., 2013; Burke, McCormick, Pellis & Lukkes, 2017) and social isolation (Jones, Marsden & 

Robins, 1990; Arakawa, 2018) produce long-lasting effects, including increased sensitivity to 

psychostimulants.  Although the current rats were single-housed from weaning onwards, it seems unlikely 

that the findings reflect additive effects of social isolation and IPS.  In particular, I have never observed 

any effects of social isolation rearing (from PD21 onwards; Simpson, Menard, Reynolds & Beninger, 

2010; Wilkin & Menard, 2020; Wilkin et al., 2012), likely because I briefly handle my no-stress control 

rats, which is known to prevent and/or reverse the effects of social isolation (Gentsch, Lichtsteiner, 

Frischknecht, Feer, & Siegfried, 1988; Sciolino et al., 2010).  Single housing might be a necessary but not 

sufficient condition for the currently observed outcomes, as evidenced by my previous finding that 

socially housed rats were resilient to the lasting impact of IPS in mid-adolescence (Wilkin & Menard, 

2020).  

 In summary, the current findings replicate previous findings, suggesting that stress in mid-

adolescence yields a robust impact on adult behaviour.  IPS in mid-adolescence led to long-lasting 

increases in both open-arm exploration and amphetamine-induced locomotion and these variables were 

highly and positively correlated in IPS (but not no-stress control) rats. Factor analysis supported the 
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contention that IPS in mid-adolescence promoted a qualitative shift in rats’ behavioural profiles, moving 

them away from more security-centric toward more reward-centric responses.  Such a shift might explain, 

in part, why adversity in adolescence translates to lasting increases in the risk for drug abuse (Tharp-

Taylor, Haviland & D’Amico, 2009; Topper, Castellanos-Ryan, Mackie & Conrod, 2011).  Additional 

experiments are needed to confirm this possibility.  
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CHAPTER 4: 
 

INTERMITTENT PHYSICAL STRESS IN MID-ADOLESCENCE REMODELS THE 
PREFONTAL CORTEX, HIPPOCAMPUS AND BASOLATERAL AMYGDALA IN A 

REGION-SPECIFIC MANNER.  
 

A reformatted version of this chapter is in preparation for publication: Wilkin, M.M. & Menard, J.L. (in 

prep). Intermittent physical stress in mid-adolescence remodels the basolateral amygdala and promotes a 

reward-centric phenotype, in preparation.  

 

4.0 Abstract 

 Exposure to IPS in mid-adolescence paradoxically increases rats’ open-arm exploration when 

they are tested, as adults, in the EPM.  The potential underlying neural mechanisms for this behavioural 

change remain largely unknown.   The current experiment aimed to extend my previous behavioural 

findings by examining the lasting impact of IPS in mid-adolescence on cortical thickness, neuronal 

arborization and dendritic spine density in three corticolimbic regions including: the medial prefrontal 

cortex, the hippocampus, and the basolateral amygdala.  Male and female Long-Evans rats were exposed 

to the IPS protocol (i.e., foot-shock, water immersion, and elevated platform; two times each, randomly) 

across mid-adolescence (PD 35-46).  Rats were tested in the elevated plus maze in adulthood (PD 73) and 

48-72 hrs after testing, their whole-brain tissue was harvested.  As expected, exposure to IPS in mid-

adolescence increased open-arm exploration and reduced cortical thickness within the mPFC.  This 

reduction in cortical thickness was not due to changes in neuronal architecture, as there was no indication 

of stress-induced changes in dendritic arborization or synaptic spine density in the mPFC.  In contrast, 

exposure to IPS did not alter thickness of the dorsal hippocampus but increased dendritic arborization of 



 

 

 

 

 

85 

pyramidal CA3 neurons.  IPS in mid-adolescence also produced long-lasting reductions in the complexity 

of dendritic arborization and spine density within the BLA.  It is possible the IPS-induced changes in 

open-arm exploration are due, at least in part, to these structural changes in the BLA and predispose the 

rat to engage in reward-centric, as opposed to security-centric, behaviour.   
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4.1 Introduction 

 It is well accepted that exposure to stress in early life increases the risk for psychopathologies like 

anxiety, depression, eating disorders and substance use disorders in later life (Heim & Binder, 2012; 

Lupien, McEwan, Gunnar & Hiem, 2009; Jacoby, Overfeld, Binder, & Heim, 2016; Maniam & Morris, 

2012; Nusslock & Miller, 2015).  Animal models provide a means by which to gain insight into the 

lasting impact of stress experienced in adolescence.  Adolescence in rats is broadly defined as the period 

of time from weaning to adulthood (PD 21-59) and is often segmented into three timepoints including: 

early adolescence (PD 21-34), mid adolescence (PD 34-46) and late-adolescence (PD 47-59; Tirelli, 

Laviola & Adriani, 2003).  When stress is limited to one of these periods it can have a differential and 

enduring impact on behaviour (Wilkin, Waters, McCormick & Menard, 2012).  Interestingly, when stress 

is restricted to mid-adolescence it produces paradoxical increases in open-arm exploration (as reported in 

Chapter 2 and 3; Wilkin & Menard, 2020, Wilkin et al., 2012).  Typically increases in open-arm 

exploration are interpreted as reductions in anxiety-like behaviour, but my research demonstrates that 

adult rats with a history of IPS in mid-adolescence show normal levels of shock-probe burying suggesting 

that IPS is not necessarily altering global levels of anxiety (Wilkin & Menard, 2020, Wilkin et al., 2012).  

In Chapter 3, I showed that stress in mid-adolescence increased rats’ sensitivity to amphetamine in 

adulthood, a change that, for IPS rats, was predicted by their levels of open-arm exploration.  Based on 

this and other recent findings (Lamontagne, Wilkin, Menard & Olmstead, 2020), it was argued that stress 

in mid-adolescence might be shifting rats’ behavioural response away from a security-centric toward a 

reward-centric phenotype.  The neural mechanisms responsible for this change in adult behaviour 

following exposure to stress in mid-adolescence, remain largely unknown.   
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 The rodent brain, like the human brain, undergoes extensive morphological development and re-

organization during adolescence (Andersen & Teicher, 2004; Spear, 2000; 2013; 2015; Zimmerman, 

Richardson, & Baker, 2019).  Exposure to stress during adolescence is thought to maximally impact 

regions that are developing while having less, if any, impact on other regions that are already more 

established (Andersen & Teicher, 2008; Buwalda, Geerdink, Vidal, & Koolhaas, 2011; Leussis, Lawson, 

Stone, & Andersen, 2008).  Of particular interest for the current experiment are corticolimbic structures, 

including the medial prefrontal cortex (mPFC), the dorsal hippocampus (CA1/CA3) and the basolateral 

amygdala (BLA), as these brain regions: (a) continue to develop in adolescence (Spear, 2000, 2013; 2015; 

Romeo & McEwan, 2007; Zimmerman, Richardson & Baker, 2019); (b) are highly interconnected 

(Cassell & Wright, 1986; LeDoux, 2007; Yarvas, Gonzalez, & Fanselow, 2019); (c) are susceptible to the 

long-term consequences of exposure to stress during adolescence (Hueston, Cryan, & Nolan, 2017; 

Tottenham & Sheridan, 2009); (d) regulate perception of, and behavioral response to, stress (LeDoux, 

2007; Radley, Arias & Sawchenko, 2006; Sapolsky, Krey & McEwen, 1984; Weinberg et al., 2010); and 

(e) have been linked to reward-related behaviour (Gauthier & Tank, 2018; Porter & Suplveda-Orengo, 

2020; van Holstein, MacLeod & Floresco, 2020).  

 The rat medial prefrontal cortex (mPFC) can be subdivided into the anterior cingulate (ACC), 

prelimbic (PrL) and infralimbic (IL) regions (Porter & Suplveda-Orengo, 2020) and is responsible for 

cognitive appraisal of the environment through regulation of subcortical structures like the amygdala 

(VanTieghem & Tottenham, 2017).  The mPFC region appears particularly vulnerable to the impact of 

stress during the peripubertal/mid-adolescent period, relative to other structures such as the hippocampus.  

In humans, if trauma was experienced between 14-16 yrs of age it reduced gray matter in the PFC, with 

little effect on the hippocampus (Andersen & Teicher, 2008).  Parallel findings are evident in preclinical 
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studies.  For example, Leussis and colleagues (2008) demonstrated that social isolation stress across PD 

30-35 decreased synaptophysin levels (an indirect index of synaptic spine density) in the IL area of the 

mPFC, but not the cingulate cortex (Cg1) or hippocampus, when male rats were evaluated after a period 

of no stress (i.e., on PD 60).  Other reports revealed evidence of dendritic atrophy in the IL (Goldwater et 

al., 2009) and PrL (Urban, Geng, Batnegar & Valentino, 2019) cortices following stress in adolescence. 

Taken together, results such as these suggests that stressors applied across mid-adolescence might 

selectively target the structural integrity of the IL and PrL regions of the mPFC while not impacting other 

regions like the ACC/Cg1 or the hippocampus.   

 The hippocampus, which can be subdivided into dorsal and ventral regions and subfields cornu 

ammonis (CA) regions 1-4 (i.e., CA1-CA4), is known to regulate cognitive and affective behaviours, is 

involved in the formation of memories and is necessary for experience-based learning (Fanselow & Dong, 

2010).  Unlike the mPFC, the hippocampus appears to be most vulnerable to stress if it occurs during, or 

at least includes, earlier periods in adolescence (i.e., PD 22-33 as per Tirelli et al., 2003).  For example, 

Isgor and colleagues (2004) found that rats exposed to chronic, variable stress across early through late 

adolescence (PD 28-58) significantly reduced hippocampal thickness, reduced dendritic growth in CA1 

pyramidal neurons, and completely stunted dendritic growth in CA3 cells after 3 weeks, but not 24 hrs, of 

no stress recovery (Isgor et al., 2004).  Social instability stress (i.e., brief isolation followed by novel cage 

mate) across early/mid-adolescence (PD 30-45), decreased contextual fear conditioning in adulthood (i.e., 

PD 70; Morrissey, Mathews, & McCormick, 2011) and produced modest reductions in protein markers of 

hippocampal synaptic plasticity (McCormick et al., 2012).  Using ex vivo magnetic resonance imaging, 

Walker and colleagues (2018) observed that variable stress (e.g., randomized open space exposure, 

noxious odor, elevated platform) in early/mid-adolescence (PD 28-42) reduced open-arm activity in non-
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aggressive type rats (at PD 97).  These researchers also reported reduced diffusivity in the hippocampus 

and PFC but not the amygdala (at PD 135+) however these structural changes were only evident in rats 

displaying an aggressive phenotype (Walker et al., 2018), suggesting that stress during adolescence might 

produce different phenotypic subpopulations within which behavioural vs. neuroanatomical differences 

can be studied.  Taken together, results generated from rats exposed to stress in early adolescence suggest 

that the hippocampus is highly vulnerable to the enduring effects of stress during this time.  However, it 

remains unclear if stress restricted to mid-adolescence would have the same lasting effects, if any.   

 The amygdala, a region primarily responsible for detecting environmental information and 

initiating physiological responses to threats (Davis & Whalen, 2001; Van Tieghem & Tottenham, 2018), 

can also be divided into subregions including the superficial, medial and basolateral (BLA) nuclei.  The 

centromedial amygdala has been linked to reward salience (Pryce, 2018), wanting of reward (Mahler & 

Berridge, 2009; Mahler & Berrdige, 2012) and appetitive learning due, at least in part, to its connections 

with the striatum (Kolada et al., 2017).  The BLA is strongly connected to the prefrontal cortex (Kolada et 

al., 2017; Yizhar & Klavir, 2018) and has been implicated in: associative learning involving emotions 

such as fear (Fenslow & LeDoux, 1999); and memory consolidation through interactions with other brain 

regions like the hippocampus (Cahill & McGaugh, 1998).  Like the hippocampus, it appears that the 

amygdaloid complex is sensitive to the long-lasting effects of stress in early adolescence.  For example, 

Pizon-Para and colleagues (2019) noted that male Sprague-Dawley rats exposed to 2 hrs of daily restraint 

in early adolescence/juvenility (PD 21-35) displayed reduced BLA dendritic arborization and spine 

density across the remainder of adolescence (i.e., at PD 38 and PD 50) and early adulthood (i.e., at PD 68; 

Pizon-Parra et al., 2019).  Exposure to a variety of stressors during the early adolescent/juvenile period 

(PD 27, forced swim; PD 28, elevated platform; PD 29, foot shock or restraint) reduced novel-setting 
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exploration and impaired two-way shuttle avoidance performance in adulthood (Tsoory, Guterman, & 

Richter-Levin, 2008.  This treatment also decreased expression of neural cell adhesion molecules within 

the hippocampus and BLA, indicating a disruption of normal cell development, cell to cell interaction and 

synaptic plasticity that was not evident until adulthood (i.e., not evident at PD 33, but evident ~PD 63; 

Tsoory et al., 2008).  Unfortunately, research examining the long-lasting impact of stress experienced 

during the later period of mid-adolescence on the structure and/or functionality of the BLA is very 

limited.  An extensive search of the literature revealed no papers that examine the enduring impact of 

stress restricted to mid-adolescence on the BLA.  A study looking at the immediate effects of social 

instability stress (i.e., daily, 1hr social isolation followed by pairing with novel cage mate post isolation) 

applied across the early/mid-adolescent period (PD 30-45) increased dendritic arborization and spine 

density in the anterodorsal medial amygdala but decreased these indices in the anteroventral region of the 

medial amygdala (Hodges et al., 2019).  However, the tissue in that study was harvested 24 hrs after the 

end of the social instability stress exposure.  Although it appears that stress during early/mid adolescence 

evokes immediate changes in dendritic arborization and spine density in the amygdala, it is not known if 

such effects are sustained into adulthood.   

 The primary goal of this experiment was to examine whether exposure to IPS restricted to mid-

adolescence would evoke long-lasting changes in macro (i.e., cortical thickness) and/or micro (i.e., 

dendritic arborization and spine density) structures within the mPFC, hippocampus and BLA.  My 

expectations were that IPS in mid-adolescence would reduce cortical thickness, dendritic arborization and 

synaptic spine density in the IL and PrL regions of the mPFC, but perhaps not the anterior cingulate 

(Cg1).  In contrast, since the timing of stress used in the current study is later than the timing known to 

produce effects in the hippocampus (i.e., early adolescence), my prediction was that IPS would not evoke 
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long-lasting changes in hippocampal thickness, dendritic arborization or synaptic spine density in 

CA1/CA3.  Finally, based on the limited amount of available literature, I predicted that experiencing IPS 

in mid adolescence would be associated with long-lasting decreases in dendritic arborization and spine 

density in the BLA.  

4.2 Methods 

4.2.1 Subjects 

 Male (n=19) and female (n=20) Long-Evans rats were obtained from an in-house breeding 

program (Department of Psychology, Queen’s University).  At weaning (PD 21), rats were individually 

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

Warrensburg, NY) and were maintained on a 12 hr light / 12 hr dark cycle (lights on at 0700 hrs). At all 

times, food (LabDiet, PMI Nutrition International; Brentwood, MO) and water was available ad libitum.  

All procedures were conducted in accordance with the guidelines of the Canadian Council on Animal 

Care and were approved by the Queen’s University Animal Care Committee.   

4.1.2 Stress Regimen and Behavioural Testing 

At weaning (PD 21), rats were randomly assigned into one of two treatment conditions: Control 

(males, n=9; females, n=10) or IPS (males, n=10; females, n=10).  IPS rats were exposed to the IPS 

protocol described in detail elsewhere (Chapter 2, Wilkin et al., 2012; Wilkin & Menard, 2020).  Briefly, 

IPS treated rats were exposed to three stressors: water immersion (rats were immersed into a water bath 

titrated to 24°C and a depth of 10-12 cm for 45 mins in polyvinyl tubes), elevated platform exposure 

(individual rats were placed on a 15 x 15 cm platform which was placed atop a 10 x 10 x 100 cm tower 

for 30 mins), and foot-shock (individually, rats were placed into an operant chamber (29 x 22 x 20 cm, 



 

 

 

 

 

92 

Med Associates Inc., St. Albans, VT; equipped with a grid floor which delivered three mild (0.6 mA), 3 

sec foot-shocks, randomly over a 5 min exposure period).  Each stressor was applied two times each, for a 

total of six stress exposure sessions randomly distributed across the 12-days in mid-adolescence (PD 35-

46).  To minimize potential handling effects, age matched, no-stress control rats were briefly handled on 

stress application days and to minimize predictability, wherever possible, applications of stress (i.e., IPS) 

or handling (i.e., Control) occurred either in the morning (0900-1230 hrs) or in the afternoon (1300-1630 

hrs). On the days where no stressor/handling exposures were scheduled, rats were left undisturbed in their 

respective colonies except for regular cage maintenance and health monitoring (i.e., break day). Upon 

completion of the stress exposure period, rats in both treatment groups were given a 27-day recovery 

period after which behavioural testing in the Elevated Plus Maze (PD 73), as previously described in 

Chapters 2 & 3.  A timeline summarizing the treatment and testing schedule is provided in Figure 4.1. 

 

 
 

 
 
Figure 4.1. Experimental Timeline.  At weaning (PD 21; WEAN), male and female rats were randomly 
into one of two treatment groups (Treatment vs Control) and exposed to intermittent physical stress (IPS) 
or brief handling periods across mid-adolescence (PD 35-46).  Following a 27-day recovery period 
(RECOVERY) rats were testing in the elevated plus maze (EPM) in adulthood (PD 73).  Approximately 
48-72hrs, whole brain tissue was collected for further processing via Golgi-cox staining (HISTOLOGY; 
~PD 75-78). 
 
 
  

Figure 1: Experimental Timeline 
 

 

 
 
 
 
 
 
 
 
 
Figure 1: Summary of the experimental design starting at weaning (WEAN), through intermittent physical stress (IPS) treatment (black bar), no-stress recovery period, behavioural 
testing in the elevated plus maze (EPM) and the start of histological processing (grey arrow). White bars indicate where rats were left undisturbed in the colony except for regular 
cage maintenance and health checks. Histology commenced with whole tissue collection 48-72hrs after testing in the EPM and lasted approximately 7 weeks. Note: Postnatal day 
=PD 
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4.1.3 Golgi Cox Histology 
 
 At least 48 hrs but no more than 72 hrs after behavioural testing, rats were deeply anesthetized 

with isoflurane (4.5% for induction) and immediately decapitated.  Brains were rapidly extracted and 

rinsed in double distilled water (Milli-Q; Millipore, Billerica, MA).  A small notch was made on the left 

side of each brain in order to differentiate the left and right hemisphere.  Each brain was then transferred 

to light resistant vials containing impregnation solution (FD Rapid GolgiStainTM Kit; FD 

NeuroTechnologies, Inc., Ellicott City, MD, Solutions A and B were combined resulting in a solution 

containing mercuric chloride [HgCl2], potassium chromate [K2CrO4], and potassium dichromate 

[K2CrO7]).  Samples were left immersed in this solution, and kept in the dark, for 14 days.  Pilot data (not 

shown) determined that this duration of immersion time led to consistent dark stains without overstaining.  

On day 15, tissue was transferred to vials containing a sucrose-based solution (FD Rapid GolgiStainTM 

Kit; FD NeuroTechnologies, Inc., Ellicott City, MD; Solution C, sucrose C12H22O11 at ~ 30%).  The 

brains remained in this solution for 48 hrs.  To prevent ice crystal damage, whole brain tissue was flash 

frozen in 2-Methlybutane (Isopentane, C5H12) that was pre-cooled, with dry ice (CO2), to a temperature of 

at least -62°C.  Brains were stored in a freezer (-62°C) until slicing.    

Frozen whole brain tissue was mounted onto a slicing stage using frozen tissue mounting medium 

(HistoPrep, Fisher Scientific, Inc.) and sliced into 100µm thick sections.  Sequential coronal slices 

(mPFC: +4.20 to 2.20 from bregma; hippocampus: -2.12 to -4.16 from bregma; BLA: -2.12 to -3.30 from 

bregma, Paxinos & Watson, 1998) were wet-mounted onto gelatin-coated microscope slides using a 

sucrose-based solution (FD Rapid GolgiStainTM Kit; FD NeuroTechnologies, Inc., Ellicott City, MD, 

Solution C; sucrose, C12H22O11 at ~ 30%).  After mounting, slides were left to air dry in a cool, dark room 

for approximately one week.  Dried slides were rinsed in double distilled water and placed into an 



 

 

 

 

 

94 

ammonium hydroxide-based solution (FD Rapid GolgiStainTM Kit; FD NeuroTechnologies, Inc., Ellicott 

City, MD, Solution D and E; ammonium hydroxide [NH4OH]) then dehydrated in increasing 

concentrations of ethanol (i.e., 50%, 75%, 95%, 100%).  Slides were cleaned with Xylene [C8H10] at 

which point a cover slip was applied using Permount (Fisher Scientific, Inc.).  To ensure the solidification 

of the mounting medium, slides were then allowed to dry for a minimum of three weeks in a cool, dark 

room, at which point image analysis commenced.   

4.1.4 Quantification of Cortical Thickness 

 Regional Cortical Thickness.  The Golgi-Cox stained tissue was evaluated for cortical thickness, 

in accordance with prior reports (Hellmans, Benge & Olmstead, 2004; Stewart & Kolb, 1988).  Briefly, a 

linear probe was used to measure cortical thickness at 3 sites in the mPFC (Cg1, IL and PrL cortices), and 

the hippocampus according to landmarks depicted in Paxinos and Watson (1998).  Region Cg1 was easily 

identifiable based on the size and orientation of pyramidal cells as well as the surrounding landmarks.  

Cell orientation and size was indistinguishable between the PrL and IL cortices so additional landmarks 

were used to establish measurement in these regions.  The three regions of the mPFC were measured in 

each hemisphere, across three slices corresponding to bregma 3.70mm, through 2.70mm (Paxinos & 

Watson, 1998), as well as the left and right side across three slices corresponding to bregma -3.14mm 

through -3.60mm (Paxinos and Watson, 1998).  Due to tissue loss it was not possible to measure cortical 

thickness of the ventral hippocampus.  Instead, and based on available intact tissue, thickness of the 

dorsal hippocampus was measured.  For each region of interest, mean cortical thickness was calculated by 

averaging the measurements taken across the three slices within a given region resulting in thickness 

scores for the left and right hemisphere, respectively) for each region of interest.  This process was 
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conducted by a person blind to the treatment assignment of each rat.  Figure 4.2 demonstrates placement 

of linear probes used in cortical thickness analysis. 
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Figure 4.2. Linear Probes for Measurement of Cortical Thickness.  Visual representation of the 
measurement of cortical thickness.  Cortical thickness was measured bilaterally using a linear probe (red) 
that was superimposed over sampled tissue at 2X magnification with the boundaries (dashed black lines) 
in: (A) the cingulate cortex (left panel, top line in each slice), the prelimbic cortex (left panel, middle line 
in each slice) and the infralimbic cortex (left panel, bottom line in each slice) across bregma 3.70mm 
through 2.70mm (Paxinos &Watson, 1998 ) of a given region (using the Paxinos & Watson, 1998 atlas 
for stereotaxic surgery as a guide).  This process was also repeated for measurement of hippocampal 
thickness (B), which was measured bilaterally across bregma -3.14mm through -3.60mm (Paxinos & 
Watson, 1998).    

A B 
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4.1.5 Identification and Quantification of Neurons in Regions of Interest 

 Neuron Tracing.  Representative photomicrographs of the Golgi stained tissue are provided in 

Figure 4.3. Golgi stained pyramidal neurons were sampled in the ventral mPFC (i.e., PrL and IL cortices, 

combined), two regions of the dorsal hippocampus (CA1/ CA3) and in the anterior BLA.  To be 

considered for analysis, impregnated pyramidal neurons met the following five criteria: (i) contained 

within the boundaries of the region of interest; (ii) not noticeably truncated due to chemical processing or 

slicing; (iii) relatively independent of other cells (i.e., no major overlap or crowding); (iv) consistent dark 

staining within the soma and along the entire extent of its processes; (v) contained within a single 100 µm 

slice.  Neurons meeting these criteria were traced to create a 2D digital representation using Neurolucida 

7 software (MicroBrightField, Colchester, VT, USA) under 20x magnification. See Figure 4.3 for 

examples of cells sampled from the mPFC, the dorsal hippocampus CA1/CA3 and the BLA. Tracing of 

neurons was conducted by a person blind to the treatment of the rat.  After all cells were traced, they were 

individually evaluated via Sholl Analysis.   
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Figure 4.3.  Sampling for Sholl Analysis. Examples of sampling for Sholl analysis. Sholl analysis was 
conducted on neurolucida traced pyramidal neurons in regions of interest as depicted according to the 
Paxinos and Watson (1998) rat atlas for stereological surgery (Column 1, independent sampling regions 
are highlighted in grey). Column 2 depicts tissue examined at 2X magnification.  At this magnification a 
marker (white arrow) was placed next to cells that potentially met criterion.  Criterion was established at 
20X magnification, as depicted in Column 3.  The markers (white arrow) in Column 3, reflect their 
original placement at 2X magnification.  However, the size of the markers in Columns 2 and 3 was 
adjusted from 500µm to 50µm, respectively.    
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 Sholl Analysis.  Sholl Analysis was used for the quantification of the regional distribution of 

dendritic arborization patterns around the soma of the neuron (Schoenen, 1982; Sholl 1953; Sholl, 1956a; 

Sholl, 1956b).  Briefly, this analysis superimposes a series of concentric rings starting at the center of the 

soma and radiating outward at a standard interval (e.g., 10µm).  Sholl analysis evaluates the number of 

intersections that occur between the dendrites of a given cell and these superimposed concentric rings (see 

Figure 4.4).  After completion of Sholl analysis of individual neurons for each rat, values were averaged 

within each region of interest so that a single score per measurement per region was available for further 

data analysis. Two primary variables of interest were evaluated in apical and basal dendrites: length, as 

indexed by the dendritic maximum (i.e., maximum function of N(r) or the furthest radius at which the last 

dendrite intersects) and arborization, as indexed by the critical value (i.e., radius [r] or ring at which there 

was the highest number of dendritic branch intersections;  in the event that two rings had the same 

number of intersections, the lesser of the two was used). 
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Figure 4.4. The Sholl Analysis Technique.  In Neurolucida, concentric rings are placed over a 
previously traced pyramidal cell.  The concentric rings start at the soma and radiate outward at 10µm 
intervals.  Sholl analysis evaluates the number of intersections a given neuron makes with the concentric 
rings.  This example cell was sampled from CA3 of the dorsal hippocampus. 
 
  



 

 

 

 

 

101 

 Dendritic Spine Density.  For each animal, a single cell previously used in the Sholl analysis 

was randomly selected for spine density counting. Initially, I attempted to quantify (i.e., number) and 

qualify (i.e., type; filipodia, stubby, thin, mushroom) spines on apical/basal dendrites under oil immersion 

at 100X magnification.  The resolution of my tissue at this magnification allowed for identification of 

spine type but prevented me from confidently evaluating spine number.  At 40X magnification, the 

resolution allowed for easy quantification but precluded confident identification of spine type.  Because 

this analysis was exploratory in nature and I had no preestablished reason to specify the type of spine, I 

made the decision to evaluate the number of spines present and did so at 40X magnification.  

 As can be seen in Figure 4.5, dendritic spines were counted at four locations on each cell: 

proximal apical dendrite (i.e., the region of the apical dendrite that is closest to the soma), distal apical 

dendrite (i.e., the region of the apical dendrite that is the furthest point from the soma), proximal basal 

dendrite (i.e., the region of a randomly selected basal dendrite that is closest to the soma) and distal basal 

dendrite (i.e., the region of the basal dendrite used for proximal count at the most distal point from the 

soma).  A 50 x 50 µm grid was superimposed over each area of interest.  All spines within the grid were 

counted and divided by the total length of dendritic process contained within the grid to yield the total 

number of spines relative to the length of the dendritic portion they were sampled from.  Each score was 

then mathematically converted to represent the number of spines per 100 µm of dendrite.    
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Figure 4.5. Measurement of Synaptic Spine Density.  (A) Example of synaptic spine density 
measurement method at 40X magnification.  Synaptic spine density was counted by placing a 50 x 50 µm 
box at four locations along the apical and basal dendritic processes including: apical dentrite, distal 
sample (AD), apical dendrite, proximal sample (AP), basal dendrite, distal sample (BD) and basal 
dendrite, proximal sample (BP) as depicted in the line drawing (B; not to scale).   

 
4.1.6 Data Analysis 
 
 All data analysis (detailed below) was conducted using the latest version of Statistical Package 

for Social Sciences (IBM 26).  To reduce potential litter effects, if more than one pup from a given litter 

was randomly assigned to the same treatment condition, littermate scores were averaged to derive a 

single, composite score for that litter. This resulted in the following group n’s, representing the number of 

Figure 5: Example cell used for synaptic spine density and visual representation of synaptic spine density 
sampling.  
 

 
 
  
 

 

 

 

 

 

 

 

 

 

 

Figure 5. Example of synaptic spine density measurement method at 40X magnification.  
Synaptic spine density was counted by placing a 50x50 micron box (A) at four locations along 
the apical and basal dendritic processes (B)  including: apical dentrite, distal sample (AD), apical 
dendrite, proximal sample (AP), basal dendrite, distal sample (BD) and basal dendrite, proximal 
sample (BP) as depicted in the line drawing (right; not to scale) by placing a 50x50µm box over 
each region (left; white box to scale 50µm). 

  

A B 

50µm 



 

 

 

 

 

103 

unique, independent litters: Male/Control (n=7), Male/IPS (n=7), Female/ Control (n=7), Female/IPS 

(n=7).  Descriptive analysis (i.e.) was conducted to evaluate the nature of each data set and outliers were 

evaluated using Grubbs test (i.e., based on z-scores/standard deviation). Identified outliers were removed 

from the data set prior to analysis.  In addition, if harvested tissue was damaged during histological 

processing and/or stained tissue failed to meet criteria for further analysis that data was also removed 

from the data set prior to analysis, as indicated in detail below.     

 Weight.  All rats were weighed at four time points across the experiment and the data were 

evaluated, using a repeated measures, mixed model ANOVA with Timepoint (i.e., weaning, pre-stress, 

post-stress, and after EPM testing) as the within subjects’ variable and Treatment (Control vs. IPS) and 

Sex (Male vs. Female) as the between subjects’ variables. Mauchley’s test of sphericity was violated so 

Greenhouse-Geisser corrections were used with df rounded to the nearest whole number.  To follow up 

four, independent, 2 (Treatment: Control vs. IPS) x 2 (Sex: Male vs. Female) ANOVAs were conducted 

within each timepoint to ensure that exposure to IPS did not negatively impact general growth across 

development. As there were no main effects of Treatment or Treatment-related interactions (all p’s > .05) 

this data was not included in the final results section but is summarized in Table 4.1.    
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Table 4.1. Weight Gain Across Experimental Timeline.  Mean (+/- SEM) weights (gr) in male and 

female rats exposed to intermittent physical stress (IPS) or no-stress control conditions across the four key 

timepoints in the experiment.   

 

 

 

 

 

 

 

 

 

 

 Elevated Plus Maze Behaviour.  Variables of interest in the EPM (i.e., the percentages of open-

arm entries and time, the number of closed-arm entries and the total number of entries made into any arm) 

were evaluated using a 2 (Treatment: Control vs. IPS) x 2 (Sex: Male vs. Female) ANOVA.  In instances 

where the assumption of homogeneity of variance was violated (i.e., Levene’s p<.05), bootstrapped non-

parametric t-tests were used to confirm prior analyses. 

 Cortical Thickness.  Independent, 2 (Treatment: Control vs. IPS) x 2 (Sex: Male vs. Female) 

ANOVAs were conducted to evaluate whether or not exposure to IPS in mid-adolescence decreased the 

thickness (averaged across hemispheres) in 3 regions of the mPFC (Cg1, PrL, IL).  This process was 

repeated, using the same samples, for the dorsal hippocampus.  Due to its location and lack of concrete 

  Group 

  Males  Females 

Timepoint  Control 
(n=7) 

 IPS   
(n=7) 

 Control 
(n=7) 

 IPS  
(n=7) 

Weaning  43.10 
(2.18) 

 46.08 
(2.47) 

 43.57 
(2.36) 

 46.21 
(2.25) 

Pre-stress  132.20 
(7.56) 

 136.92 
(4.99) 

 115.43 
(4.06) 

 118.50 
(6.57) 

Post-stress  222.80 
(12.78) 

 221.50 
(8.82) 

 151.93 
(6.40) 

 165.93 
(7.98) 

Post-testing  381.80 
(20.78) 

 381.08 
(16.46) 

 235.71 
(5.74) 

 241.29 
(9.31) 
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boundaries/landmarks when tissue is stained via the Golgi-Cox method, thickness of the BLA was not 

evaluated. 

 Dendritic Complexity via Sholl Analysis.  As above, Golgi-Cox impregnated pyramidal cells 

from the mPFC, dorsal hippocampus CA1/CA3 and BLA were also evaluated.  A 2 (Treatment: Control 

vs. IPS) x 2 (Sex: Male vs. Female) ANOVA on dendritic arborization (i.e., critical value) and length 

(i.e., dendritic maximum) was conducted to evaluate whether exposure to IPS reduced dendritic 

complexity of pyramidal cells within each region of interest.   

 Dendritic Spine Density.  Golgi-Cox impregnated pyramidal cells from the mPFC, from region 

CA3 of the dorsal hippocampus and from the BLA were also evaluated for dendritic spine density.  CA1 

neurons were excluded from this analysis, due to high amounts of background staining that resulted in 

poor resolution at both 100X and 40X magnification.  As such, dendritic spine density was analysed using 

a 2 (Treatment: Control vs. IPS) x 2 (Sex: Male vs. Female) ANOVA within the mPFC, region CA3 of 

the dorsal hippocampus and BLA, respectively.  

 
4.3 Results  

4.3.1 Elevated Plus Maze 

 Grubbs test revealed a single outlier (Male/Control) on variables of interest. In, addition, 

two rats (Male/IPS, Female/IPS) failed to make any entries into any arms of the maze, and one 

rat (Female/IPS) made only a single entry into a single arm.  Data from these four rats were 

removed from the EPM data set prior to further analysis.  This resulted in the following group 

n’s: Male/Control (n=6), Male/IPS (n=6), Female/Control (n=7), Female/IPS (n=6).  
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 As can be seen in Figure 4.6, previous exposure to IPS in mid-adolescence increased 

adult rats’ open-arm exploration relative to no-stress controls.  ANOVA revealed a significant 

main effect of Treatment on the percentage of open-arm time, (F(1, 21)=10.51, p=.004, h2=.33) 

and the percentage of open-arm entries, (F(1, 21)=7.33, p=.01, h2=.26).  The percentage of open-

arm time data analysis violated the assumption of homogeneity of variance and was subsequently 

confirmed by a non-parametric bootstrapped independent t-test (mean difference = -21.42, SEM 

= 6.57, p < .007, bootstrapped 95% CI = -36.-4, -6.81).  There was no main effect of Sex or Sex 

x Treatment interactions on the percentage of open-arm time or entries (all p’s>.27) 

The ANOVA also revealed a significant main effect of Treatment on the number of closed-arm entries 

(F(1, 21)=18.05, p<.001, h2=.46) and the total number of entries (F(1, 21)=9.30, p=.006, h2=.31), with 

IPS exposed rats making fewer entries (i.e., both closed and total) relative to no-stress control rats (see 

Table 4.2).  There was no main effect of Sex or Sex x Treatment interactions on either the number 

of closed arm entries or the total number of entries displayed by rats (all p’s>.62). 
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Figure 4.6. Open-arm Exploration in the Elevated Plus Maze. Mean (+/- SEM) percentage of open 
arm time (A) and entries (B) displayed in the Elevated Plus Maze (EPM) by adult male and female rats 
previously exposed to intermittent physical stress (IPS; n=12, dark grey bars) in mid-adolescence relative 
to controls (n=13, light grey bars).  * indicates p<.001, # indicates p<.01.    

B # 

A 
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Table 4.2. Locomotor Behaviour in the Elevated Plus Maze. Summary of mean (+/- SEM) frequency 

of locomotor behaviours displayed in the elevated plus maze (EPM) for adult rats previously exposed to 

intermittent physical stress (IPS) in mid-adolescence.   

 

 

 

 

 

 

4.3.2 Golgi-Cox Analysis 

 Golgi-impregnated pyramidal neurons were easily identified by their characteristic triangular 

shaped soma, apical dendritic extension toward the pial surface with apical tuft, and numerous basal 

dendritic processes.  Impregnated cells were sampled equally between left and right hemispheres.  Visual 

inspection of sampled cells revealed that in all instances, the cells sampled from female rats (regardless of 

treatment) appeared smaller in size relative to the cells sampled from male rats. A reduced number of 

pyramidal cells were traced in regions CA1 due to higher levels of cellular overlap in this region.  In 

addition, a reduced number of pyramidal cells were traced in the BLA due to lower levels of availability 

(i.e., number of cells that met criteria). Thus, for each rat, a total of six cells from layer II/III of the mPFC, 

six cells in CA3 region of the dorsal hippocampus, four cells in CA1 region and four cells within the BLA 

were traced.  A single brain sample (Female/ Control) was lost during processing.  This resulted in the 

following n’s for the Golgi analysis of cells in the mPFC and regions CA1/CA3 of the dorsal 

 Group 

 Males Females 
Behaviour  Controls 

(n=6) 
IPS 

(n=6) 
Controls 

(n=7) 
IPS 

(n=6) 
# Closed Arm Entries 9.50 

(1.26) 
4.67 

(0.56) 
8.07 

(0.77) 
5.17 

(0.94) 

# Total Arm Entries 10.08 
(1.05) 

6.08 
(0.86) 

9.07 
(1.20) 

6.50 
(1.09) 
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hippocampus: Male/Control (n=7), Male/IPS (n=7), Female/Control (n=6), Female/IPS (n=7).  In the case 

of the BLA, several samples failed to yield cells that met criteria.  This resulted in the following group n’s 

for the BLA analysis: Male/Control (n=2), Male/IPS (n=5), Female/Control (n=6), Female/IPS (n=6).  

For ease of presentation, the remainder of the results are provided according to region of interest.  I also 

provide summary table for the key findings across those regions in Table 4.3.   

 

Table 4.3. Summary of Remodeling in Regions of Interest 

 

 

Region of Interest 

IPS-Induced Changes in Male and Female Rats 

Cortical 

Thickness 

Dendritic Arborization Dendritic Length Dendritic 

Spine 

Density 

mPFC reduced no change no change no change 

Hippocampus  no change - - - 

CA1 n/a males: reduced 

females: increased * 

males: reduced 

females: no change 

n/a 

CA3 n/a males: no change 

females: increased * 

no change no change 

BLA n/a reduced no change reduced 

Note: * indicates trend-like effects p<.06.  

 

Medial Prefrontal Cortex 

 Cortical Thickness. As can be seen in Figure 4.7, a history of IPS during mid-adolescence was 

linked to reductions in cortical thickness of the mPFC in adulthood.  ANOVA revealed a significant main 

effect of Treatment on the cortical thickness of the PrL (F(1, 23)= 4.77, p=.04, h2=.17), such that IPS rats 
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had reduced cortical thickness in this region relative to no-stress controls.  A similar trend was noted in 

the IL cortex but this was only marginally significant (F(1,23)= 3.15, p=.09,  h2 =.12)  There was no main 

effect of Treatment on the average thickness Cg1 cortex (F(1, 23)=0.97, p=.34, h2=.04).  This analysis 

also revealed no main effect of Sex or Treatment by Sex interactions on the thickness in any region of 

interest (all p’s>.05; see Table 4.4).    
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Figure 4.7. Reductions in Cortical Thickness. Exposure to intermittent physical stress (IPS) in mid-
adolescence reduced cortical thickness in the medial prefrontal cortex (mPFC) but not the cingulate cortex 
(Cg1).  Adult mean (+/- SEM) cortical thickness within these regions of interest are presented by 
treatment group (IPS; n=14, dark grey bars vs. no stress Control; n=13, light grey bars).  The ( * ) 
indicates p<.05; the (#) indicates a trend-like effect of p<.06 n.s., not significant.  

Figure 7:   
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7. Exposure to intermittent physical stress (IPS) in mid-adolescence reduced cortical 
thickness in the medial prefrontal cortex (mPFC) but not the cingulate cortex (Cg1).  Adult mean 
(+/- SEM) cortical thickness within these regions of interest are presented by treatment group 
(IPS; n=14, dark grey bars vs. no stress Control; n=13, light grey bars).  The ( * ) indicates 
p<.05, n.s., not significant.   
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Table 4.4. Cortical Thickness - Cg1 / mPFC. Mean (+/- SEM) cortical thickness (µm) for male and female rats previously exposed to 

intermittent physical stress (IPS) in mid-adolescence.   

 

Note: Cingulate Cortex (Cg1), medial prefrontal cortex (mPFC). **/boldface denotes significant treatment effects (p<.05)

  Group  

ANOVA 
  Males  Females 

Region of Interest:   Control 

(n=7) 

 IPS 

(n=7) 

 Control 

(n=6) 

 IPS 

(n=7) 

Treatment Sex Treatment x Sex 

Cg1 

Right Hemisphere  

 1405.84 

(49.82) 

 1392.76 

(45.98) 

 1433.12 

(42.94) 

 1379.81 

(19.93) 

F(1, 23)=0.64, 

p=.43 h2=.03 

F(1,23)=0.03, 

p=.86, h2=.001 

(F1,23)=0.24, 

p=.63, h2=.01 

Cg1 

Left Hemisphere  

 1433.17 

(39.29) 

 1418.20 

(46.62) 

 1455.40 

(23.93) 

 1399.53 

(27.41) 

F(1, 23)=0.95, 

p=.34 h2=.04 

F(1,23)=0.002, 

p=.96, h2=.001 

F(1,23)=0.32, 

p=.58, h2=.01 

Cg1 

Total  

 2839.00 

(80.88) 

 2810.96 

(90.02) 

 2888.53 

(44.07) 

 2779.34 

(42.98) 

F(1,23)=0.97, 

p=.34, h2=.04 

F(1,23)=0.02, 

p=.90, h2=.001 

 F(1,23)=0.34, 

p=.57, h2=.02 

mPFC 

Right Hemisphere 

 1006.28  

57.62 

 919.52 

19.98 

 982.70  

26.11  

 924.50  

36.29 

F(1,23)=3.50, 

p=.07, h2=.13 

F(1,23)=0.16, 

p=.70, h2=.007 

F(1,23)=0.85, 

p=.37, h2=.04 

mPFC 

Left Hemisphere 

 1001.11  

57.88 

 878.66  

18.36 

 981.78  

26.23 

 926.96  

27.41 

**F(1,23)=5.86, 
p=.02, h2=.20 

F(1,23)=0.58, 

p=.81, h2=.002 

F(1,23)=0.14, 

p=.72, h2=.006 

mPFC 

Total 

 2007.39  

1(14.07   

 1798.18  

(32.57) 

 1964.48  

(47.26) 

 1851.46 

(60.44) 

**F(1,23)=4.94, 
p=.04, h2=.18 

F(1,23)=0.005, 

p=.94, h2=.001  

F(1,23)=0.44, 

p=.51, h2=.02 
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 Sholl Analysis.  Data from the ventral mPFC (PrL and IL cortices, combined) and a summary of 

the analysis are provided in Table 4.5.  There was no main effect of Treatment on any measures included 

in the Sholl analysis in the mPFC (all p’s > .20).  However, the ANOVA uncovered a significant main 

effect of Sex on the arborization (critical value; F(1,23)=4.36, p=.05, h2=.16) and the length (dendritic 

maximum; F(1,23)=7.44, p=.01, h2=.24), of basal dendrites, such that female rats had lower values 

compared to males across these indices.  There were no Treatment by Sex interactions for any variables of 

interest (all p’s >.05, see Table 4.5).   

 Dendritic Spine Density.  There were no main effects of Treatment, Sex or Treatment by Sex 

interactions on dendritic spine density in the mPFC (all p’s > .05; see Table 4.6).   
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Table 4.5.  Dendritic Arborization and Length - mPFC. Summary of Sholl analysis conducted on pyramidal neurons of Layer II/III of mPFC 

pyramidal neurons sampled from rats exposed to intermittent physical stress (IPS) in mid-adolescence. 

 

 

 

 

 

 

 

 

 

 

Note:  */boldface denotes significant effects (p<.05) and ** (p<.01) 

 

 Treatment ANOVA 
 Males Females 
 Controls 

(n=7) 
IPS 

(n=7) 
Controls 

(n=6) 
IPS 

(n=7) 
Treatment Sex Treatment x Sex 

Apical Dendritic 
Arborization 
(Critical Value) 

297.31 
(27.31) 

291.38 
(20.28) 

262.96 
(33.01) 

326.43 
(54.77) 

F(1,23)=0.61, 
p=.44, h2=.03 

F(1,23)=0.001, 
p=.99, h2=.001 

F(1,23)=0.90, 
p=.35, h2=.04 

Apical Length 
(Dendritic Max.) 

597.86 
(45.08) 

532.14 
(48.08) 

517.50 
(86.56) 

512.86 
(65.79) 

F(1,23)=0.32, 
p=.58, h2=.01 

F(1,23)=0.65, 
p=.43, h2=.03 

F(1,23)=0.24, 
p=.63, h2=.01 

Basal Dendritic 
Arborization 
(Critical Value) 

59.55 
(3.77) 

66.96 
(3.71) 

57.13 
(2.99) 

55.94 
(1.93) 

F(1,23)=0.93, 
p=.34, h2=.04 

*F(1,23)=4.36, 
p=.05, h2=.16 

F(1,23)=1.79, 
p=.19, h2=.07 

Basal Length 
(Dendritic Max.) 

315.00 
(34.14) 

259.29 
(29.49) 

205.00 
(10.00) 

228.57 
(18.54) 

F(1,23)=0.39, 
p=.54, h2=.02 

**F(1,23)=7.44, 
p=.01, h2=.24 

F(1,23)=2.36, 
p=.14, h2=.09 
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Table 4.6. Dendritic Spine Density - mPFC.  Summary of mean (+/- SEM) spine density counts on pyramidal neurons of Layer II/III of mPFC 

within the mPFC of adult rats previously exposed to intermittent physical stress (IPS) in mid-adolescence.   

 

 
 
  

 Treatment ANOVA 
 Males Females 
 Controls 

(n=7) 
IPS 

(n=7) 
Controls 

(n=6) 
IPS 

(n=7) 
Treatment Sex Treatment x Sex 

Apical Proximal 5.64  
(1.84) 

7.64 
(1.92) 

4.92 
(1.08) 

6.93 
(1.19) 

F(1, 23)=1.59, 
p=.22, h2=.07 

F(1,23)=0.21, 
p=.66, h2=.009 

F(1,23)=0.01, 
p=.99, h2=.001 

Apical Distal 23.93 
(2.46) 

29.71 
(2.74) 

27.33 
(2.83) 

27.14 
(0.99) 

F(1, 23)=1.43, 
p=.26, h2=.06 

F(1,23)=0.03, 
p=.86, h2=.001 

F(1,23)=1.62, 
p=.22, h2=.07 

 
Apical Total 29.57 

(3.34) 
37.36 
(3.89) 

32.25 
(2.82) 

34.07 
(1.13) 

F(1, 23)=2.55, 
p=.12, h2=.10 

F(1,23)=0.01, 
p=.92, h2=.001 

F(1,23)=0.98, 
p=.33, h2=.04 

 
Basal Proximal 16.43 

(1.88) 
15.57 
(0.85) 

16.92 
(3.89) 

20.43 
(4.00) 

F(1, 23)=0.21, 
p=.65, h2=.009 

F(1,23)=0.85, 
p=.37, h2=.04 

F(1,23)=0.57, 
p=.46, h2=.02 

Basal Distal 26.29 
(3.04) 

26.43 
(2.84) 

31.75 
(4.43) 

32.43 
(2.99) 

F(1, 23)=0.02, 
p=.90, h2=.001 

F(1,23)=3.00, 
p=.09, h2=.12 

F(1,23)=0.007, 
p=.94, h2=.001 

 
Basal Total  42.71 

(3.83) 
42.00 
(3.45) 

48.67 
(7.22) 

52.86 
(6.49) 

F(1, 23)=0.11, 
p=.75, h2=.005 

 

F(1,23)=2.45, 
p=.13, h2=.10 

F(1,23)=0.21, 
p=.65, h2=.009 
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Table 4.7. Cortical Thickness – Hippocampus. Mean (+/- SEM) cortical thickness (µm) of the dorsal hippocampus for male and female rats 

previously exposed to intermittent physical stress (IPS) in mid-adolescence.   

 
  Group  

ANOVA 
  Males  Females 

Region of Interest  Control 
(n=7) 

 IPS 
(n=7) 

 Control 
(n=6) 

 IPS (n=7) Treatment Sex Treatment x Sex 

Right Hemisphere  1544.65(
14.77) 

 1530.74 
(32.86) 

 1455.48 
(42.04) 

 1516.84 
(45.29) 

F(1, 23)=0.45, 
p=.51, h2=.02 

F(1,23)=2.12, 
p=.16, h2=.08 

(F1,23)=1.13, 
p=.29, h2=.05 

 
Left Hemisphere  1491.84 

(34.63) 
 1504.27 

(27.66) 
 1462.87 

(26.53) 
 1447.04 

(34.93) 
F(1, 23)=0.003, 
p=.96, h2=.001, 

F(1,23)=1.85, 
p=.19, h2=.08 

(F1,23)=0.20, 
p=.66, h2=.01 

 
Hemisphere Average  1518.24 

(19.47) 
 1517.51 

(28.40) 
 1459.18 

(28.71) 
 1481.94 

(38.23) 
F(1,23)=0.14, 

p=.71, h2=.006 
F(1,23)=2.55, 
p=.12, h2=.10 

F(1,23)=0.16, 
p=.70, h2=.007 
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Dorsal Hippocampus  
 
 Cortical Thickness.  There were no main effects of Treatment, Sex or Treatment by Sex 

interactions on cortical thickness in the dorsal hippocampus (all p’s >.05; see Table 4.7). 

 Sholl Analysis.  Sholl analysis of dorsal hippocampal CA1 and CA3 neurons is summarized in 

Table 4.8 and Table 4.9, respectively.  ANOVA revealed that exposure to IPS in mid-adolescence 

produced long-lasting changes in the complexity of both CA1 and CA3 pyramidal neurons, but these 

changes were different for male and female rats.  This was reflected by a significant Treatment by Sex 

interaction on the CA1 apical arborization (critical value; F(1,23)=6.88, p=.02, h2=.23) and a trend-like 

interaction on the length of apical dendrites (dendritic maximum; F(1,23)=4.02, p=.06, h2=.15).  Follow 

up pairwise comparisons within Sex revealed that for male rats, exposure to IPS in mid-adolescence 

reduced arborization (i.e., trend-like effect on critical value; F(1,12)=3.16, p=.10, h2=.21) and length 

(dendritic maximum; F(1,12)=9.95, p=.008, h2=.45) of CA1 apical dendrites, relative to controls.  In 

contrast, female rats previously exposed to IPS in mid-adolescence had increased CA1 apical dendritic 

arborization (i.e., a trend-like effect on critical value; F(1,11)=4.58, p=.06, h2=.29) but no significant 

change in length (dendritic maximum; F(1,11)=0.18, p=.68, h2=.02) when compared to their no-stress 

controls.   
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Table 4.8. Dendritic Arborization and Length - CA1. Summary of Sholl Analysis conducted on pyramidal neurons within region CA1 of the 

dorsal hippocampus sampled from adult rats previously exposed to intermittent physical stress (IPS) in mid-adolescence.   

 
Note: */boldface denotes significant effects (p<.05) and ** (p<.001) 

 Treatment ANOVA 
 Males Females 
 Controls 

(n=7) 
IPS 

(n=7) 
Controls 

(n=6) 
IPS 

(n=7) 
Treatment Sex Treatment x Sex 

Apical Dendritic 
Arborization  
(Critical Value) 

182.43 
(19.72) 

132.86 
(19.70) 

100.83 
(13.07) 

140.71 
(13.11) 

F(1, 23)=0.08, 
p=.78, h2=.003 

*F(1,23)=4.67, 
p=.04, h2=.17 

**F(1,23)=6.86, 
p=.02, h2=.23 

Apical Length 
(Dendritic Max.) 

374.29 
(17.20) 

303.57 
(14.38) 

257.50 
(31.77) 

273.57 
(22.38) 

F(1, 23)=1.59, 
p=.22, h2=.07 

**F(1,23)=11.49, 
p=.003, h2=.33 

F(1,23)=4.02, 
p=.06, h2=.15 

Basal Dendritic 
Arborization  
(Critical Value) 

90.00 
(6.26)  

82.14 
(5.76) 

78.33 
(11.38) 

79.29 
(9.29) 

F(1, 23)=0.18, 
p=.68, h2=.008 

F(1,23)=0.77, 
p=.39, h2=.03 

(F1,23)=0.28, 
p=.60, h2=.01 

Basal Length 
(Dendritic Max.) 

215.00 
(26.14) 

200.00 
(6.27) 

173.33 
(18.91) 

185.71 
(17.06) 

F(1, 23)=0.005, 
p=.94, h2=.001 

F(1,23)=2.27, 
p=.15, h2=.09 

F(1,23)=0.54, 
p=.47, h2=.02 
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Table 4.9. Dendritic Arborization and Length - CA3. Summary of Sholl analysis and cell characteristics of pyramidal neurons within region 

CA3 of the dorsal hippocampus sampled from adult rats previously exposed to intermittent physical stress (IPS) in mid-adolescence.   

 
Note: */boldface denotes significant effects (p<.05).

 Treatment ANOVA 
 Males Females 
 Controls 

(n=7) 
IPS 

(n=7) 
Controls 

(n=6) 
IPS 

(n=7) 
Treatment Sex Treatment x Sex 

Apical Dendritic 
Arborization  
(Critical Value) 

217.14 
(30.16) 

178.57 
(11.38) 

159.17 
(18.63) 

170.71 
(6.94) 

F(1,23)=0.50, 
p=.49, h2=.02 

F(1,23)=2.99, 
p=.10, h2=.12 

F(1,23)=1.73, 
p=.20, h2=.07 

Apical Length 
(Dendritic Max.)  

365.71 
(27.33) 

364.29 
(14.98) 

350.38 
(20.04) 

373.57 
(11.38) 

F(1,23)=1.14, 
p=.30, h2=.05 

F(1,23)=0.10, 
p=.75, h2=.004 

F(1,23)=1.27, 
p=.27, h2=.05 

Basal Dendritic 
Arborization  
(Critical Value) 

105.00 
(10.97) 

90.00 
(3.78) 

74.17 
(8.60) 

97.86 
(6.44) 

F(1,23)=0.28, 
p=.60, h2=.01 

F(1,23)=1.98, 
p=.17, h2=.08 

*F(1,23)=5.61, 
p=.03, h2=.20 

Basal Length 
(Dendritic Max.) 

271.43 
(18.41) 

274.29 
(13.20) 

228.33 
(30.51) 

277.86 
(10.68) 

F(1,23)=1.95, 
p=.18, h2=.08 

F(1,23)=1.11, 
p=.30, h2=.05 

F(1,23)=1.55, 
p=.23, h2=.06 
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Within CA3 pyramidal neurons, there was a significant Treatment by Sex interaction on the basal dendrite 

arborization (critical value; F(1,23)=5.61, p=.03, h2=.20). Follow-up comparisons within Sex revealed 

that exposure to IPS in mid-adolescence did not significantly alter male rats’ basal dendrite arborization 

(critical value; F(1,12)=1.67, p=.22, h2=.12) but produced trend-like increases in basal dendritic 

arborization (critical value; F(1,11)= 4.28, p=.06, h2 =.28) in female rats.  

 Dendritic Spine Density.   As noted earlier, it was only possible to analyze spine density in area 

CA3. There was no main effect of Treatment on any measure of dendritic spine density in that region of 

the dorsal hippocampus (all p’s > .05; see Table 4.10). There was, however, a main effect of  Sex on the 

total number of apical dendritic spines (F(1,23)=7.20, p=.01, h2=.24) and this effect was evident at the 

distal (F(1,23)=7.44, p=.01, n2=.24), but not proximal (F(1,23)=2.12, p=.16, h2=.08), portion of the 

apical dendrite.  In all three instances (total, distal, proximal), male rats had more dendritic spines than 

female rats.  There were no other main effects of Sex or Treatment by Sex interactions (all p’s>.05; see 

Table 4.10).
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Table 4.10. Dendritic Spine Density – CA3.  Summary of mean (+/- SEM) spine density counts on pyramidal neurons within region CA3 of the 

dorsal Hippocampus of adult rats previously exposed to intermittent physical stress (IPS) in mid-adolescence.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Note: **/boldface denotes significant effects (p<.01)

 Treatment ANOVA 
 Males Females 
 Control 

(n=7) 
IPS 

(n=7) 
Control 
(n=6) 

IPS 
(n=7) 

Treatment Sex Treatment x Sex 

Apical Proximal 19.43 
(2.92) 

23.07 
(1.29) 

18.33 
(3.26) 

17.43 
(1.38) 

F(1, 23)=0.35, 
p=.56, h2=.02 

F(1,23)=2.12, 
p=.16, h2=.08 

F(1,23)=0.97, 
p=.34, h2=.04 

Apical Distal 21.21 
(3.37) 

25.71 
(2.52) 

14.83 
(1.62) 

18.27 
(2.01) 

F(1, 23)=2.46, 
p=.13, h2=.10 

**F(1,23)=7.45, 
p=.01, h2=.24 

(F1,23)=0.04, 
p=.84, h2=.002 

Apical Total 40.64 
(5.07) 

48.78 
(2.94) 

33.17 
(3.74) 

35.71 
(3.11) 

F(1, 23)=1.95, 
p=.18, h2=.09 

**F(1,23)=7.20, 
p=.01, h2=.24 

F(1,23)=0.53, 
p=.47, h2=.02 

Basal Proximal 11.50 
(1.77) 

18.43 
(2.53) 

11.17 
(2.81( 

13.21 
(2.15) 

F(1, 23)=3.82, 
p=.06, h2=.14 

F(1,23)=1.46, 
p=.24, h2=.06 

F(1,23)=1.13, 
p=.30, h2=.05 

Basal Distal 25.57 
(3.15) 

28.00 
(1.71) 

23.17 
(3.75) 

23.21 
(1.55) 

F(1, 23)=0.22, 
p=.64, h2=.01 

F(1,23)=1.89, 
p=.18, h2=.08 

F(1,23)=0.21, 
p=.65, h2=.009 

Basal Total  37.07 
(3.76) 

46.43 
(2.96) 

34.33 
(5.91) 

36.43 
(2.21) 

F(1, 23)=2.29, 
p=.14, h2=.09 

F(1,23)=2.83, 
p=.11, h2=.11 

F(1,23)=0.92, 
p=.35, h2=.04 
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Basolateral Amygdala 

 Cortical Thickness.  As noted earlier, Golgi staining is not suitable for demarcating the 

boundaries of the BLA. Thus, it was not possible to evaluate cortical thickness in this region using my 

Golgi-stained tissue.  

 Sholl Analysis.  There was a main effect of Treatment on basal dendritic arborization (critical 

value; F(1, 15)=5.10, p=.04 h2=.25) in the BLA, such that rats previously exposed to IPS in mid-

adolescence had reduced arborization in adulthood relative to no-stress controls (see Figure 4.8).  There 

were no other main effects of Treatment (all p’s>.05), no main effects of Sex or any Treatment by Sex 

interactions on the variables of interest (all p’s>.05; see Table 4.11).   

 

 

 

 

 

 

 

 

 

 

Figure 4.8. Reductions in Dendritic Complexity in the BLA.  Exposure to intermittent physical stress 
(IPS) in mid-adolescence (PD 35-46) reduced basal dendritic arborization (i.e., critical value) in 
adulthood (PD 75+).  Data are presented as mean (+/- SEM) arborization values by treatment group (IPS; 
n=11, dark grey bar vs. no stress Control; n=8, light grey bar), The ( * ) indicates p<.05.  
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  Dendritic Spine Density.  For apical dendrites, there was a main effect of Treatment on the total 

number of spines (F(1,15)=7.45, p=.02, h2=.33), such that IPS-exposed rats had fewer dendritic spines 

relative to no-stress controls (see Figure 4.9).  This effect appeared to be driven by the number of spines 

located on the proximal (F(1,15)=6.73, p=.02, h2=.31), but not the distal (F(1,15)=.81, p=.38, h2=.05), 

portion of the apical dendrite.  There were no other main effects of Treatment, no main effects of Sex, or 

Treatment by Sex interactions (all p’s>.05; see Table 4.12).  
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Figure 4.9. Dendritic Spine Density in the BLA.  Mean (+/- SEM) total number of spines (A) found on 
pyramidal neurons within the basolateral amygdala (BLA). Mean (+/- SEM) number of spines found on 
the proximal portion of apical dendrites (B). Light grey bars represent no-stress control rats (n=8) and 
dark grey bars represent rats previously exposed to intermittent physical stress (IPS; n=11) in mid-
adolescence.  The ( * ) indicates p<.05.  
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Table 4.11. Dendritic Arborization and Length - BLA.  Summary of Sholl analysis of pyramidal neurons of the BLA sampled from adult rats a 

history of intermittent physical stress (IPS) in mid-adolescence. 

 

  

 

 

 

 

 

 

 

 

 

Note: */boldface denotes significant effects (p<.05).   

  

 Treatment ANOVA 
 Males Females 
 Controls 

(n=2) 
IPS 

(n=5) 
Controls 

(n=6) 
IPS 

(n=6) 
Treatment Sex Treatment x Sex 

Apical Dendritic 
Arborization 
(Critical Value) 

137.50 
(37.50) 

129.00 
(22.04) 

156.67 
(19.90) 

132.50 
(20.48) 

F(1,15)=0.42, 
p=.53, h2=.03 

F(1,15)=0.20, 
p=.66, h2=.01  

F1,15)=0.10, 
p=.76, h2=.006  
 

Apical Length 
(Dendritic Max) 

312.50 
(32.50) 

302.00 
(46.33) 

350.83 
(17.72) 

321.67 
(38.15) 

F(1, 15)=0.23, 
p=.64, h2=.02 

F(1,15)=0.50, 
p=.49, h2=.03  

(F1, 15)=0.05, 
p=.82, h2=.003  
 

Basal Dendritic 
Arborization 
(Critical Value) 

82.50 
(7.50) 

72.00 
(5.83) 

84.17 
(3.27) 

67.50 
(5.73) 

*F(1, 15)=5.10, 
p=.04, h2=.25 
 

F(1,15)=0.06, 
p=.82, h2=.004  

F(1,15)=0.26, 
p=.62, h2=.08 
 

Basal Length 
(Dendritic Max.) 

277.50 
(42.50) 

229.00 
(22.27) 

257.50 
(8.34) 

275.00 
(11.18) 

F(1, 15)=0.72, 
p=.41, h2=.05 

F(1,15)=0.51, 
p=.49, h2=.03 

F(1, 15)=3.26, 
p=.09, h2=.18 
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Table 4.12. Dendritic Spine Density - BLA.  Summary of mean (+/- SEM) spine density counts on pyramidal neurons within the BLA of adult 

rats previously exposed to intermittent physical stress (IPS) in mid-adolescence.   

 

 

 

 

 

 

 

 

 

 

 
 

Note: **/boldface denotes significant effects (p<.05).  

 Treatment ANOVA 
 Males Females 

 Control 
(n=2) 

IPS 
(n=5) 

Control 
(n=6) 

IPS 
(n=6) 

Treatment Sex Treatment x Sex 

Apical Proximal 22.5 
(5.50) 

14.60 
(2.44) 

30.00 
(2.08) 

19.83 
(3.62) 

**F(1, 15)=6.73, 
p=.02, h2=.31 

F(1,15)=3.34, 
p=.08, h2=.18 

F(1,15)=2.79, 
p=.12, h2=.17 

Apical Distal 10.5  
(1.50) 

12.20 
(2.15) 

16.25 
(3.03) 

9.33  
(1.94) 

F(1, 15)=0.81, 
p=.38 h2=.05 

F(1,15)=0.25, 
p=.63, h2=.02 

F(1,15)=0.90, 
p=.36, h2=.06 

Apical Total 33.00 
(4.00) 

26.80 
(2.94) 

46.25 
(3.98) 

29.17 
(3.53) 

**F(1, 15)=7.46, 
p=.02, h2=.33 

F(1,15)=3.35, 
p=.09, h2=.18 

F(1,15)=4.13, 
p=.06, h2=.23 

Basal Proximal 18.00 
(3.00) 

13.20 
(1.98) 

18.75 
(4.30) 

13.33 
(2.94) 

F(1, 15)=1.67, 
p=.22, h2=.10 

F(1, 15)=0.01, 
p=.91, h2=.001 

F(1,15)=0.75, 
p=.40, h2=.05 

Basal Distal 27.00 
(7.00) 

17.00 
(3.08) 

32.75 
(3.61) 

29.17 
(4.76) 

F(1, 15)=2.09, 
p=.17, h2=.12 

F(1, 15)=3.64, 
p=.08, h2=.20 

F(1,15)=0.21, 
p=.66, h2=.02 

Basal Total  45.00 
(10.50) 

30.20 
(4.25) 

51.50 
(7.22) 

42.50 
(5.59) 

F(1, 15)=2.56, 
p=.13, h2=.15 

F(1, 15)=1.75, 
p=.21, h2=.11 

F(1,15)=0.56, 
p=.46, h2=.04 
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4.4 Discussion 

 The goal of the current experiment was to examine the long-lasting impact of stress in mid-

adolescence on cortico-limbic structures.  I applied IPS to male and female rats in mid-adolescence (PD 

35-46) and evaluated cortical thickness, dendritic arborization/length and synaptic spine density in the 

mPFC, dorsal hippocampus and BLA in adulthood (PD 75+).  Behaviourally, adult rats with a history of 

stress in mid-adolescence displayed markedly higher levels of open-arm activity in the EPM test.  These 

same rats showed neuroanatomical evidence that stress in mid-adolescence evokes regionally specific and 

enduring structural changes in the brain.  Rats previously exposed to IPS in mid-adolescence had reduced 

cortical thickness of the mPFC, but this was not accompanied by changes in dendritic arborization or 

synaptic spine density.  In contrast, although a history of IPS did not alter the thickness of the dorsal 

hippocampus, it decreased the complexity (length) of apical dendrites in area CA1 of adult male, but not 

female, rats. In areas CA1 and CA3, IPS was associated with respective marginal increases in complexity 

(arborization) of apical and basal dendrites, in female, but not male, rats.  Finally, the BLA was sensitive 

to the effects of IPS in mid-adolescence, as indexed by a significant reduction in the complexity 

(arborization) of basal dendrites of pyramidal neurons, along with a decrease in apical spine density. 

Taken together, these structural changes in the brain might contribute, at least in part, to the long-lasting 

impact of IPS in mid-adolescence on rats’ behavioural phenotypes in adulthood.  

4.4.1 IPS in Mid-Adolescence Increased Open-Arm Exploration in Adulthood  

 Consistent with my earlier findings (Wilkin, et al., 2012; Wilkin & Menard, 2020; Lamontagne et 

al., 2020), male and female rats previously exposed to IPS in mid-adolescence displayed markedly more 

open-arm exploration in adulthood than did no-stress control rats.  Although not specifically addressed in 

the current study, IPS-induced increases in open-arm exploration appear specific to stress in mid-
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adolescence, in that the opposite profile (i.e., decreases in open-arm exploration) were displayed by both 

male and female rats with a history of IPS in early adolescence (Wilkin, et al., 2012; Tao et al., 2017). 

Further, the current results are unlikely to reflect a global reduction in anxiety, as rats with a history of 

IPS in mid-adolescence displayed normal levels of burying behaviour in the shock-probe test  (Wilkin, et 

al., 2012; Wilkin & Menard, 2020) and normal levels of behavioral fearfulness in a conventional 

conditioned suppression of responding task (Lamontagne et al., 2020).  Elsewhere, I have argued that the 

higher levels of open-arm exploration displayed by IPS-treated rats might preferentially reflect an 

enhancement of reward-related processes (Chapter 3, in preparation; Lamontagne et al., 2020).  This 

possibility warrants further investigation.  

4.4.2 IPS in Mid-Adolescence Produced Long-Lasting Decreases in Cortical Thickness That Were 

Only Evident in the mPFC 

I found that IPS in mid-adolescence produced long-lasting decreases in cortical thickness in the 

PrL and, to a somewhat lesser extent, the IL regions of the mPFC, but not in the cingulate cortex or 

hippocampus. This aligns with my earlier prediction that IPS rats would have reductions in cortical 

thickness in adulthood and that this effect would be restricted to the PrL and IL portions of the mPFC.   

 It seems possible that IPS rats had reduced cortical thickness of the PrL and IL regions of the 

mPFC but not the cingulate cortex or the dorsal hippocampus because these structures differ in terms of 

their peak periods of neurodevelopment, and as such, differ in terms of their peak periods of vulnerability 

(Andersen & Teicher, 2008; Buwalda, Geerdink, Vidal, & Koolhaas, 2011).  Van Eden and colleagues 

(1985; 1990) noted that the cytoarchitectural development of the mPFC does not stabilize until 

approximately PD 30+, and synaptic development follows thereafter (~PD 35+).  The mPFC develops 

later than other portions of the PFC (Van Eden & Uylings, 1985; Van Eden, Kros & Uylings, 1990), and 
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there is some indication that the PrL and IL cortices mature at a slower rate than the cingulate (Markham, 

Morris & Juraska, 2007; Willing & Juraska, 2015).  Compared to the mPFC, hippocampal structures seem 

to be in a state of developmental flux at an earlier age and reach maturity by approximately PD 28 

(Baudry et al., 1981; Crain et al., 1973; Ganella & Kim, 2014; Jacobson, 1963). Stress that occurred in 

mid-adolescence (PD 35-46) would then likely have less impact on stabilized hippocampal structures 

relative to the mPFC.  The current results, however, are provisional and to the best of my knowledge are 

the first to demonstrate long-lasting reductions in cortical thickness of the mPFC, but not hippocampus, in 

rats exposed to stressors restricted to mid-adolescence.  Further developmental mapping studies, 

specifically of the PFC are needed (Kolb et al., 2012) to not only understand the normal developmental 

trajectory of the mPFC but also to understand how stress might change this trajectory and any 

corresponding behavioural outcomes. 

4.4.3 IPS in Mid-Adolescence Did Not Alter Dendritic Complexity and Spine Density of Pyramidal 

Neurons in the mPFC    

 While I observed decreases in cortical thickness of the mPFC in adult rats previously exposed to 

IPS in mid-adolescence, I saw no evidence that this was linked to decreases in either dendritic complexity 

or spine density of pyramidal cells in layers II/III of the mPFC.  Inconsistent with my findings, repeated 

social defeat stress during mid-adolescence (PD42-46) reduced the branching of apical (but not basal) 

dendrites in layers II/III of the mPFC, in both male and female rats.  However, these effects were apparent 

24 hrs after the end of the final social defeat, and it remains unknown if they would persist into adulthood 

(Urban et al., 2019).  Consistent with my findings, that same study found no evidence of stress-induced 

changes in total dendritic spine density in layer II/III pyramidal cells of the mPFC.  However, those 

authors did observe stress-induced decreases in the number of apical dendritic spines in layer V (Urban et 
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al., 2019).  Unfortunately, in the current study, the number of pyramidal cells in layer V that met criterion 

was insufficient to conduct a meaningful analysis.     

 The reductions in cortical thickness that I observed in the mPFC might reflect stress-induced 

increases in neuronal pruning as opposed to atrophy of dendritic processes.  There is evidence for 

programmed loss of neurons during adolescence (Markham et al., 2007).  The number of neurons in the 

ventral mPFC (PrL and IL mPFC, combined) of both male and female rats decreased between 

adolescence (PD35) and adulthood (PD90), and, in females, this was accompanied by volume reductions 

within this region (Markham et al., 2007).  Consistent with my findings, those same authors found no 

changes in either neuron number or regional volume in the anterior cingulate cortex (Markham et al., 

2007).  It might be that in the current study, IPS exacerbated normal levels of neuronal pruning, resulting 

in changes to the overall cortical thickness even in the absence of notable changes in dendritic 

arborization and spine density.   This possibility needs to be confirmed in further studies, perhaps using 

immunohistochemical markers of neurons (e.g., NeuN) and/or apoptosis (e.g., caspase-3).  

4.4.4 IPS in Mid-Adolescence Altered Hippocampal Dendritic Complexity in a Sex-Specific Manner 

but Had No Apparent Effects on Spine Density 

 Previous exposure to IPS in mid-adolescence produced sex-specific changes in the arborization of 

hippocampal pyramidal cells in adulthood.  Specifically, in male rats, IPS reduced the complexity of 

apical dendrites in area CA1, as reflected by significant reductions in indices of length and arborization, 

respectively.  This effect was specific, as IPS did not alter basal dendrites in area CA1 and either basal or 

apical dendrites in area CA3.  Exposing female rats to IPS in mid-adolescence did not alter basal dendritic 

arborization in area CA1.  However, IPS-treated females displayed trend-like increases in the arborization 

of apical dendrites in CA1 and basal dendrites in CA3.   
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 Consistent with my findings, Zhao and colleagues (2020) found that exposing male rats to 

inescapable foot shock stress (twice daily) from PD28 to PD34 evoked long-lasting reductions in the 

length and number of branch points of hippocampal pyramidal cells in CA1, and these effects were 

apparent as late as PD72  (Zhao et al., 2020).  However, unlike my findings, restraint stress (6hrs/day) 

across adolescence (PD20-41) reduced dendritic length and branching of pyramidal cells in area CA3 of 

both male and female rats (Eiland et al., 2012).  In line with the latter findings, exposing female rats to 

2hrs of daily restraint stress in adolescence (PD30-40) significantly reduced the length of dendrites in area 

CA3 in adulthood (PD70; Moradi-Kor et al., 2019).  The conflict between my findings and these latter 

studies might reflect differences in strain, housing, type and/or duration of stress, the age at which it was 

applied, and/or the age at the time of tissue harvesting.   

 I saw no evidence that previous exposure to IPS in mid-adolescence altered the number of 

dendritic spines in the dorsal hippocampus of either male or female rats in adulthood.  In contrast, 

synaptic spine density was reduced in the hippocampus of adult rats (PD77) previously exposed to social 

isolation housing stress in early/mid-adolescence (PD21-47), and this effect was reversed by 4-weeks of 

resocialization via group housing (Biggio et al., 2019).  Similar to my findings, exposure to social defeat 

episodes across 10 days in adolescence (PD35-44) did not alter total spine density in area CA1 one day 

after the end of the defeat regimen (PD45; Iniguez et al., 2016).  However, those same authors did 

observe stress-induced reductions in the number of stubby spines combined with increases in the number 

of long-thin spines in that area.  It would be of interest to explore whether IPS similarly impacted specific 

spine types in the hippocampus.  

4.4.5 IPS in Mid-Adolescence Decreased Dendritic Complexity and Spine Density in the BLA 
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 Exposure to IPS in mid-adolescence resulted in long-lasting decreases in the arborization of basal 

dendrites and spine density of apical dendrites within the BLA.  These findings are consistent with other 

reports in the literature.  Tsai and colleagues (2014) found that chronic social instability stress (i.e., daily 

exposure to one hour of restraint followed by rehousing with novel cage mates) across adolescence/early 

adulthood (~PD28-63) reduced dendritic arborization and spine density in the BLA when examined one 

day after the end of the stress application period (PD64). Pizon-Para and colleagues reported that 

exposure to daily restraint stress across the early adolescent period (PD21-35) resulted in reduced 

dendritic spine density in the BLA on PD38, and this effect was still evident at PD50 and PD68; Pizon-

Para et al., 2018).  Thus, it appears that stress, regardless of whether it is applied in early or mid-

adolescence, is associated with both immediate and long-lasting decreases in spine density in the BLA.   

 Interestingly, chronic stress in adulthood is also linked to changes in dendritic architecture but the 

direction of these effects is typically opposite to what occurs following stress in adolescence (Padival, 

Blume & Rosenkranz, 2013; Padival, Blume & Vantrease, 2015; Vyas, Mitra, Rao & Chattarji, 2002; 

Vyas, Jadhav & Chattarji, 2006). For example, as noted above, chronic social instability stress across 

adolescence (~PD28-63) was associated with reductions in dendritic arborization and spine density in the 

BLA, whereas when this exact same stress paradigm was shifted to adulthood (~PD60-95) it evoked 

marked increases in dendritic arborization and spine density (Tsai et al., 2014).  That same study found 

that chronic social instability stress evoked opposing outcomes on fear-potentiated startle that depended 

on when the chronic stress was experienced; i.e., fear-potentiated startle was reduced following chronic 

stress in adolescence and enhanced following chronic stress in adulthood (Tsai et al., 2014).   Others 

found that exposing adult (PD60+) male rats to chronic restraint stress increased dendritic complexity and 
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spine density in the BLA, and these effects were associated with significant decreases in open-arm 

exploration in the elevated plus-maze (Vyas et al., 2002; Vyas et al., 2006).   

 Interestingly, the reduction in spine density I observed at the level of the BLA appeared to be 

driven by the number of spines on the proximal, but not distal, portion of apical dendrites. Most synapses 

formed at dendritic spines in the basolateral amygdala are asymmetrical and presumably excitatory 

(Muller, Mascagni & McDonald, 2006).  Symmetrical synapses, some of which are inhibitory, are fewer 

in number and predominantly located on distal dendrites (Muller et al., 2006).  Thus, it seems possible 

that the current IPS-induced reductions in spine density reflect a reduction in excitatory input to the BLA.  

In other words, the excitatory to inhibitory balance might have shifted in favor of inhibition.  Although 

speculative, this possibility agrees with the patterns discussed above; i.e., that the increases in spine 

density in the BLA, that followed stress in adulthood, and were associated with increases in anxiety-

related behaviour (Tsai et al., 2014; Vyas et al., 2002, 2006), whereas the decreases in spine density that 

followed stress in adolescence were associated with decreases in anxiety-related behavior (current 

findings; Tsai et al., 2014).  Specifically, excitation of the BLA is linked to anxiogenic-like effects 

whereas inhibition of the BLA is linked to anxiolytic-like outcomes.  For example, optogenetic excitation 

of BLA projections to the mPFC had anxiogenic-like effects in the elevated plus-maze and open-field 

tests, whereas optogenetic inhibition of that circuit produced anxiolytic-like effects in those tests (Felix-

Oritz et al., 2015).  The latter findings concur with earlier work showing that local pharmacological 

inhibition in the BLA has anxiolytic-like effects in various tests, including the elevated plus-maze (Pesold 

& Treit, 1995; de Andrade Strauss, Vincente & Zangrossi Jr, 2013). 

 It is also interesting that the pyramidal cells I sampled were situated in the anterior BLA.  These 

cells were larger (likely magnocellular cells) and relatively easy to distinguish from the smaller (likely 
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parvocellular) pyramidal cells present in neighbouring regions.  There are several reports of non-

overlapping pyramidal cells in the BLA that are selectively sensitive to either aversive stimuli or 

rewarding stimuli, and further that each of these valence-specific cell types inhibits the activity of the 

other (Kim et al., 2016; Lee et al., 2017). One especially elegant report, using male mice, found that 

magnocellular neurons in the anterior BLA that expressed R-spondin 2 (Rspo2) were sensitive to foot-

shock (but not a natural reward stimulus) whereas parvocellular neurons in the posterior BLA that 

expressed protein phosphatase 1 regulatory inhibitor subunit 1B (Ppp1r1b) were sensitive to a natural 

reward stimulus (exposure to a female mouse) but not to foot-shock (Kim et al., 2016).  Activation of 

Rspo2+ and Ppp1r1b+ neurons evoked negatively and positively valenced behaviors, respectively. For 

example, using a real-time optogenetic place preference test, the amount of time mice spent in the light-

stimulation side of the chamber was decreased by activation of Rspo2+ neurons and increased by 

activation of Ppp1r1b+ neurons. Further tests showed that activation of Rspo2+ neurons disrupted cue-

induced reward-seeking (i.e., nose poking for water reward), whereas activation of Ppp1r1b+ neurons 

suppressed the expression of conditioned freezing.  Patch-clamping experiments confirmed that Rspo2+ 

and Ppp1r1b+ neurons interact via reciprocal feedforward inhibition.  These antagonistic circuits in the 

BLA provide a mechanism for balancing safety concerns with the drive for obtaining natural rewards 

(Kim et al., 2016).   

4.4.6 General Conclusions and Future Directions 

 As expected, exposing male and female rats to IPS in mid-adolescence reliably increased their 

open-arm exploration in adulthood.  I previously argued that these IPS-induced increases in open-arm 

exploration reflect a qualitative shift in rats’ behavioral profiles away from a security-centric toward a 

more reward-centric phenotype (Chapter 3, in preparation; Lamontagne et al., 2020).  It is tempting to 
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suggest that this shift is, at least in part, mediated by the IPS-induced reduction of dendritic spines 

detected in the anterior BLA.  In particular, a decrease in the excitability of threat-sensitive neurons and 

consequent dampening of their feedforward inhibition of reward-sensitive neurons would translate into 

heightened sensitivity to reward.  Although clearly speculative, this intriguing possibility merits further 

investigation and provides an exciting avenue for future work in this area.  
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CHAPTER 5:  GENERAL DISCUSSION 

5.0 Overall Findings and Implications 

 In Chapter 2, I investigated whether the lasting impact of IPS in mid-adolescence was influenced 

by the degree of social contact rats experienced. To the best of my knowledge, this study was the first 

direct examination of whether social housing modulates the lasting impact of non-social stressors 

experienced in adolescence.  As hypothesized, IPS-induced increases in open-arm exploration were most 

evident in rats that were single housed throughout the experiment, were reduced, but still evident, in rats 

re-socialized at the end of the stress regimen and no longer evident in continuously pair housed rats.  

Because social isolation, on its’ own, did not alter rats behavioural profiles in the EPM, my findings 

cannot be explained as the simple removal of an extra-stressor; i.e., social isolation.  Instead, it appeared 

that the IPS-induced increases in open-arm exploration displayed by single-housed rodents were 

increasingly normalized as the degree of social contact they were provided increased.  I also observed 

enhanced resilience (i.e., stress inoculation) in the SPBT in continuously pair housed rats with a history of 

stress in mid-adolescence.  Overall, these findings suggest that affiliative social contact buffers the lasting 

impact of stress in mid-adolescence and may even promote greater resilience to subsequent, acute 

stressors in later life.  

 In Chapter 3, I showed that exposure to IPS in mid-adolescence not only increased open-arm 

exploration in adulthood, but also increased rats’ sensitivity to the locomotor enhancing effects of 

amphetamine.  In fact, the amount of open-arm exploration exhibited by rats predicted their locomotor 

response to amphetamine, and this relationship was only apparent in IPS-treated rats.  Factor analysis 

supported the idea that experiencing IPS in mid-adolescence promoted a qualitative shift in rats’ 
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behavioural profiles in the EPM, from a security-centric toward a more reward-centric phenotype.  In 

Chapter 4, I raised the intriguing possibility that this shift might be due, at least in part, to the IPS-induced 

reductions in spine density I observed on apical dendrites in the anterior BLA.  Although speculative, this 

possibility aligns with prior evidence that the BLA contains functionally segregated cells that are 

selectively sensitive to either aversive stimuli or rewarding stimuli, and further that each of these valence-

specific cell types inhibits the activity of the other (Kim et al., 2016; Lee et al., 2017).  It seems unlikely 

that the observed IPS-induced reductions in dendritic complexity of apical dendrites in the dorsal 

hippocampus contribute to the impact of IPS on open-arm exploration, because this structural outcome 

was only seen in males whereas the behavioural outcome was apparent in both sexes.  At the very least, 

my findings confirm that stress restricted to mid-adolescence evokes regionally specific dendritic 

remodelling in the dorsal hippocampus and BLA, but perhaps not the mPFC.   

5.1 Limitations  

 Because treatment-related outcomes can differ between male and female rats (Becker & Koob, 

2014; Koras & Dalla, 2016; McCormick et al., 2010), efforts should be made to include both males and 

females in this type of research. Unfortunately, for logistical reasons, it was not feasible to include 

females in all of the work included in this thesis.  Thus, it remains unknown if female rats are sensitive to 

the stress buffering effects of social contact in a manner similar to what I observed in male rats (Chapter 

2).  Similarly, it is not clear whether IPS-induced increases in open-arm exploration would predict 

increases in sensitivity to amphetamine in females, like they do in males (Chapter 3). Although the latter 

possibility seems likely, given that IPS-induced increases in open-arm exploration predict their 

consumption of a natural reward (i.e., sweet solution; Lamontagne et al., 2020), further work is needed to 

confirm that possibility.   
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 In Chapter 4, my intent was to determine whether IPS in mid-adolescence evoked structural 

changes in brain regions implicated in emotion regulation; i.e., the mPFC, hippocampus and BLA.  

Unfortunately, due to tissue loss during slicing, I was not able to collect sufficient samples of the ventral 

hippocampus for analysis. The ventral hippocampus has an established and long-standing role in emotion 

regulation (Feneslow & Deng, 2009).  The dorsal hippocampus, on the other hand, has been linked to 

cognitive functions such as spatial navigation and memory (Feneslow & Deng, 2009).  So, while it might 

be argued that elements of my research involve spatial navigation (e.g., exploration of the maze), the 

findings associated with the dorsal hippocampus are limited in their application.      

 Finally, because Chapter 4 was exploratory in nature, I felt comfortable using a simple linear 

probe as a measurement of cortical thickness. This decision was also dictated by the characteristics of the 

Golgi stain itself.  The Golgi-Cox method, that I used, facilitates visualization of neuron morphology in 

only a low percentage of neurons (~1-3%; Zaquot & Kaindl, 2016) with a minor degree of background 

stain (Buell, 1982; Koyama, 2013).  While this technique is ideal for evaluating cells in their entirety, is 

not ideal for conducting more precise volumetric measurements.  It particular, with Golgi staining, the 

structural boundaries in some regions are not clearly defined and the slices are not collected according to 

the strict rules required for stereological probes (e.g., Cavallieri probes) used to estimate total volume.  

 Another challenge I encountered with the Golgi-stained tissue was that background staining 

prevented the evaluation of the number of spines in some regions and the quantification of different types 

of spines overall.   Since stress-induced differences can affect not only the total number of spines (current 

findings) but also the type of spine (Iniguez et al., 2016) it would be ideal to be able to evaluate the tissue 

at both levels of analysis.  My pilot studies indicated that a 14-day immersion was ideal for whole cell 
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staining.  Future studies should aim to immerse the brains in the Golgi staining solution for fewer days to 

see if this reduces background staining in a manner that facilitates evaluation of spine type.   

 It is also worth noting that the generalizability of my findings within the mPFC might be limited.  

There is some controversy about what the rat mPFC represents in relation to human and non-human 

primate brain, as notable differences are currently identified in both the regional delineation and 

nomenclature used for this region across rodent and primate research (Laubach et al., 2018; Schaffer et 

al., 2020).   For example, a recent report indicates that although the local functional organization of the 

medial frontal cortex (MFC) is conserved across rodents and both human and non-human primates, the 

functional connectivity between the MFC and other brain regions differs across those species (Schaffer et 

al., 2020).  In addition to being cognizant of such differences, greater effort needs to be made by 

researchers to adopt strict standards when examining cross species structural/functional analogues in the 

MFC and to be aware of translational limitations, if and when they arise (Laubach et al., 2018).  

5.2 Future Directions and Theoretical Considerations 

 As with most research projects, my dissertation raises more questions than answers.  In the 

following sections, I briefly discuss some of the ongoing theoretical considerations that are relevant to my 

current work and what could be done to address them.   

5.2.1 Testing IPS-Treated Rats in a Wider Array of Tests   

 An important avenue for future research, would be to test rats with a history of IPS in mid-

adolescence in a wider array of behavioural tests.  As shown in Chapters 2 and 3, IPS-treated rats 

displayed increased open-arm exploration in the EPM but normal levels of burying behaviour in the 

SBPT. Although this suggests that IPS in mid-adolescence does not evoke global reductions in anxiety-

like behaviour, further testing should aim to either confirm or refute this interpretation.  It might be 
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beneficial to select those tests according to specific test features.  For example, in Chapter 2, I entertained 

the possibility that stress in mid-adolescence alters rodents’ responses to potential threats (as modeled in 

the EPM) but not their responses to present, localizable threat stimuli (e.g., an electrified probe).  This 

could be further examined by testing rats in a cat order task (Dilenberg & McGregor, 2001) vs. a test that 

incorporates the use of a live cat (Fifield et al., 2013).  Another interesting test for measuring defensive 

responses to potential vs. present threats is the recently developed naturalistic foraging task (Choi & Kim, 

2010).  Here, rats have to leave the safety of a nesting chamber to retrieve food pellets in an adjacent, 

elongated test chamber where they might (or might not) encounter a mechanical predator (i.e., a remote 

controlled “Robogator”, Lego
TM

).  Using this test, investigators discovered cells in the BLA that were 

tuned into the approach/avoidance responses rats displayed at the test chamber entrance.  Specifically, 

initiation of foraging was linked to reduced firing rates of specific cells of the BLA, whereas quick 

retreats to the back of the nesting chamber were linked to increased firing rates in those same cells (Amir 

et al., 2015).  It would be interesting to determine if IPS in mid-adolescence biases the firing rates of 

approach/avoidance cells in the BLA in a direction that favors approach.    

 Additional studies should also aim to further explore my suggestion that IPS-induced increases in 

open-arm exploration reflect increases in risk-taking behaviour.  Although that interpretation makes sense 

at a conceptual level, it nonetheless requires further validation.  For example, it could be argued that IPS-

induced increases in open-arm exploration reflect increases in either novelty-seeking, sensation-seeking, 

or impulsivity, or, perhaps, a combination of these responses.  On one hand, these responses might reflect 

facets of a single, overarching construct.  A more likely explanation, however, is that risk-taking, novelty-

seeking, sensation-seeking, and impulsivity, represent separate, but overlapping, constructs that need to 
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be measured with separate tests (Flagel et al., 2014).  At the very least, using a wider battery of tests could 

uncover a more nuanced behavioural profile than depicted by my dissertation findings.   

 Another potential interesting avenue of research would be to further explore my finding that IPS 

in mid-adolescence increases sensitivity to amphetamine. Although this finding raises the possibility that 

stress in mid-adolescence might increase vulnerability to drug use, and potentially to addiction-related 

behavior, these ideas would have to be supported by evidence from a broader array of tests (Burke & 

Miczek, 2014).   For example, are adult rats with a history of IPS in mid-adolescence more likely to self-

administer drugs of abuse at a higher rate than no-stress control rats?  Is their reward-seeking behaviour 

compulsive?  Notably, we recently reported that, adult female rats with a history of IPS in mid-

adolescence displayed higher levels of binge-like consumption of sucrose and higher levels of 

compulsive-like behavior in a conditioned suppression test conducted after 28 days of abstinence from 

sucrose (Lamontagne et al., 2020).  It would be interesting to determine whether the impact of IPS on 

female rats’ responses to a natural reward (i.e., sucrose) generalize to the rewarding actions of drugs of 

abuse.  As well, consideration should be paid to whether the impact of IPS in mid-adolescence on reward-

related processes is influenced by sex.   

5.2.2 Does Stress in Mid-Adolescence Lock-in the Teenage Brain?  

 It is also worth considering at what point does an adaptive behaviour become maladaptive 

(Andersen, 2015, Haller & Kruk, 2006).  For example, quickly learning which cues in the environment 

signal the direction of life-sustaining resources like food, water, shelter, and potential mates is adaptive 

(Flagel & Robinson, 2017).  These cues, however, can also be motivators that contribute to maladaptive 

patterns of behaviour that might be analogous to human psychopathologies, like addiction (Flagel & 

Robinson, 2017).  Likewise, experiencing a moderate stressor (i.e., those that are controllable or 
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predictable and mount normal down-stream neurohormone levels) can be adaptive, but if the stressor 

exceeds the capacity of an organism (i.e., in terms of resources, predictability) it can lead to maladaptive 

outcomes (Koolhaas et al., 2011; Malter-Cohen, Tottenham, & Casey, 2013).   

 A related concept is whether a behaviour is adaptive or not, might depend on when it manifests 

across the lifespan.  As noted in the Chapter 1, the behavioral profiles of adolescent rodents often differ 

from those of younger and older rodents (Casey, Glatt & Lee, 2015; Pellis, Pellis & Himmler, 2014).  

Compared to adults, adolescent rodents display higher levels of exploration (Philpot & Wecker, 2008), 

risk-taking (Macri, Adriani, Chiarotti, & Laviola, 2002), and novelty-seeking (Adriani et al., 1998; 

Douglas, et al., 2003; Laviola et al., 2003) behaviours, as well as higher levels of impulsivity (Doremus-

Fitzwater et al., 2012). These behavioural profiles are thought to serve adaptive functions in adolescence 

that facilitate and foster the development of adult behaviour (Pellis et al., 2014).  They only become 

maladaptive when they persist into adulthood and are not replaced by the age-typical behaviours that 

would normally be expected in adult animals.    

 This possibility is reflected by the idea that stress in adolescence prematurely closes the window 

to ongoing development, effectively locking in the teenage brain (Casey et al., 2015).  In terms of my 

dissertation findings, I only examined the long-lasting outcomes of stress in mid-adolescence and did not 

evaluate its’ immediate and/or short-term outcomes.  This may be problematic, given other evidence that, 

compared to adults, adolescent rats display higher levels of open-arm exploration in the EPM (Genn et al., 

2003; de Oliveira, Gomes & Brandão, 2011) and a greater response to psychostimulants (Burke & 

Miczek, 2014; Hammerslag & Gully, 2014).  Thus, it is not known if the behavioural profiles I observed 

in IPS-treated rats (i.e., increases in open-arm exploration and greater sensitivity to the locomotor effects 

of amphetamine) were already present in mid-adolescence but showed an atypical persistence into 
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adulthood.  In other words, my results could reflect normative decreases in those responses in the no-

stress control rats rather than dysfunctional increases in those responses in the IPS-treated rats.  

 This issue could be resolved using a mixed measures design, examining the impact of age at 

testing (PD47 vs. PD60+) and treatment (mid-adolescent; no-stress control vs. IPS) on the current 

outcomes of interest.  If no-stress control rats display higher levels of open-arm exploration and/or higher 

sensitivity to amphetamine when tested in mid-adolescence (~PD47) than in adulthood (PD60+), this 

would suggest that their behavioural profiles in adolescence had been replaced by more adult-typical 

profiles (e.g., a greater bias toward security-driven behaviour relative to reward-driven behaviour).  In 

contrast, if IPS-treated rats display high levels of open-arm exploration and sensitivity to amphetamine at 

both time-points, this would suggest a stress-induced maintenance of the adolescent phenotype as 

opposed to IPS-related outcomes emerging across later development.  It is also possible that experiencing 

IPS in mid-adolescence exacerbates rats’ typical behavioural proclivities, while at the same time closing a 

window on further development.  Knowing which of these possibilities occurs would further our 

understanding of the dynamics of brain maturation and how it is shaped by environmental events.   

5.2.3 Are Stress Resilience and Stress Vulnerability Opposites on the Same Dimension?  

 In line with clinical evidence of individual differences in stress susceptibility (Romeo, 2015, 

Southwick et al., 2005), it appears that not all rats are sensitive to the lasting impact of stress, (Aydin et 

al., 2020; Heshmati et al., 2018), at least when it is experienced in adulthood.  It is less clear whether 

these individual differences extend to stress experiences in adolescence.  Although not addressed in any 

of the current empirical chapters, in each of my studies to date, the open-arm data of IPS-treated rats 

displayed a bi-model distribution.  Specifically, approximately 30% of IPS treated rats displayed open-

arm exploration equivalent to that of the no stress controls.  These rats appeared resilient to the impact of 
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IPS and provide an avenue for studying stress resilience vs. stress susceptibility.  Several groups now take 

advantage of within group variability to explore individual differences in sensitivity to stress by 

phenotyping rodent responses to stress and then grouping them according to whether they are ‘stress 

susceptible’ or ‘stress resilient’, respectively (Heshmati et al., 2018; Liu et al., 2018).  This strategy is 

yielding important insight into the possibility that the neural underpinnings of resilience are not simply 

the absence of maladaptive changes linked to stress susceptibility (Krishnan, 2014).  It might also be 

advantageous to study stress resilience by including social housing as an independent factor in adolescent 

stress studies.  A caveat here is that the specific type of stressor might be important.  In particular, as 

discussed in Chapter 2, given the importance of social engagement between conspecifics during 

adolescence (Burke et al., 2017) it might be the case that social stressors disrupt processes governing 

social buffering.   

5.2.4 Increasing the Utility of Animal Models 

 Going forward, researchers ought to reconsider how well preclinical models, including the type of 

research presented in my dissertation, reflects and/or adds to our understanding of human 

psychopathology.  Recently, the Research Domain Criteria (RDoC) initiative was put forward by the 

National Institute of Mental Health as a framework for guiding research into both mental well-being and 

mental illness.  The framework is set up as a matrix, focused on six  primary domains of human function 

(i.e., Negative Valence Systems, Positive Valence Systems, Cognitive Systems, Social Processes, Arousal 

and Regulatory Systems, and Sensorimotor Systems), corresponding domain-specific constructs (e.g., 

Negative Valence constructs include: acute threat (“fear”), potential threat (“anxiety”), sustained threat, 

etc.) and units of analysis (i.e., genes, molecules, cells, circuits, physiology, behaviours, self-reports) and 

also paradigms that can be used to assess the relevant constructs (see, 
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https://www.nimh.nih.gov/research/research-funded-by-nimh/rdoc/index.shtml; Andersen, 2015).  The 

hope is that research focused on basic biological and cognitive processes will yield a better understanding 

of both typical and atypical behaviour than the disorder-based research approaches of the past were able 

to provide.  Currently, the matrix is set up with a primary focus on clinical research and the listed testing 

paradigms are designed for use with human participants.  However, the RDoC initiative acknowledges 

that a complete understanding of any given domain will only be possible through an interdependence 

between clinical and preclinical studies.  Specifically, animal-based research is key to laying the 

foundation and informing the direction of clinical research and vice versa.  The initiative also issues a 

challenge to the behavioural neuroscience community to utilize and/or develop animal-based tests that 

more directly translate to human testing paradigms, e.g., the rat version of the Iowa Gambling task is 

based on this principle (Andersen, 2015).   

 While the current dissertation was not designed with the RDoC in mind, at first glance, my 

approach is perhaps best linked to the domain of Negative Valence Systems, under the construct 

Sustained Threat.  At the circuit level, dysregulation of amygdala reactivity is listed as an outcome 

variable, which might overlap with the IPS-induced dendritic remodelling I reported in Chapter 4.  

However, at the behavioral level of analysis, the listed outcomes (e.g., anhedonia/decreased appetitive 

behavior, helplessness behaviour, anxious arousal, avoidance) appear a better fit with the long-term 

outcomes displayed by rats with a history of IPS in early-adolescence (Wilkin et al., 2012; Tao et al., 

2017) rather than mid-adolescence (current findings; Wilkin & Menard, 2020, Lamontagne et al., 2020).  

This no doubt reflects the neurodevelopmental aspects of my work, underscoring an issue that RDoC 

continues to struggle with.  The RDoC acknowledges that neurodevelopmental trajectories and 
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environmental events represent important elements of the RDoC framework, but how to situate those 

elements into the existing matrix is less clear.   

5.3 Overall Conclusions 

 Exposing rats to IPS in mid-adolescence altered their open-arm exploration in the EPM in 

adulthood.  These IPS-induced increases in open-arm exploration were a) robust; b) sensitive to the stress 

buffering actions of affiliative social contact and c) predicted IPS-treated rats’ locomotor response to 

amphetamine.  Alongside further analysis, it appeared that experiencing IPS in mid-adolescence shifted 

rats’ adult phenotype away from more security-centric toward more reward-centric responses.  This might 

be due, in part, to IPS-induced dendritic remodeling of pyramidal cells in the BLA.  The intriguing 

possibility that experiencing IPS in mid-adolescence preserved the reward-centric phenotype that typifies 

adolescent behaviour merits further examination.  Such findings could inform clinical research aimed at 

designing prevention and/or treatment programs targeting vulnerable adolescents in today’s society.   
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