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Abstract 

Rats that undergo the Social Instability Stress procedure during adolescence (SS: daily 1-

hour isolation + re-pairing with an unfamiliar cage partner for 16 days) display changes in 

reward-related behaviour. Specifically, SS rats spend less time in social interaction but more 

time in social approach compared to controls, indicative of an altered social repertoire; SS males 

also show increased aggression when competing for access to sweet substances. To investigate to 

what extent SS influences choice behaviour when social and sweet rewards are presented 

simultaneously, a Social Discounting test was conducted. The SS procedure was administered 

during either adolescence or adulthood to both male and female rats to investigate sex 

differences and to determine if SS effects were specific to administration during adolescence. 

Results showed that increasing concentrations of sucrose (0%, 2%, 5%, 10%) had no influence 

on time spent near a novel peer during the Social Discounting choice test, but rats drank less of 

5% sucrose when in a social condition relative to when drinking alone. The only stress effect to 

emerge was in adolescent-stressed males tested immediately after the stress procedure; SS 

adolescent males spent significantly less time drinking sucrose overall compared to controls, 

indicative of a stress-induced anhedonia. The stress-induced devaluation of sucrose was not 

long-lasting as it was not found in adolescent males tested after a delay. Thus, Social Instability 

stress produces short-lasting behavioural changes in reward processing only in adolescent male 

rats.  
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Introduction 

General Introduction 

Adolescence is a period of neural maturation during which different systems undergo 

development, including brain regions involved with social behaviour and with reward (Juraska & 

Markham, 2004; Juraska & Willing, 2017; Teicher, Andersen, & Hostetter, 1995). Adolescents 

have a prolonged release of adrenal glucocorticoids in response to a stressor compared to adults 

and glucocorticoids have been shown to have remodelling effects on various brain regions 

(Fuchs, Flugge, & Czeh, 2006; Romeo, Patel, Pham, & So, 2016). The combination of a 

prolonged exposure to glucocorticoids and ongoing adolescent neural development has led to the 

hypothesis that adolescents are particularly vulnerable to stressors (Fuhrmann, Knoll, & 

Blakemore, 2015). The Social Instability Stress (SS) procedure (16 days of 1 hr isolation + re-

pairing with a new cage partner) produces alterations in social behaviour and motivation for 

sweet rewards under conditions of competition when administered to adolescent male rats 

(Cumming, Thompson, & McCormick, 2014; Green, Barnes, & McCormick, 2013). A decrease 

in social interaction was recently observed in adolescent SS female rats as well (Asgari, 2020), 

but the full extent of how adolescent SS changes the social repertoire of female rats is unknown. 

This thesis experiment compared sucrose and social rewards against each other to determine how 

SS affects reward processing when both rewards are presented together. Although a main 

hypothesis is that adolescents are more vulnerable to stressors than are adults, an adult-stress 

control group has been infrequently used in previous SS experiments. One study that did use an 

adult-stress group in addition to adolescent-stress found a stress difference in response to the 

psychostimulant amphetamine in adolescent-stressed, but not adult-stressed rats (McCormick, 

Robarts, Kopeikina, & Kelsey, 2005). In the current experiment, the Social Instability Stress 
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procedure was administered to both adolescent and adult, male and female rats to determine if 

any SS effects on response to sucrose and social reward are unique to the adolescent period and 

to explore any sex-differences in how SS affects reward preference.  

Adolescent Period 

Adolescence is a transitional period from childhood to adulthood. The adolescent period 

in humans is marked by neural maturation and behavioural changes. Throughout the human 

brain, white matter (myelination of axons) increases linearly with age during adolescence and 

grey matter (cell bodies and dendrites) reaches peak volume before adolescence then decreases 

during the adolescent period (Giedd et al., 1999, 2015). Behaviourally, the social preferences of 

adolescents shift to spend less time with family and more time with peers, and adolescents rate 

spending time with peers to be important to them (Palmonari, Pombeni, & Kirchler, 1990). 

Human adolescents are also typically described as impulsive risk-takers, and health risk 

behaviours increase during the adolescent period (Hooshmand, Willoughby, & Good, 2012).  

Generally, adolescence in rats is said to begin sometime between post-natal day (PND) 

21 and 30 and end on post-natal day 59, with adulthood beginning on PND 60 (Eiland & Romeo, 

2013; Tirelli, Laviola, & Adriani, 2003; Wulsin, Wick-Carlson, Packard, Morano, & Herman, 

2016). This range is sometimes subdivided into three stages: early/pre-pubertal (PND 21-27 to 

34), mid/pubertal (PND 34 to 46), and late/post-pubertal (PND 46 to 59), (Tirelli et al., 2003; 

Wulsin et al., 2016). Puberty occurs during adolescence and is when sexual reproduction 

becomes possible (Sisk & Zehr, 2005). The onset of puberty as defined by physiological markers 

occurs in rats during mid adolescence: PND 35 for females and between PND 42 and 45 for 

males (Drzewiecki, Willing, & Juraska, 2016; McCormick, 2010). Neuroendocrine changes 
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occur around the onset of puberty, predominately an increase in gonadal hormones (Parker & 

Mahesh, 1976; Romeo, 2010; Sisk & Zehr, 2005).  

Adolescent brain development in rats is similar to that in humans (Juraska & Markham, 

2004). Both the decrease in grey matter (Andersen, 2003) as well as the increase in white matter 

volume (Juraska & Markham, 2004) that is found in human adolescents is also found in rats. 

This decrease in grey matter in both species is likely due to ongoing synaptic pruning and 

apoptosis (Eiland & Romeo, 2013). A longitudinal neuroimaging study done in rats found that 

metabolism increased in the hippocampus and decreased in the striatum and frontal cortex 

between adolescence and adulthood (Choi et al., 2015), suggesting ongoing functional 

maturation during the adolescent period.  

Adolescent rats share a number of behavioural features with their human counterparts. 

They show increased impulsivity in comparison to adults. For example, in one study, adolescent 

rats chose to accept a smaller, immediate reward rather than wait for a larger, delayed reward 

during most trials whereas adult rats waited for the larger reward in more than half of the trials 

(Sonntag et al., 2014). They are also more exploratory than are adults and have a larger 

preference for novelty than adults do (Stansfield & Kirstein, 2006). Adolescent rats also have 

increased sociability compared with adults and spend more time interacting with peers than do 

adults (Perkins et al., 2016).  

Social Behaviour in Adolescent Rats 

The formation and maintenance of complex social relationships is required for social 

animals to live together successfully (Himmler, Himmler, Pellis, & Pellis, 2016). Individuals 

must possess an appropriate behavioural repertoire to navigate their social environment. Play 

fighting allows juveniles to practice and develop social skills with a low risk of the play 
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escalating to an aggressive fight (Himmler et al., 2016). In domesticated lab rats, adolescents 

engage in more play fighting than do adults (Douglas, Varlinskaya, & Spear, 2004). The type of 

play behaviour that rats engage in changes as they age, becoming less spontaneous and more 

directed (Meaney & Stewart, 1981). Play behaviour is first evident between PND 15 and 16, 

peaks in mid-adolescence, and then declines into adulthood (Pellis & Pellis, 2007; Thor & 

Holloway, 1984). Male rats are especially playful; they engage in more play behaviour than do 

females (Auger & Olesen, 2009; Meaney & Stewart, 1981) and in general spend more time in 

social interaction than do females (Asgari, 2020). Rats have a preference for social novelty; they 

prefer to be near and to engage in play behaviour with an unfamiliar peer over a familiar one 

(Cirulli, Terranova, & Laviola, 1996). This preference is used in social novelty preference test to 

determine preferences for social investigation (Smith, Wilkins, Mogavero, & Veenema, 2015).  

In addition to play, social experience in general during adolescence is required to form 

the knowledge of appropriate social activities and reactions; disruption of this learning has 

lasting effects. Social isolation increases motivation for social interaction, and this motivation 

increases as the time in isolation increases (Niesink & Van Ree, 1982). Rats isolated during their 

adolescent period and deprived of social play show both greater anticipation for, and time spent 

in, social interaction compared with non-isolated rats (Panksepp & Beatty, 1980; Van Den Berg 

et al., 1999). This effect seems to be specific to the adolescent period as rats isolated earlier 

(PND 15-24) do not differ in their play behaviour compared with rats that were not isolated 

(Ikemoto & Panksepp, 1992). Although play behaviour starts in rats before the adolescent period, 

this period after weaning is when these social changes as a result of isolation will occur.  
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Social Brain Development During Adolescence 

The social brain refers to a number of different regions and the connections between them 

that are responsible for different aspects of play behaviour (Hodges & McCormick, 2019; Pellis 

& Pellis, 2007). The act of play fighting is a complex behaviour and involves motivation for 

social interaction, executive functioning to interpret and respond appropriately to the play 

partner, and the physical motions to execute the play behaviour (Himmler et al., 2016). 

Processing social information recruits a range of brain regions, including the accessory olfactory 

bulb for peer identification through olfactory cues, the amygdala and prefrontal cortex to assign 

salience and meaning to the cues, the ventral tegmental area and nucleus accumbens for social 

motivation, and the hypothalamus and motor pathways to enact social behaviour (Insel & 

Fernald, 2004). The neuropeptides vasopressin and oxytocin are important for social recognition 

(Insel & Fernald, 2004; Veenema & Neumann, 2008).  

The prefrontal cortex is an important region for executive functioning and modulating 

social behaviours (Vanderschuren, Achterberg, & Trezza, 2016). The prefrontal cortex 

undergoes maturation during the adolescent period, with white matter increasing during 

adolescence and into adulthood (Juraska & Markham, 2004) and overall volume peaking and 

then decreasing during adolescence (Juraska & Willing, 2017; van Eden & Uylings, 1985). 

Dendritic pruning during adolescence is also found in the amygdala, nucleus accumbens, and 

hypothalamus (Crews, He, & Hodge, 2007).   

The Dopaminergic System and Reward Preference  

 The dopaminergic system is the most well-understood mechanism for reward processing 

(see Bromberg-Martin, Matsumoto, & Hikosaka, 2010 for review). Dopamine is synthesized 

from the amino acid tyrosine. Five subtypes of dopamine receptors are known, and these are 
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divided into two families of receptors: D1 and D2. There are a number of dopaminergic 

pathways that are implicated in a wide range of functions. The mesocorticolimbic pathway 

consists of both the mesolimbic pathway and the mesocortical pathway and is comprised of 

projections originating from the ventral tegmental area (VTA). Both these pathways are involved 

in predicting future rewards and modulating motivation and reward-seeking behaviours 

(Bromberg-Martin et al., 2010; Kapur & John Mann, 1992). These pathways have been 

implicated in substance abuse disorders, schizophrenia, and Parkinson’s disease (Kapur & John 

Mann, 1992).  

The mesocortical pathway projects from the VTA to the prefrontal cortex and is 

implicated broadly in executive functioning. The mesolimbic pathway consists of dopaminergic 

neurons in the VTA that project to the nucleus accumbens. This pathway is responsible for both 

reward and aversion motivations (Bromberg-Martin et al., 2010). The mesolimbic pathway is 

involved in motivation for food, sex, and drug rewards and nucleus accumbens dopamine 

mediates social play behaviour (Manduca et al., 2016; Salamone & Correa, 2012).  

Age and Sex Differences in Reward System 

The dopaminergic system undergoes development throughout adolescence and into 

adulthood. The density of dopaminergic fibers in the prefrontal cortex increases during the 

adolescent period, between PND 20 and 60, with little change in density found after PND 60 

(Kalsbeek, Voorn, Buijs, Pool, & Uylings, 1988). The striatum undergoes pruning of D1 and D2 

receptors during late adolescence and into early adulthood, whereas the nucleus accumbens 

shows a rise in both D1 and D2 receptor density in early- to mid-adolescence, which remain 

steady into adulthood (Teicher et al., 1995). This effect is sex-dependent; only males show 

receptor overproduction and subsequent pruning in the striatum. Female receptor density remains 
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steady in the striatum, but both females and males show similar trajectories in the nucleus 

accumbens (Andersen, Rutstein, Benzo, Hostetter, & Teicher, 1997). Further investigation has 

revealed that this sex difference is not driven by pubertal hormones (Andersen, Thompson, 

Krenzel, & Teicher, 2002), suggesting it may be the organizational effects of gonadal hormones 

and/or genetics driving this sex difference in dopamine receptor development.  

Natural Rewards 

Natural rewards (e.g., food, sex) are evolutionarily important for survival, and these 

activate the mesolimbic dopamine system (Kelley & Berridge, 2002; Olsen, 2011). Drugs of 

abuse, although not natural rewards in that they are not required for survival, hijack the reward 

system and act in a similar manner. Food and sweet substances are commonly used as rewards in 

behavioural testing (Tzschentke, 1998). Sweet and fatty foods are especially rewarding (Olsen, 

2011), as sugar provides immediate energy and fat can be stored for long-term metabolic energy, 

and rats prefer sweet foods over non-sweet foods (Boyer, Cross, & Anderson, 1974). Rats will 

form a preference for a chamber that has been associated with a sweet reward even when the 

drink is not present in the chamber (Ågmo, Galvan, & Talamantes, 1995). This task is called 

Conditioned Place Preference (CPP): one chamber in an apparatus is paired with an 

unconditioned stimulus and a place preference is formed when the animal later demonstrates an 

associated preference for that chamber when the stimulus is no longer present. This preference is 

based on the assumptions that the test animal can remember the stimuli, distinguish between the 

two chambers (they have different visual and tactile cues), and is motivated to approach the 

stimulus. Deficits in memory and changes to motivation level can be measured using the CPP 

test.  
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The extent to which something is perceived as a reward can depend on developmental 

stage. Preference for sweetened condensed milk is higher in adolescence compared with 

adulthood, peaking in late adolescence at PND 50 (Friemel, Spanagel, & Schneider, 2010). There 

is evidence to suggest that social interactions are more rewarding in adolescence than in 

adulthood in rats (Foulkes & Blakemore, 2016) as well as in humans (Dreyfuss et al., 2014; 

Foulkes & Blakemore, 2016). 

Males and females have been found to differ in sucrose preference, but this difference 

emerges with different methodologies (Sclafani, 1987). In a 24 hour two bottle test (rats are 

allowed to choose between a bottle of sucrose and a bottle of another solution, here water or 

polycose, a carbohydrate), no difference is found between males and females in intake, but 

females will consume more sucrose than males when testing is shorter (Sclafani, 1987). Using 

saccharin, which is more sweet than sucrose, females drank more than males even during the 24 

hour bottle test (Valenstein, Cox, & Kakolewski, 1967). Females will consume more saccharin 

after puberty and this is when the sex difference emerges (Wade & Zucker, 1969). Gonadectomy 

reduced saccharin preference in females but not males (Zucker, 1969), suggesting the increased 

preference for sweet substances is driven by gonadal hormones in females, with little influence 

on male’s preference.  

Social Interaction as a Reward 

Rats have a strong motivation for social contact throughout their life, and this natural 

preference is used as an incentive in some behavioural lab tasks (Van Den Berg et al., 1999). 

Because of heightened social play during the adolescent period, there have been investigations to 

determine whether the value of social reward is heightened during the adolescent period 

compared to with adulthood. Similar to with sweet reward, adolescent rats will form a place 
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preference for a chamber that was previously paired with an active play partner (Calcagnetti & 

Schechter, 1992). To determine whether the presence of a peer is driving the place preference or 

whether it is specifically the ability to play with a peer that is critical to forming a place 

preference, a drug was given to the play partner to block them from responding to and initiating 

play behaviour without impairing locomotor activity. No place preference was formed for the 

chamber with the non-playing peer, suggesting that it is the play behaviour that is rewarding 

(Calcagnetti & Schechter, 1992).  

 The day-to-day social living context determines motivation for social play in adolescents, 

with social isolation increasing social behaviours relative to group-housed rats (Douglas et al., 

2004; Vanderschuren, Stein, Wiegant, & Van Ree, 1995). During conditioning to CPP, Douglas 

et al. (2004) found that adolescent rats housed alone spent more time play fighting than did 

adolescent rats that were group housed. Isolated adult rats did not show an increase time in play 

fighting, but spent more time in social investigation than did group-housed adult rats (Douglas et 

al., 2004). That isolates of both ages spent more time in social behaviours than did group-housed 

rats points to social interaction being rewarding during both adolescence and adulthood, with 

play behaviour particularly rewarding during adolescence. Results from the CPP test showed that 

adolescent rats formed place preference for the social chamber, and this preference was 

heightened for isolation-housed male rats compared to both group-housed and female rats 

(Douglas et al., 2004). Trezza, Damsteegt, & Vanderschuren, (2009) also found a significant 

preference for social CPP for adolescent isolation-housed rats, as well as a trend towards 

significance for rats that were isolation-housed for a few hours each day. Even temporary 

isolation housing appears to enhance motivation for social interaction.  
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Overlap and Distinctiveness of Reward System and Social Brain 

The mesolimbic system is involved in modulating motivation towards both sweet and 

social rewards. Dopamine activity increases during social interaction (Robinson, Heien, & 

Wightman, 2002) and dopamine projections from the ventral tegmental area to nucleus 

accumbens modulate social play (Gunaydin et al., 2014; Manduca et al., 2016). Administering 

drugs that elevate extracellular levels of dopamine (methylphenidate, amphetamine, and 

apomorphine) directly into the nucleus accumbens increases play behaviour (Manduca et al., 

2016). However, it has been found repeatedly that administering these drugs into the body 

decreases play behaviours and inhibits formation of social CPP (Trezza et al., 2009; Young, 

Gobrogge, & Wang, 2011), thus dopamine increasing play behaviour is a local effect specific to 

the nucleus accumbens. Dopamine has also been found to increase motivation for social play 

(Achterberg et al., 2016).  

Dopamine does not seem to be involved in the rewarding properties of sweet reward but 

it is required to form associations between the reward and environmental cues (Wise, 1989). 

Blocking dopamine receptors prevented place preference to be formed with 18% sucrose, but did 

not alter sucrose consumption (Ågmo et al., 1995). The pleasurable “liking” aspect of sweet 

rewards appears to be primarily modulated by opioid neurotransmitters in the nucleus 

accumbens, with dopamine pathways responsible for the “wanting” incentive salience of natural 

rewards (Kelley & Berridge, 2002).  

Similar to with sweet rewards, opioids have been found to increase the hedonic “liking” 

aspects of social play (Trezza, Baarendse, & Vanderschuren, 2010), and also the motivational 

“wanting” of social play in adolescent rats (Achterberg, van Swieten, Houwing, Trezza, & 

Vanderschuren, 2019). Specifically, opioid receptor binding occurs during social interaction 
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(Panksepp & Bishop, 1981), and opioids in the nucleus accumbens modulate investigation of a 

novel peer (Smith, Wilkins, Li, Tulimieri, & Veenema, 2018).  

Adolescence as a Sensitive Period 

A centuries-old question is how a newborn brain becomes a specialized adult brain: is the 

functionality of the adult brain an innate characteristic from birth or does it form from 

experiences over the lifespan? It is now known that specialized developmental processes form 

from a combination of genetic predisposition and environmental experience. The combination of 

“nature” and “nurture” during childhood and adolescence form what will become adult brain 

specificity. The theory of neuroconstructivism states that brain regions are biased early in life to 

become specialized for different functions and emerge over development based on interactions 

between neural maturation and environmental context (Karmiloff-Smith, 2015).  

Given the ongoing development of the reward system and the areas and systems 

associated with the social brain, the development of these regions are highly malleable in 

adolescence through environmental experience. Because of this neural malleability and the 

behavioural changes evident during adolescence, it has been posited that adolescence is a 

sensitive period of development (Fuhrmann et al., 2015). Individuals encounter a wide range of 

differences during childhood, such as differences in socioeconomic status, cultural customs, the 

occurrence of adverse childhood events such as abuse, and access to education. It is possible that 

a period of sensitivity following childhood provides preparation for future responses while the 

brain is still maturing based on the individual’s environment (Andersen, 2003). Specialized 

regions can then become “wired” to respond to certain stimuli in a manner that is adaptive in the 

current environment, but maladaptive in different environments. In recent decades, researchers 

have advocated for further investigation into the adolescent period to further understand 
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environmental conditions that may cause long-lasting changes in normal brain development 

(Hamburg & Takanishi, 1989). One condition that can alter neural development is stress.  

What is Stress and When is it Negative 

Stress is a state that is entered when homeostasis (a steady state of equilibrium) is 

perceived to be threatened (Chrousos, 2009). The idea of stress as a reactive measure to an 

adverse stimulus was first formally conceptualized by Hans Selye in the mid 1930’s (Selye, 

1936). Stimuli that create stress can be physical or psychological, and once the stress response is 

triggered, causes both behavioural and physical effects (see next section) that attempt re-

establish homeostasis.  

 Stress is not always a negative experience; dose response to stress is commonly portrayed 

as an inverted U-shaped curve. Too low or too high levels of stress are termed distress and are 

deemed to be negative stress. In the middle of the inverted curve is the optimal level of stress, 

termed eustress. Although too much stress is generally thought of as the sole cause of distress, 

too little of a stress response can lead to an individual failing to react appropriately to threatening 

conditions. For example, an excess of stress when seeing a snake may lead to a panic attack, 

whereas a lack of stress may lead to the individual approaching the snake and being bitten. An 

optimal level of stress will lead to the individual moving a safe distance away from the snake.  

 Stress can be acute (short-lived) or chronic (long-lasting). These terms apply to how long 

a stressor is present and exerts its primary influence, not how long any changes produced by the 

stressor last. Both acute and chronic stressors could have relatively short- or long-lived effects. 

Different types of stressors exist; some are physical, some psychological, some are produced by 

changes in the environment, and are some produced only by perceived changes. One type of 

stressor – social stress – is detailed in a later section.  
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Physiological Response to Stressors 

 A common mechanism studied is the activation of the hypothalamic-pituitary-adrenal 

axis (HPA axis) in response to a perceived stressor. When a threat is perceived, corticotropin-

releasing hormone (CRH) and arginine vasopressin (AVP) are released from the paraventricular 

nucleus of the hypothalamus. When these reach the anterior pituitary, adrenocorticotropic 

hormone (ACTH) is released into the bloodstream. The adrenal cortex then produces and 

secretes glucocorticoids. The control of the HPA axis is partially regulated through negative 

feedback by glucocorticoid receptors (GRs) and mineralocorticoid receptors (MRs) by 

glucocorticoid binding which modulates the subsequent release of CRH and ACTH (Lupien, 

McEwen, Gunnar, & Heim, 2009). These receptors are located throughout the brain, including 

the hypothalamus, pituitary, frontal cortex, hippocampus, and amygdala, amongst other areas. 

Glucocorticoids are implicated in a wide range of neural functions, such as synaptic 

growth, apoptosis, and glutamate release (McCormick & Hodges, 2017; Popoli, Yan, McEwen, 

& Sanacora, 2012), and excessive exposure to glucocorticoids can disrupt these processes (Fuchs 

& Flügge, 1998; Woolley, Gould, & McEwen, 1990). Since stress results in the release of 

glucocorticoids, stress exposure can have remodeling effects on brain structures (Fuchs, Flugge, 

& Czeh, 2006). In rats, stress has been found to alter the structure of the prefrontal cortex, 

hippocampus, and amygdala (Eiland & Romeo, 2013).  

Sex and Age Differences in HPA Axis Response 

 In rats, females generally have higher concentrations of the main glucocorticoid 

corticosterone both at baseline and in response to a stressor, and take longer to recover to 

baseline levels than do males (Aloisi, Ceccarelli, & Lupo, 1998; Iwasaki-Sekino, Mano-Otagiri, 

Ohata, Yamauchi, & Shibasaki, 2009; McCormick, Robarts, Kopeikina, & Kelsey, 2005). This 
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hyperactivity of the HPA axis could be due to increased reactivity of the axis when a stressor is 

perceived compared to males, or due to a delay or attenuation in negative feedback to regulate 

the stress response. That concentrations in corticosterone in females rise more rapidly than males 

in response to a stressor indicates the former; that females take longer to return to baseline 

indicates the latter, so perhaps it is a combination of the two.  

 Adolescents differ in their response to stressors compared to adults. Adolescent female 

rats show a prolonged HPA response to a stressor (McCormick et al., 2005; Romeo, Lee, & 

McEwen, 2004), and males show both a delayed and prolonged response (Vázquez & Akil, 

1993). Given that various brain regions continue to develop during adolescence in both humans 

and rats (Giedd, 2004; Juraska & Markham, 2004), the prolonged release of glucocorticoids may 

influence the development of neural areas. In addition, the onset of puberty during the adolescent 

period comes with a surge of hormones, and these hormones (testosterone and estradiol 

predominately), can influence HPA axis functioning (McCormick, Linkroum, Sallinen, & Miller, 

2002). Thus, age and sex differences are important considerations in stress research.  

Social Instability Stress 

 The Social Instability Stress (SS) model is a mild chronic stressor developed by Dr. 

McCormick. It consists of two stressors: a short daily isolation period followed by social 

instability. Typically administered during the adolescent period from PND 30-45, rats are 

isolated in ventilated containers for 1 hour daily, then re-paired in a home cage with an 

unfamiliar age- and sex-matched peer (McCormick, 2010). For the first 15 days of the procedure, 

each rat is paired with a new peer each day and then repaired with their original cage-mate after 

isolation on the 16th day. During re-pairing, rats were placed in a different cage than the one they 

were housed in that day, but in which another SS pair was housed that day. Cages were not 
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cleaned before rats were placed back into them, so unfamiliar scents and feces from the previous 

SS inhabitants remained in the cage to produce a novel environment. The age range of PND 30-

45 encapsulates the average age of physical markers of puberty for both male and female rats 

(PND 42 and 35 respectively). This ensures that both sexes are receiving both pre- and post-

pubertal stress. Although not designed to be a translational model for humans, but instead a 

means to investigate developmental stage-specific plasticity of the nervous system, the model 

can be thought of as similar to the experience of children moving to new schools frequently, or 

children in the foster care system who are frequently moved to new houses and new families.  

It seems to be the combination of daily one hour confinement in a small container 

(isolation) and re-pairing with a new conspecific that produces a prolonged stress effect in 

adolescents (Hodges & McCormick, 2015): adolescents re-paired with a new partner each day 

show a prolonged CORT release after isolation, whereas adolescents paired with a familiar peer 

and adults paired with either a familiar or unfamiliar peer each day do not. When SS is 

administered during adolescence, males will typically have reduced weight gain compared to 

controls (McCormick, 2010). This effect is sometimes also found in males stressed as adults, but 

is not typically found in females stressed at either developmental stage (Hodges & McCormick, 

2015; McCormick, Robarts, Gleason, & Kelsey, 2004; McCormick et al., 2005).  

 In adolescent male rats, the SS procedure produces alterations in social behaviour, 

motivation for sweet rewards (both described in more detail below), and intake of ethanol. A 

male adult-stress group has not been consistently used in all studies, so the extent to which SS in 

adulthood may influence these factors is not fully known. Because the SS model was designed to 

study developmental, stage-specific plasticity in the brain, a cohort of adult-stressed rats is an 

important inclusion for future studies to be able to make stress-based age comparisons and 
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determine whether SS-induced changes in behaviour and neural development are unique to the 

adolescent period.  

In experiments investigating social behaviour, males are typically used so how the SS 

procedure (in either adolescence or adulthood) affects social behaviours in female rats is not 

fully known. This male bias is present in many fields that use animal research, including 

neuroscience, pharmacology, and physiology (Shansky, 2019), so more research using females is 

needed on a more global level. Social Instability Stress experiments that have included both 

adolescent- and adult-stressed males and females have found some stress differences. Adult SS 

females have higher corticosterone concentrations after a restraint test (an acute stressor) 

compared with adult female controls (McCormick et al., 2005). This effect is specific to adult-

stressed females; neither adolescent SS females, adolescent SS males, or adult SS males differed 

in CORT response from controls after restraint (McCormick et al., 2005). In response to nicotine, 

only females show SS-induced effects on locomotor activity (McCormick et al., 2004, 2005), but 

both males and females show SS-induced effects on locomotor activity in response to 

amphetamine (Mathews, Mills, & McCormick, 2008). Further details of SS-induced effects are 

detailed in the subsequent two sections.  

Social Instability Stress on Social Interaction and Approach 

The SS model produces a decrement in preference for interaction with a novel 

conspecific, but not for sociability in general (Hodges et al., 2017). When paired with a novel 

peer, both male and female SS rats spend less time in social interaction than do CTL rats (Asgari, 

2020), but when the stimulus rat is separated by mesh, male SS rats (females have yet to be 

tested) spent either the same amount, or more time, in social approach compared with CTL rats 

(Green et al., 2013; Hodges et al., 2017, 2019). This decrease in time spent interacting with a 
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novel peer in SS rats is evident both immediately after the stress procedure as well as weeks 

after, suggesting a long-lasting change in social repertoire. 

In a conditioned place preference (CPP) test, both CTL and SS rats formed a preference 

for the social chamber when allowed to interact freely with the stimulus rat; neither group 

formed a preference when the stimulus rat was restrained behind mesh (Hodges et al., 2017). 

Previous research has found that CPP is formed with less training sessions when physical contact 

is allowed versus when contact is restricted (Peartree et al., 2012), so perhaps more training 

sessions would have led to CPP being formed in the restrained condition. Regardless, although 

SS rats have altered behaviour when physical interaction is possible, they form a place 

preference just as readily as controls when physical contact is allowed. This points to two 

possible separate mechanisms of altered social behaviour: social interaction and social 

motivation, whereby SS alters social interaction but leaves social motivation intact.   

Social Instability Stress on Motivation for Sweet Rewards under Social Conditions 

Male SS rats also show altered social behaviour in the presence of a rewarding sweet 

substance. When competing for access to sweetened condensed milk (~30% sucrose + fat and 

other macro- and micronutrients that not found in sucrose), stressed rats displayed more 

aggressive behaviours than did controls (Cumming et al., 2014). This increase in aggression may 

involve an altered social repertoire, an increased motivation for food reward, or a combination of 

the two. A follow-up study did not find an increase in aggressive behaviour from the SS rats 

when in competition for 1% sucrose, a somewhat less rewarding substance, but SS rats drank 

more sucrose compared with controls (Marcolin, Hodges, Baumbach, & McCormick, 2019). 

When in the presence of a peer but not competing against them for access to 1% sucrose, SS and 

control rats do not differ in intake of sucrose (Marcolin et al., 2019). These results suggest that 
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competition heightens the rewarding aspect of sweet rewards for SS rats, but a highly palatable 

substance is required to elicit aggressive behaviours.  

Social Discounting 

 The thesis experiment also sought to directly compare two rewards against each other. SS 

rats appear to have an altered social repertoire in that they spend less time in social interaction, 

but still find social stimuli rewarding. They also show increased aggression when in competition 

for sweetened condensed milk, but not 1% sucrose. This experiment aims to determine: 1) the 

degree to which SS rats are sensitive to changes in sucrose concentrations, and 2) if graded 

changes in sucrose salience will alter corresponding social behaviour in a dose-dependent 

manner.  

 To determine this a choice-test was used in which rats had free access to a peer behind 

mesh that they could approach but had limited physical access, as well as access to drink from a 

water bottle filled with either water (0%), 2%, 5%, or 10% sucrose concentration by volume. All 

rats repeated this test over 4 days so that they were given a different concentration of sucrose 

each day. Time spent drinking from each bottle and time near the peer were measured to 

determine a preference for each stimulus. The social discounting test was developed and has 

been used previously by the van Wingerden lab (unpublished data) in rodents. The social 

discounting task used in this thesis was largely based off the van Wingerden model. The 

overarching hypothesis was that SS, when experienced in adolescence but not in adulthood, 

would lead to a lasting change in how social context influences sucrose intake relative to control 

rats.  

For this thesis, it is expected that social discounting will be observed, defined here as a shift 

away from the social stimuli and towards the sweet reward as the concentration increases. The 
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shift away from the social stimuli and towards the sucrose stimuli is expected to be negatively 

correlated, so as rats spend more time drinking, they will spend less time with the peer. Two 

assumptions are needed for this paradigm: first, that rats will naturally drink more sucrose at 

higher concentrations as higher concentrations will provide greater reward value than lower 

concentrations. It has been shown in other experiments that rats will freely consume more 

sucrose as the concentration increases (Sclafani, 1987), until the concentration reaches between 

8% and 16%, at which intake plateaus (Sclafani & Ackroff, 2003). The second assumption is that 

at higher concentrations of sucrose, rats will spend less time near the stimulus peer than they did 

at lower concentrations; spending less time with a peer as the concentration of sucrose increases 

would be indicative of social discounting occurring. It is expected that all test rats will have an 

initial preference for a peer over water, and then for social preference to decline as a function of 

sucrose concentration. Further specific predictions for this thesis were developed, outlined 

below.  

Specific Predictions.  

1. The SS procedure will create differences in behavioural responses to the social 

discounting task. It is predicted that SS rats will increase their consumption of sucrose 

(and thereby decrease time spent with a peer) to a greater degree at lower concentrations 

of sucrose than control rats will. Because adolescent male SS rats spend the same or even 

more time in social approach as controls (Hodges et al., 2019), it is predicted that the SS 

rats will spend just as much, or more, time near the novel peer as controls when the other 

option is to drink 0% sucrose (water).  

2. With the theory that adolescents are particularly susceptible to stress, it is hypothesized 

that the SS procedure will produce differences in social discounting when administered to 
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adolescent rats compared to when it is administered to adults. That adolescent SS males 

become more aggressive than controls when in competition for sweetened condensed 

milk but not 1% sucrose suggests that SS rats may find more palatable substances more 

rewarding than controls do and may have an increased sensitivity to sweet substances 

(Cumming et al., 2014; Marcolin et al., 2019) In the social discounting task, the increase 

in reward value as the concentration of sucrose increases it is predicted to be more salient 

for the SS rats compared to the controls. Thus, it is predicted that adolescent SS rats will 

be more sensitive to the changing concentrations of sucrose and to socially discount 

(more time spent drinking sucrose and less time spent near the novel peer) to a greater 

degree at lower concentrations than control adolescents. Since adolescence is 

hypothesized to be a sensitive period of development and a developmental stage that is 

more susceptible to the effects of stress, it is predicted that rats stressed as adults will not 

differ from controls during the social discounting task.  

3. It is predicted that changes produced by the SS procedure will be evident both 

immediately after the stress procedure, as well as weeks after, in that it produces a long-

lasting change. If prediction 2 is incorrect and rats stressed during adulthood show 

behavioural differences, it is not expected that this effect will be long-lasting for the 

adults.  

4. Given differences in female HPA axis reactivity in response to stressors and female’s 

higher preference for sucrose and lower preference for social interaction compared to 

males, it is predicted that males and females will show differences in the social 

discounting task and that SS females will show greater discounting in favour of sucrose at 

lower concentrations than will SS males.  
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Social Context on Drinking 5% Sucrose 

 A recent study found that adolescent male rats will drink more 1% sucrose when they are 

alone in an apparatus versus when there is a peer present behind mesh, regardless of whether 

they were stress or control rats (Marcolin et al., 2019). This study included rats tested either 

immediately after the termination of the stress procedure (immediate group) or after a delay of 

25 days during which rats were allowed to rest in their home cages (delay group) to investigate 

whether the effects of stress are long-lasting or short-lived (Marcolin et al., 2019). Rats only 

drank more when alone when they were tested immediately and there were no stress differences 

in rats tested after a delay (Marcolin et al., 2019). Rats tested both immediately and after a delay 

were aware of the social conditions and spent more time near the peer when one was present 

(Marcolin et al., 2019). That social condition influences drinking behaviour is the main 

hypothesis of the current study. Drinking of 5% sucrose, a more palatable substance than 1% 

sucrose, when rats were both alone and when there was a peer present were investigated to 

determine if social condition (the presence of absence of a peer) influenced drinking behaviour. 

This analysis sought to replicate the findings of Marcolin et al., (2019) with 5% sucrose and 

extend the results to male rats stressed during adulthood and to females.  

Because part of the main hypothesis of the current thesis is that SS will lead to changes in 

how social context influences sucrose intake relative to control rats, the comparison of drinking 

alone and drinking when a peer is present also serves as a secondary measure to confirm that 

social context has an influence on sucrose intake. In the social discounting task, rats were 

drinking sucrose in a social context, but the full extent to which changes in sucrose intake are 

influenced by social context (and any ensuring stress differences) cannot be determined without 

a negative control, hereby measured as time drinking sucrose without a peer present.  
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Methods 

 Animals 

 Two separate cohorts, one of female (n = 120) and one of male (n = 128) Long-Evans 

rats were sourced from Charles Rivers, Saint Constant, Québec. Table 1 shows the breakdown of 

all rats into the between-subject groups; these between-subject groups are detailed in subsequent 

sections. Males arrived on either postnatal day (PND) 23 or 60, whereas females were either 

PND 23-26 or 60-64 (n = 60/age group). For average age for the younger female rats was 24.5  

 

days, this was rounded up and this group was designated an average age of 25. The Social 

Instability Stress procedure involves placing stressed rats with a new cage partner every day and 

this requires a minimum number of rats also undergoing the procedure. Rats were given an 

Test Rats

Social Instability Stressed (SS) Controls

Adolescent Arrival Adult Arrival Adolescent Arrival Adult Arrival

Male Female Male Female Male Female Male Female

Tested 
Immediately 14 12 12 12 14 12 12 12

Tested After a 
Delay 14 12 12 12 14 12 12 12

+

Stimulus Rats

Adolescent Arrival Adult Arrival

Male 12 12 12 12

Female 12 12 12 12

Table 1. Number of rats in each between-subjects group. Test rats participated in behavioural tests and their data was collected 
for analysis. Stimulus rats were control rats that acted as unfamiliar peers during behavioural tests. 
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average age so that they would all start the stress procedure at the same time to ensure the 

number of novel cage partners required was met. Because the Social Instability Stress procedure  

is administered at specific ages (PND 30-45), ages were rounded to a whole number to allow for 

the stress procedure to begin at the appropriate time. The older females were designated an 

average age of 63. Rats were housed in age- and sex-matched pairs under a 12-hr light-dark 

cycle (lights on at 05:00 hr) with food and water available ad libitum. Rats were given a week to 

acclimate to the animal facility after arrival. Animal use and procedures were approved by the 

Brock University Institutional Animal Care Committee (ACC) and were carried out in adherence 

with the Canadian Council on Animal Care guidelines.  

Testing Apparatus 

Four white acrylic boxes were used in a designated testing room. Boxes comprised of a 

main test chamber measuring 61 cm x 31 cm x 52 cm, with two side chambers (20 cm x 20 cm x 

22 cm) separated from the main chamber by a plastic mesh. A larger hole was drilled into the 

middle of each mesh screen so that drinking bottles could be placed in the side chambers with 

their spouts protruding into the main chamber. See Figure 1A for a schematic of the testing 

apparatus.  

Video Tracking 

A video camera mounted above the test boxes recorded each behavioural test and 

provided a live feed to SMART® version 2 tracking software. Using SMART®, each main 

chamber of the test box was divided into three zones: an upper zone associated with the stimulus 

in the upper side chamber, a centre zone not associated with any stimulus, and a lower zone 

associated with the stimulus in the lower side chamber. See Figure 1B for a schematic of the 

testing apparatus with the upper and lower zones highlighted. Time spent in each zone was then 
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automatically measured by the software. Videos were later scored by a volunteer blind to the test 

conditions to determine frequency and duration of contact with the stimuli in the two side 

chambers.  

Video Scoring 

Videos were hand-scored by a rater blind to all experimental conditions (stress group, 

age, time of testing, and sex of rats, as well as condition of anything in the side chambers, ie. if a 

peer was familiar or unfamiliar to the test rats and any concentration of sucrose in the bottles). 

Scorers used the program PlusMZ, a free computer software designed for behavioural data 

scoring. For all behavioural tests a score was counted when a rat was on one side of the main 

chamber and touching or within 1cm of the hole in the centre of the mesh (for the stimulus side) 

or of the spout of the bottle (for the sucrose side). See Figure 1C for a schematic of the testing 

apparatus with the area scored highlighted. Duration of each instance was recorded for as long as 

1

B)

2

A)
2

C)

Figure 1. Schematic of testing apparatus with inclusion zones. A) Schematic of testing apparatus. The 
box labelled 1 is the main testing chambers and boxes labelled 2 are side chambers in which stimuli 
were placed. These side chambers were separated from box 1 by a mesh wall. Each mesh wall contains 
a larger hole drilled into the centre of the mesh. B) Inclusion zones used by the tracking software 
represented by grey shading. Each zone represents 1/3rd of the testing chamber closest to each side 
chamber. C) Inclusion zones used in hand scoring represented by grey shading. Each zone represents 
the area within a 1cm radius from the drilled hole in the mesh.  
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the rat remained within a 1cm radius of either the hole or spout.  

Social Instability Stress Procedure 

The Social Instability Stress (SS) procedure was as described in McCormick (2010) and 

consisted of 16 days of 1-hour isolation in ventilated containers (13 cm x 8 cm or 17 cm x 9 cm), 

followed by return to a novel cage-partner in a new cage for the first 15 days. After isolation on 

the 16th day, rats were placed with their original cage partner and then left undisturbed until 

behavioural testing began. Isolation occurred at variable times of the light cycle to avoid 

habituation to when the procedure occurred, excluding the first hour after lights on or the hour 

prior to lights off. Male (n = 52) and female (n = 48) rats were randomly assigned to undergo the 

SS procedure. Adolescent rats of both sexes (n = 52) underwent the procedure from PND 30-45, 

while adult female rats (n = 24) underwent the procedure from PND 68-83, and adult male rats (n 

= 24) from PND 67-82. Separate male (n = 26 per age) and female (n = 24 per age) rats were 

designated as control rats and left undisturbed for the duration of the stress procedure except for 

weighing and regular cage maintenance.  

Vaginal Opening 

There is evidence that stressors during childhood influence pubertal timing (Belsky, 

Steinberg, & Draper, 1991). Studies in humans have found that family stressors such as parental 

divorce and family conflict result in an earlier age of first menarche in women (Moffitt, Caspi, 

Belsky, & Silva, 1992; Wierson, Long, & Forehand, 1993). For female rats, a physical marker of 

puberty is vaginal opening. Earlier vaginal opening is found in female rats who experienced 

early-life stressors compared with rats who did not experience a stressor (Cowan & Richardson, 

2019). It is not known if prepubertal adolescent stress has similar effects on pubertal timing in 
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females as childhood stress does. Vaginal opening in female SS rats was recorded to investigate 

if the SS procedure resulted in an earlier average age of pubertal onset compared to controls.  

SS rats were monitored for both partial (pinhole) and full vaginal opening daily while 

they were already being handled during the stress procedure. Excess handling was kept to a 

minimum, and vaginal inspection was done in as short a time as possible for each rat. Vaginal 

opening data were not collected from female control rats to avoid disturbing them and creating 

any confounding factors due to excess handling. 

Behavioural Tests 

Rats began behavioural testing either the day after the SS procedure (Immediate testing, n 

= 100) or after a delay of 25 days for females and 26 days for the males (Delay testing, n = 100). 

Rats tested at both time points underwent behavioural tests in the same order: a habituation test, 

two social novelty tests, four social discounting tests, and a sucrose preference test, schematics 

of test are shown in Figure 2. All tests were 10 minutes in duration and were conducted one hour 

after the onset of the dark cycle under red light. 

Weight Gain 

SS (n = 100) and CTL (n = 100) rats were weighed on both the first (Ado: PND 30; Adult 

male: PND 67; Adult female: PND 68) and last day of the SS procedure (Ado: PND 45; Adult 

male: PND 82; Adult female: PND 83).  

Habituation Test 

The first behavioural test for both immediate and delay groups involved habituation to the 

test apparatus and drinking bottles. Each testing box had a bottle of water in one side chamber 
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and a bottle of 5% sucrose in the other chamber, counterbalanced between boxes. After the 10-

minute test, all rats tested were given 75 ml of 5% sucrose in their home cages overnight.   

Social Novelty Tests 

The current experiment uses the Social Novelty Preference Test developed in the 

Veenema lab which has found that rats will show a preference for an unfamiliar peer over their 

cage-mate (Smith et al., 2015; Smith, Mogavero, Tulimieri, & Veenema, 2017).  

Over two test days, test rats were placed in the test chamber for 10 minutes, with their cage-

partner placed in one side chamber and a novel stimulus rat in the other side chamber. Stimulus 

rats were control rats (age- and sex-matched) that only acted as unfamiliar peers during 

Familiar 
peer 
 

Unfamiliar 
peer 
 

5% 

 

0% 

 
Water 
 

5% Sucrose 
 

2% 

 

0%, 2%, 5%, and 
10% Sucrose 
 

Unfamiliar 
peer 
 

A. Social Novelty 
 

B. Sucrose Preference 
 

C. Social Discounting 
 

Figure 2. Schematic drawings of behavioural tests, all tests were 10 minutes in duration. Placement of 
stimuli in each side chamber was counterbalanced between apparatuses and between test rats. A) Social 
Novelty test. The test rat was placed in the middle chamber. A familiar peer (test rat’s cage-mate) was 
placed in one side chamber and an unfamiliar peer (stimulus rat) was placed in the other side chamber. B) 
Sucrose Preference test. The test rat was placed in the middle chamber. A bottle of water (0% sucrose) was 
placed in on side chamber and a bottle of 5% sucrose was placed in the other side chamber. Spouts of both 
bottles protruded through the mesh so that the test rat could drink from the spouts. The habituation test was 
conducted the same as the sucrose preference test. C) Social Discounting test. The test rat was placed in 
the middle chamber on four separate days. A bottle of sucrose was placed in one side chamber on each of 
the four days (0%, 2%, 5%, and 10% in counterbalanced order) and an unfamiliar peer (stimulus rat, new 
rat each day) was placed in the other side chamber. Placement of stimuli in the side chambers was 
counterbalanced across days.  
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behavioural tests. Placement of cage-partners and stimulus rats were counterbalanced between 

boxes. Time spent in both zones closest to each peer was scored by SMART® version 2 tracking 

software, as shown in Figure 1B, and these times were used for statistical analyses.  

Social Discounting Tests 

Over four test days, rats were placed in the test chamber for 10 minutes and allowed a 

choice between one of four concentrations of sucrose (0, 2, 5, and 10%) and a novel stimulus rat. 

A new rat was used each test day, and rats were exposed to a different concentration of sucrose 

each day. Placement of the stimuli in the side chambers was counterbalanced across boxes and 

between days, and order to which rats were exposed to the concentrations of sucrose was 

randomized between rats and across days so that each rat underwent a different order. Each test 

was manually scored for the frequency and duration of time that the test rat had its snout 

touching, poking through, or within 1cm of the hole in the mesh on the stimulus rat side and for 

time spent drinking from the bottle on the sucrose side.  

Sucrose Preference Test 

A 10-minute sucrose preference test was conducted to investigate any differences in 

sucrose preference between groups that could interfere with the interpretation of the social 

discounting results. Rats were placed in the test chamber and allowed access to a bottle of water 

and 5% sucrose. Placement of the bottles were counterbalanced between boxes. Each test was 

manually scored for the frequency and duration of time spent drinking from either bottle.  

The current experiment measured sucrose consumed in units of time spent drinking, but 

studies that measure fluid intake frequently report their results as ingestion in milligrams, grams 

or millilitres relative to body weight rather than total consumption to adjust for possible weight 

differences in intake (Bekris, Antoniou, Daskas, & Papadopoulou-Daifoti, 2005; Hong et al., 
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2012; Wilmouth & Spear, 2009). It has been reported that body weight is not a confounding 

factor in reporting sucrose consumption (Bekris et al., 2005). Time spent drinking has also been 

found to be highly correlated with volume consumed in an ethanol consumption study 

(Varlinskaya, Truxell, & Spear, 2015), and so time drinking can be used as a reliable measure of 

solution intake. 

Social Context on Drinking 5% Sucrose 

Results from the Sucrose Preference Test and Social Discounting Test from Experiment 1 

were used. The Sucrose Preference Test represented time drinking 5% sucrose alone, and the 

Social Discounting data when rats had 5% sucrose represented time drinking 5% in the presence 

of a peer. 

 Statistical Analyses  

All data analysis was done with SPSS version 25 and graphs were made with Prism 

GraphPad version 8. Unless otherwise noted, analyses were run with the following independent 

variables: stress group (control or stress group), sex (male or female), initial developmental stage 

(adolescent or adult), and time of testing (immediate or delay). Univariate and repeated measures 

ANOVAs were used except for the analysis of vaginal opening which consisted solely of an 

independent samples t-test. For repeated measures ANOVAs, stimuli presented in either side 

chamber was used as the repeated measure. For the social discounting task, the overall shape of 

the curve across sucrose concentrations was a main interest, so polynomial contrasts were run to 

determine polynomial patterns. Post-hoc analyses consisted of paired-samples t-tests or the 

Fisher LSD test for pairwise comparisons. Partial eta squares (ƞp2) are reported as a measure of 

effect size for main effects and interactions of ANOVAs. The alpha level of p < 0.05 was used 

for all analyses. Non-significant main effects and interactions were not reported.  
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Results 

Weight Gain 

Control rats gained an average of 8.76 grams more than the stressed rats over the duration 

of the stress procedure, F(1,184) = 17.18, p < 0.001, ηp2 = 0.085 (see Figure 3A). Adolescents 

gained more weight than adults (F(1,184) = 288.74, p < 0.001, ηp2 = 0.611), and males gained 

more weight than females (F(1,184) = 319.68, p < 0.001, ηp2 = 0.635). Main effects of both age 

at stress and sex were obviated by an interaction between the two, F(1,184) = 30.15, p < 0.001, 

ηp2 = 0.141. Post-hocs showed that adolescent females and adult males gained about the same 

amount of weight, whereas adolescent males gained the most and adult females gained the least 

(see Figure 3B).  

Vaginal Opening 

Previous data from the McCormick lab has observed the average and most common day 

of vaginal opening for control Long-Evans rats at PND 33 (n = 28, range = PND 30-38, SD = 

1.86), (unpublished observations by Simone, J.J.).   
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Figure 3. Weight gain during the stress procedure for all groups of rats. Bars represent group 
averages (+ SEM) and dots represent individual data points. A) Stressed rats gained less weight than 
controls. B) Interaction between age and sex; * = sex difference in which males gained more weight 
than females; # = age difference in which adolescents gained more weight than adults.  
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Mean day of vaginal opening in the current experiment for SS rats was PND 33.5 (n = 

24), with a range between PND 30 and PND 37, SD = 2.02, (see Figure 4). An independent 

samples t-test between average day of vaginal opening for SS rats and the data for control rats 

was not significant, t(50) = 0.741, p = 0.462.  

Social Novelty. There was a main effect showing a preference to spend time near the 

unfamiliar rat over the familiar rat, F(1, 184) = 63.64), p < 0.001, ηp2 = 0.257 (Figure 5a). In 

Figure 5, each line represents an individual rat with bars representing group means.  

Results also indicated an interaction between partner novelty, time of testing, and age at stress, 

F(1,183) = 5.46, p = 0.021, ηp2 = 0.029 (Figure 5b), in which all groups spent more time near the 

unfamiliar rat with the exception of the adult group tested after a delay. This group spent an 

average of 23.10 seconds more with the unfamiliar rat over the familiar rat, but this difference 

failed to reach statistical significance, (p = 0.141).  

A main effect of sex was observed, F(1, 184) = 4.49, p = 0.036, ηp2 = 0.024, in which 

males spent on average 4.79 seconds more than females in total time near either peer.  
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Figure 4. Frequency distribution for day of vaginal opening of SS 
female rats. Mean day was 33.5, mode was 34. 
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Preliminary Results: Delay Females 

A preliminary analysis of the data showed that the female group tested after a delay spent 

significantly less time drinking than did the other sex and time of testing groups in both the 

social discounting and sucrose preference tests, see Figure 6 for drinking results from the social 

discounting task, (sucrose preference: main effect of time of test by sex, F(1, 184) = 4.31, p = 

0.039l social discounting: main effect of time of test by sex, F(1, 182) = 11.30, p = 0.001). When 

looked at separately, this group still responded to the increasing concentrations of sucrose 

(sucrose preference: F(1,44) = 7.53, p = 0.009, ηp2 = 0.146; social discounting, 4 concentrations 

of sucrose: F(3,132) = 4.30, p = 0.006, ηp2 = 0.089). Further, that within the delay female group, 

both control and SS, adolescent and adult, rats showed this decrease in drinking, leads to the 

conclusion that this was a difference caused within this particular cohort and did not rely on any 

manipulated factors. For this reason, all subsequent analyses that involve sucrose consumption 

were analyzed with the delay females separately to prevent any effects being detected that would 
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Figure 5. Social novelty preference test – time spent with both a familiar and unfamiliar peer (Mean + 
SEM) with individual data points represented as lines. A) Main effect of novelty in which rats 
significantly spent more time near the unfamiliar peer. B) Adult rats tested after a delay spent more time 
near the unfamiliar peer, but this difference failed to reach significance. All other groups spend 
significantly more time near the unfamiliar peer. 
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be driven by the delay female’s lower overall consumption of sucrose. Further discussion of the 

possible reasons for this difference in drinking behaviour are detailed later in the discussion 

section.  

 The delay females being analyzed separately created a problem with the remaining 

dataset in that both the variables sex and time of testing are no longer complete: the dataset is 

missing half the female subjects and half the delay subjects and so time of testing by sex 

interactions cannot be analyzed. To remedy this, three options are available: 1) also analyze the 

immediate females separately and analyze males tested at both time points together, 2) also 

analyze delay males separately and analyze both males and females tested immediately together, 

or 3) analyze all time of test and sex groups separately. Some of main questions of this thesis 

were: 1) to determine if males and females will differ after the stress procedure, and 2) if there 
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Figure 6. Time drinking different concentrations of sucrose by sex and time of testing (Mean + 
SEM). Females tested after a delay spent significantly less time drinking at all concentrations 
compared to the other groups. 
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are any stress effects, to determine if they are long-lasting. Based on these questions, option 2 

was used for analysis, so both males and females tested immediately were analysed together to 

determine any sex differences. Females tested after a delay and males tested after a delay were 

both analyzed separately. Analyzing delay males and delay females separately from the 

immediate groups will not allow for a direct statistical analysis of time of testing effects, but will 

still allow some determination of how long-lasting any stress effects found are.  

Sucrose Preference 

Repeated measures ANOVAs (dependent variables: time spent drinking water, and time 

spent drinking 5% sucrose) were conducted for each of the three groups: males and females 

tested immediately, delay females, and delay males. One rat was excluded from the control, 

adult, immediate female group for failure to complete the test. All groups spent more time 

drinking sucrose than water (Immediate Males and Females: F(1, 91) = 103.81, p < 0.001, ηp2 

= 0.533; Delay Females: F(1, 44) = 7.53, p = 0.009, ηp2 = 0.146; Delay Males: F(1, 48) = 61.54, 

p < 0.001, ηp2 = 0.562), see Figure 7.  
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Figure 7. Sucrose preference test. Average time drinking water and sucrose as bars (Mean + 
SEM) with individual data points are represented by each line. A) Immediate Males and Females, 
B) Delay Females, and C) Delay Males all spent more time drinking sucrose than water. 
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For the Immediate Males and Females group, a within-subjects effect of sex (F(1,91) = 

4.43, p = 0.038, ηp2 = 0.046) showed that females spent on average 5.95 seconds more than males 

drinking water (p < 0.001), but males and females did not differ in time drinking sucrose (p = 

0.083). There were no other interactions or main effects (all p’s > 0.153).  

Social Discounting 

The initial plan was to calculate the percentage of time rats explored the unfamiliar peer 

out of their total time spent in both the social and sucrose the inclusion zones for each 

concentration of sucrose with the following equation:  

𝑆𝑜𝑐𝑖𝑎𝑙	% =
𝑡𝑖𝑚𝑒	𝑛𝑒𝑎𝑟	𝑝𝑒𝑒𝑟

𝑡𝑖𝑚𝑒	𝑛𝑒𝑎𝑟	𝑝𝑒𝑒𝑟 + 𝑡𝑖𝑚𝑒	𝑑𝑟𝑖𝑛𝑘𝑖𝑛𝑔 × 100 

From the calculation of social percentage at each concentration, a rat would be considered to be 

social discounting if their social percentage decreased as the concentration of sucrose increased 

(example: social discounting would have occurred is a rat’s social percentage decreased from 

70% at 0% sucrose to 50% at 2% sucrose).  

Before the social percentage was calculated, an initial analysis was conducted for the 

time spent near a peer and time spent drinking sucrose separately and as measured in seconds. 

From initial analysis, it was observed that rats increased time spent drinking as the concentration 

increased, but time spent near the peer remained as a flat line across the concentrations (see 

Figure 8). From this, calculating the social percentage to measure social discounting would be 

driven by the time spent drinking and would not accurately reflect changes in social behaviour. 

Because of this, time spent near a peer and time spent drinking sucrose were left as variables 

measured in time and analyzed separately.  
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Response to Sucrose Concentrations 

The main interest in this analysis was to determine a growth curve for time spent drinking 

as concentration increased. The question was then whether the shape of this curve would differ 

based on the between-subject factors. Given the small sample size per group and the number of 

between-subjects variables, a repeated measures ANOVA was used as quadratic and polynomial 

contrasts will allow for the determination of the shape of the sucrose curve.  

 To determine and then manage outliers, the main concern was whether an outlier at any 

given concentration would impact the overall shape of the curve to make the curve for any given 

rat differ from the mean shape for that group. To do this, the standardized residuals followed up 

with Cook’s Distance for time drinking at the four different concentrations were calculated. 

Given that 99% of the sample should lie between -2.6 and 2.6 standard deviations around the 

mean, a standardized residual value less then -2.6 or greater than 2.6 was deemed a possible 

outlier and further investigated. Any subject that had 2 outliers over the 4 days of testing was 

removed from analysis for this test, given that having outliers on two out of four factors for the 

dependent variable was likely having too great of an influence on the shape of that subject’s 

curve. This decision was followed up by manual inspection of the shape of the overall curve for 

these cases to confirm that it differed from the mean. Because it is expected that time drinking 

sucrose at the different concentrations and time spent near the novel peer will be negatively 

correlated, subjects whose data were excluded from analysis for time drinking sucrose also had 

their data for corresponding time near a peer excluded.  

 Outlier removal resulted in the following numbers of subjects being removed from 

analysis by analysis group: Immediate Males and Females = 3 removed, Delay Females = 1 

removed, Delay Males = 0 removed. In addition, two females were removed from analysis for 
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failure to complete the test, leaving the total group numbers as follows. Immediate adolescent 

females: CTL = 10, SS = 12; Immediate adult females: CTL = 11, SS = 12; Immediate 

adolescent males: CTL = 13, SS = 13; Immediate adult males: CTL = 12, SS = 12; Delay 

adolescent females: CTL = 11, SS = 12; Delay adult females: CTL = 12, SS = 12; Delay 

adolescent males: CTL = 14, SS = 14; Delay adult males: CTL = 12, SS =12.  

A repeated measures ANOVA was conducted for time spent drinking sucrose at the four 

concentrations (0, 2, 5, and 10%) for the three groups.  

 Immediate Males and Females. All rats increased time spent drinking as sucrose 

concentration increased, F(3, 261) = 30.66, p < 0.001, ηp2 = 0.261. An interaction between 

concentration, stress group, and sex (F(3, 261) = 3.01, p = 0.031, ηp2 = 0.033) revealed that male 

controls spent more time drinking 0% and 5% than did SS rats (p = 0.003 and p = 0.004 

respectively). Contrasts revealed a subsequent cubic interaction between sucrose concentration, 

stress group, and sex, F(1, 87) = 8.66, p = 0.004, ηp2 = 0.091.  

 An interaction between concentration, stress group, and age at stress failed to reach 

significance (F(3, 261) = 2.00, p = 0.114, ηp2 = 0.022), but a cubic interaction did reach 

significance (F(1, 87) = 3.94, p = 0.05, ηp2 = 0.043) and was investigated further.  

 Repeated measures ANOVA’s were carried out to investigate stress effects for each age 

at stress and sex group.  

Adolescent Females. For adolescent females, there was no effect of stress either as a main 

effect or interaction (p = 0.474 and p = 0.982 respectively), see Figure 8a.  

All rats responded to changes in sucrose concentration, F(3, 60) = 8.17, p < 0.001, ηp2 = 0.290. 

Specifically, time spent drinking increased from 0% to 2% (p = 0.047), did not differ from 2% to 

5% (p = 0.353), but increased between 5% and 10% (p = 0.021). As Figure 8 shows separate 
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lines for both control and SS rats, values for each stress group are as follows, CTL: 0%-2%: p = 

0.276; 2%-5%: p = 0.557; 5%-10%: p = 0.167; SS: 0%-2%: p = 0.100; 2%-5%: p = 0.479; 5%-

10%: p = 0.061. All rats increased time spent drinking between 0% and 10% (CTL: p = 0.032; 

SS: p = 0.012).  

Adult Females. For adult females, there was no effect of stress as a main effect or 

interaction (p = 0.527 and p = 0.164 respectively), but a cubic contract revealed a difference in 

the shape of the curve for control and stressed rats (F(1,21) = 4.91, p = 0.038, ηp2 = 0.190), see 

Figure 8C.  

Post-hocs revealed that neither control nor SS rats increased time spent drinking between 

0% and 2% sucrose (CTL: p = 0.092; SS: p = 0.055). Control rats did not increase in time spent 

drinking between 2% and 5% (p = 0.498), but SS rats did (p = 0.021). Neither group increased 

significantly in time drinking between 5% and 10% (CTL: p = 0.150; SS: p = 0.465).  

Adolescent Males. Adolescent males revealed a significant main effect of stress group 

(F(1,24) = 6.73, p = 0.016, ηp2 = 0.219) and interaction between stress group and concentration 

(F(3,72) = 3.86, p = 0.013, ηp2 = 0.139). A cubic contrast revealed differences in the shape of the 

curves for stressed and control rats (F(1,24) = 7.01, p = 0.014, ηp2 = 0.226), see Figure 8B.  

Post-hocs revealed that control rats spent on average 41.87 seconds more drinking overall 

than did SS rats (p = 0.016). Specifically, CTL rats spent more time drinking than SS rats did at 

both 0% (t(24) = 2.44, p = 0.023) and 5% (t(24) = 2.90, p = 0.008, with the difference 

approaching, but failing to reach significance at 10% (t(24) = 1.87, p = 0.074) and non- 

significant at 2% (t(24) = 1.17, p = 0.254). Neither control nor SS rats increased in time spent 

drinking from 0% to 2% (CTL: p = 0.078; SS: p = .103). Control rats increased in time drinking 

between 2% and 5% (p = 0.015), while SS rats did not (p = 0.418). Neither control nor SS rats  
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Figure 8. Social 
discounting test. Time 
spent drinking and near 
an unfamiliar peer at 
different concentrations 
of sucrose (Mean + 
SEM). All groups 
responded to the 
increasing 
concentrations of sucrose 
and only adolescent 
males showed a stress 
difference. Rats did not 
differ in time spent near 
a peer as concentration 
changed. 
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increased time spent drinking between 5% and 10% (CTL: p = 0.393; SS: p = 0.077). Both 

control and SS rats increased significantly in time spent drinking between 0% and 10% sucrose 

(CTL: p = 0.024; SS: p = 012).  

Adult Males. For adult males, there was no main effect or interaction of stress group (p = 

0.873 and p = 0.659 respectively). All rats responded to changes in sucrose concentration, F(3, 

66) = 9.34, p < 0.001, ηp2 = 0.298, see Figure 8D. Specifically, rats increased time spent drinking 

from 0% to 2% (p = 0.039), from 2% to 5% (p = 0.009), but did not increase between 5% and 

10% (p = 0.474). As figure 8 shows separate lines for both control and SS rats, values for each 

stress group are as follows, CTL: 0%-2%: p = 0.304; 2%-5%: p = 0.041; 5%-10%: p = 0.851; 

SS: 0%-2%: p = 0.073; 2%-5%: p = 0.127; 5%-10%: p = 0.191. All rats increased time spent 

drinking between 0% and 5% (CTL: p = 0.010; SS: p = 0.021). The increased between 0% and 

10% for controls failed to reach significance (p = 0.062) but was significant for SS rats (p = 

0.012).  

 Delay Females. Rats responded to the changes in sucrose concentration, F(3, 129) = 

03.48, p = 0.018, ηp2 = 0.075. Specifically, rats did not increase time spent drinking between 0% 

and 2% (p = 0.634) but increased between 2% and 5% (p = 0.047), and then did not increase 

between 5% and 10% (p = 0.351). Rats spent more time drinking at 10% than they did at 0% (p 

= 0.036) and 2% (p = 0.002).  

There were no other main effects or interactions (all p’s > 0.134). For consistency, figure 

8E and 7G shows the curve for control and SS rats by each age group.  

Delay Males. Rats responded to the changing concentrations of sucrose, F(3, 144) = 

37.12, p < 0.001, ηp2 = 0.436. Specifically, rats increased time spent drinking at each sucrose 

concentration increase (0%-2%: p < 0.001; 2%-5%: p = 0.001; 5%-10%: p = 0.002). There were 
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no other main effects or interactions (all p’s > 0.072). For consistency, figure 8F and 8H shows 

the curve for control and SS rats by each age group. 

Time Spent Near Peer at Different Sucrose Concentrations 

Because the original hypothesis was that the concentration of sucrose available would 

influence time spent with a peer, even though that did not seem to be the case based on 

preliminary observation of the data, any rat that was omitted from the response to sucrose 

concentration task as an outlier was also omitted from this analysis. Standardized residuals and 

Cook’s Distance were used to investigate potential outliers that may influence on the shape of 

the curve for time spent near the novel peer, as described previously for the response to sucrose 

concentrations analysis. Only one rat had two out of four standardized residuals greater than 2.6 

but was not removed from analysis as the residuals were not greatly above 2.6 and the shape of 

the curve for this rat upon manual inspection did not appear to differ greatly from the mean 

shape of the curve. Leaving this rat in the dataset also prevented unnecessarily reducing the 

sample size. 

Immediate Males and Females. Rats tested immediately did not alter time near the novel 

peer as the concentration of sucrose changed, F(3, 261) = 1.10, p = 0.350, ηp2 = 0.012 (see Figure 

8A, B, C, and D). There was a main effect of males spending on average 5.51 seconds more with 

any peer than did females (F(1, 87) = 11.21, p = 0.001, ηp2 = 0.114), obviated by an interaction 

between sex and stress (F(1, 87) = 6.95, p = 0.010, ηp2 = 0.074). Male SS rats spent on average 

5.81 seconds more near any novel peer than did control males (p = 0.012), while SS and control 

females did not differ in time spent near the novel peer (p = 0.233), see Figure 9. SS males also 

spent on average 9.86 seconds more near a novel peer compared to SS females (p < 0.001), with 
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no difference between male and female controls (p = 0.622). There were no other main effects or 

interactions (all p’s > 0.123).  

 

Delay Females. Delay females did not alter time spent near the novel peer as the 

concentration of sucrose changed, F(3, 129) = 1.25, p = 0.296, ηp2 = 0.028 (see Figure 8E and 

G). The only significant effect that was observed was a main effect of age at stress (F(1, 43) = 

4.65, p = 0.037, ηp2 = 0.098), in which adults spent an average of 5.75 seconds more near any 

novel peer than did the adolescents.  

Delay Males. Delay males did not alter time spent near the novel peer as the 

concentration of sucrose changed, F(3, 144) = 1.80, p = 0.149, ηp2 = 0.036 (see Figure 8F and H). 

There was a significant main effect of stress (F(1, 48) = 7.44, p = 0.009, ηp2 = 0.134), in which 

SS rats spent an average of 5.82 seconds more with any novel peer than did the controls. There 

were no other main effects of interactions (all p’s > 0.149). 
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Figure 9. Interaction of stress group and sex on time 
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differ in time near the peer, but SS males spent more 
time neat the peer than did CTL males. 
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Social Context on Drinking 5% Sucrose 

A repeated measures ANOVA (dependant variables: time spent drinking 5% in sucrose 

preference test – alone, and time spent drinking 5% sucrose in social discounting test – with 

peer) was conducted for the three groups. Rats that were excluded from the responding to 

sucrose concentrations analysis were also excluded from this 

analysis.  

Immediate Males and Females. All rats spent on average 38.6 seconds more drinking 

alone than they did with a peer, F(1,87) = 38.76, p < 0.001, ηp2 = 0.308 (see Figure 10A). A 

between-subjects effect of sex approached but failed to reach significance, F(1,87) = 3.62, p = 

0.060, ηp2 = 0.040, which showed that males drank for an average of 23.24 seconds more than 

females regardless of social condition. Follow-up revealed an effect of social context for females 

rats in which they spent an average of 35.12 seconds more drinking when alone than when there 

was a peer present, F(1,41) = 17.09, p < 0.001, ηp2 = 0.294. There were no other main effects of 

interactions for females (all p’s > 0.063). Male rats spent an average of 42.08 seconds more 
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Figure 10. Influence of social condition on drinking 5% sucrose (Mean + SEM). A) Immediates spent more 
time drinking when alone. B) Delay females spent more time drinking when alone. C) Delay males spent more 
time drinking when alone, but this trended towards significance. 
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drinking when alone compared to when a peer was present, F(1,46) = 22.19, p < 0.001, ηp2 = 

0.325. An interaction between social condition and stress group (F(1,46) = 4.11, p = 0.048, ηp2 = 

0.082), revealed that there was no difference between stressed and control males in average time 

spent drinking sucrose when alone (p = 0.577), but when a peer was present stressed rats spent 

less time drinking than controls did (p = 0.013). A between-subjects effect of stress condition 

and age at stress that failed to reach significance (F(1,46) = 3.68, p = 0.061, ηp2 = 0.074) 

indicated that adolescent controls spent more time drinking overall compared to stress rats (p = 

0.013) whereas adult stressed and control did not differ (p = 0.862). There were no other 

significant interactions or main effects (all p’s > 0.061).  

Delay Females. All rats spent on average 10.93 seconds more drinking alone than they 

did with a peer, F(1, 44) = 4.88, p = 0.032, ηp2 = 0.100 (see Figure 10B). There were no other 

interactions or main effects (all p’s > 0.070).  

Delay Males. Males spent on average 22.36 seconds more drinking alone than they did 

with a peer, but the difference was not significant F(1, 48) = 3.65, p = 0.062, ηp2 = 0.071 (see 

Figure 10C). There were no other interactions or main effects (all p’s > 0.079). 

Discussion 

Response to Sucrose 

Although the specific predictions for the current experiment were in regard to social 

discounting, the general predictions they were derived from are still relevant to the separate 

measures of time spent drinking sucrose and time spent near the novel peer. The general 

predictions were: 1) that SS rats would increase time drinking sucrose and decrease time near the 

peer to a greater degree than would CTL rats as the concentrations of sucrose increased during 

the social discounting task, 2) an effect of stress would only be found in the adolescent-stressed 
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and not the adult-stressed rats, 3) SS effects in adolescent-stressed rats would be long-lasting, 

and if the previous prediction was incorrect and SS effects were evident in adult-stressed rats, 

than this effect would not be long-lasting, and 4) males and females would differ in their time 

spent drinking and with the peer, with SS females spending more time drinking sucrose than SS 

males.  

The original predictions that stress effects would differ based on sex and age at stress 

were met in so far as the only stress effect evident was in the adolescent-stressed males. Male 

rats stressed during adolescence and tested immediately after the stress procedure spent less time 

drinking sucrose compared to controls, whereas no stress effect for sucrose consumption was 

found in males stressed during adulthood or in females stressed during either adolescence or 

adulthood. No stress effects were observed in any age or sex group tested 25 days after the stress 

procedure. Separate discussion sections below address each of these sex, age, and time of testing 

differences specifically.  

Overall, during the social discounting task, rats increased the time spent drinking as the 

concentration of sucrose increased. That rats were given 0%, 2%, 5%, and 10% sucrose in a 

counter-balanced order and spent more time drinking at the higher concentrations indicates that 

rats were able to distinguish between the different concentrations despite encountering only one 

concentration per day and in a random order. In past experiments, when allowed to freely drink 

different concentrations of sucrose, adult male rats were found to increase consumption as the 

concentration rose, with a peak between 8% and 16%, and then decrease their intake at 

concentrations higher than 16% due to satiation (Sclafani, 1987; Sclafani & Ackroff, 2003). 

Thus, it is possible that a ceiling effect for 10% sucrose consumption was reached in the present 

experiment.  
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The current experiment is focused on between-group differences in sucrose consumption, 

yet it is important to note that individual differences exist as well. Rats naturally differ in 

baseline sucrose consumption and several investigations have split rats into groups based on low 

and high sucrose consumption (Brennan, Roberts, Anisman, & Merali, 2001; Desousa, 

Wunderlich, De Cabo, & Vaccarino, 1998; Sills & Crawley, 1996). Baseline differences in 

sucrose consumption may be a more stable trait that is also related to anxiety, because rats that 

had low consumption of sucrose also had higher levels of generalized anxiety compared to high 

consumption rats (Desousa et al., 1998). However, one study that determined the extent that rats 

were willing to work for access to different concentrations of sucrose (0%, 10%, 20%, and 30%) 

found similar response patterns in both low and high sucrose consumers, with both groups 

increasing responses as the concentration of sucrose increased (Brennan et al., 2001). While 

individual differences could have been evaluated in the current experiment, the main interest was 

how the overall response to increasing concentrations of sucrose is affected by the SS procedure. 

Because both low and high consumers respond in the same pattern to sucrose concentration 

changes (Brennan et al., 2001), only between-group differences were analysed for this thesis.  

The SS adolescent male rats had a decrease in time drinking sucrose compared to controls 

during the social discounting task but not during the sucrose preference test. It is important to 

note the difference between sucrose intake and sucrose preference tasks. Sucrose preference 

often involves a two-bottle test where one bottle is filled with sucrose or saccharin and the other 

with water (Hoffman, 2016). Sucrose intake can be reported as the intake of sucrose during a 

sucrose preference test or can be a different test altogether that only utilizes one bottle containing 

sucrose or saccharin. Whereas sucrose intake is reported in amount consumed (in millilitres or 

grams), sucrose preference is usually reported as the percent sucrose consumed out of total fluid 
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consumed and so adjusts for total drinking behaviour. For the same two-bottle test, both sucrose 

intake and preference can be reported. From the same test, between-subjects differences in 

sucrose intake do not always produce significant between-subjects differences in sucrose 

preference when reported as a percent score (Wilmouth & Spear, 2009). However, the different 

results based on reporting sucrose intake versus preference may be at least partially due to 

methodology, as Wilmouth & Spear, (2009) used a 24 hour access test and D’Aquila, Newton, & 

Willner, (1997) reported that stress differences caused by chronic mild stress in both sucrose 

intake and preference are observed only when rats are tested during their dark phase and not 

during the light phase. With the consideration that sucrose intake and sucrose preference may not 

result in the same findings, some insight can still be gained from studies that report sucrose 

preference rather than sucrose intake.  

It was originally predicted that SS rats would spend more time than controls would 

drinking sucrose as the concentration increased and thus be more sensitive to the changing 

concentrations (even though concentrations were presented in counter-balanced order). The 

opposite was found; instead of being more sensitive to the changing concentrations of sucrose, 

SS rats reacted less to the changing concentrations than controls did. The SS adolescent male 

rat’s devaluation of sucrose could be described as anhedonia. Anhedonia is defined as an 

inability to feel pleasure; reduced consumption of and motivation for sucrose has been used 

previously as a measure of anhedonia (Muscat et al., 1990; Papp et al., 1991; Willner, 2017). 

Both anhedonia and a reduced motivation for reward are trademark symptoms of major 

depressive disorder. Adolescence appears to be a period that is vulnerable to the onset of 

affective disorders, with diagnoses of clinical depression in humans increasing during 

adolescence (Hankin et al., 1998; Lewinsohn, Clarke, Seeley, & Rohde, 1994; Zisook et al., 
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2007). Based on the mesocortical pathway’s involvement in reward motivation and reactivity, an 

often-proposed theory is that this circuit is implicated in depressive disorders (Dunlop & 

Nemeroff, 2007; Kapur & John Mann, 1992; Nestler & Carlezon, 2006; Stein, 2008). A decrease 

in sucrose or saccharine consumption is used as an indicator of anhedonia (Willner, Towell, 

Sampson, Sophokleous, & Muscat, 1987; Wilmouth & Spear, 2009) and that adolescent male SS 

rats spent less time drinking sucrose compared to controls when in a social context could be 

classified as a sex- and age-specific anhedonia in social conditions. Further discussion of how 

the adolescent male’s decrease in sucrose consumption relates to depression (as measured by 

anhedonia) and also drug self-administration are outlined in subsequent sections.  

The question arises of whether the adolescent male’s decrease in sucrose consumption 

could have been due to an increase in anxiety as Desousa et al., (1998) found that male rats who 

consumed low amounts of sucrose also displayed increased generalized anxiety. Generalized 

anxiety, as measured by time spent on the open arm of an elevated plus maze, did not differ 

between SS and control adolescent males when tested immediately after the stress procedure 

(Hodges, Baumbach, & McCormick, 2018; McCormick, Smith, & Mathews, 2008). Conversely, 

a decrease in anxiety in adolescent SS males relative to controls emerged after controlling for 

novelty seeking, as measured by locomotor behaviour in an unfamiliar arena (Hodges et al., 

2018). Adolescent SS females also displayed a decrease in generalized anxiety as measured by 

increased time in the open arm compared to controls (McCormick et al., 2008), but did not differ 

in time drinking sucrose in the current experiment. Taken together, general anxiety-related 

changes are an unlikely explanation for the SS adolescent male’s drinking behaviour during the 

social discounting task. That adolescent SS males only spent less time drinking sucrose in a 

social context could indicate an effect of social anxiety specifically, considering the reduced time 
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SS adolescent males spend in social interaction relative to controls (Green et al., 2013; Hodges et 

al., 2019). However, that rats were only allowed social approach and not social interaction in the 

current experiment and that SS and CTL adolescent males did not differ in social approach does 

not support the idea that devaluation of sucrose in SS rats was caused by an increase in social 

anxiety.  

Stress Effect Specific to Males. Results for sucrose intake and preference after isolation 

stress is not uniform, but some studies have found similar results to the current study, in that 

isolated males show a devaluation of sucrose compared to control males. Isolated males show 

less hyperreactivity in anticipation for 5% sucrose compared to group-housed males (Van Den 

Berg et al., 1999), indicating reduced motivation for sucrose. Sex differences in how adolescent 

isolation affects sucrose intake has been infrequently studied but when they have been, results 

are mixed. Hong et al., (2012) reported that in adulthood, after isolation during adolescence 

(PND 30-50), isolated females increased preference for 1% sucrose relative to non-isolated 

controls, with no difference between isolated and non-isolated males. A recent study that isolated 

both males and females between PND 21 and 49 found a decrease in sucrose preference in both 

sexes, but the authors note that the decrease appears greater for males than for females (Begni, 

Zampar, Longo, & Riva, 2020). Another study that isolated both male and female rats during 

their adolescent period (PND 30-60) found that isolated males drank less of a 32% sucrose 

solution than did group-housed males, with no differences in consumption based on housing 

conditions in females rats (Pisu et al., 2016). The sex difference found in Pisu et al., (2016) 

supports other studies that have suggested that females may be more resistant than males to 

stress-produced behavioural changes (Gomes & Grace, 2017; Klinger, Gomes, Rincón-Cortés, & 
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Grace, 2019). Females may be more resistant than males to Social Instability Stress-induced 

changes in sucrose consumption.  

Whereas isolation studies employ the removal of social relationships, social instability 

stress manipulates social experiences to change the quality of social relationships without 

removing the relationships completely. The combination of social isolation and disruption of 

cage-partners in the McCormick Social Instability Stress procedure decreases time drinking 

sucrose only in a social context. Although there was no decrease in time drinking 1% sucrose in 

SS males in a social context in a previous study, SS males drank more sucrose when in 

competition against a cage partner (Marcolin et al., 2019) and displayed more aggressive 

behaviours when in competition for sweetened condensed milk (Cumming et al., 2014). Other 

models of social instability stress often observe a decrease in sucrose preference in stressed rats 

and mice (reviewed in Goñi-Balentziaga, Perez-Tejada, Renteria-Dominguez, Lebeña, & 

Labaka, 2018). Thus, changing the quality of social relationships, rather than removing them, is 

sufficient to influence sucrose intake and preference, but only in a social context and with 

sucrose concentrations greater than 1% in the McCormick SS procedure. 

Sex differences in sucrose intake are not found in all stress models, in particular chronic 

mild stress and different versions of social instability stress. The chronic mild stress procedure 

produces a decrease in sucrose intake in both male (Grønli et al., 2004; Nielsen, Arnt, & 

Sánchez, 2000; Willner et al., 1987) and female rats (Baker, Kentner, Konkle, Santa-Maria 

Barbagallo, & Bielajew, 2006), suggesting that in tests of sucrose consumption, females may not 

be resistant to chronic mild stress. A review of different versions of social instability stress in 

female rats and mice found mixed results for sucrose preference, but most studies found a 

decrease in sucrose preference in stressed females relative to controls (Goñi-Balentziaga et al., 
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2018), thus even different versions of social instability stress produced different results in the 

sucrose preference test. It is possible that the lack of stress difference in females in the current 

experiment is specific to the McCormick Social Instability Stress procedure. It is also possible 

that females of the Long-Evans strain specifically do not show a decrease in sucrose 

consumption; of the 17 articles included in Goñi-Balentziaga et al., (2018)’s systematic review, 

no other version of social instability stress outside the McCormick lab involved Long-Evans rats. 

Overall, although sex differences in sucrose consumption varies by stress procedure, the 

McCormick Social Instability Stress procedure produces a decrease in time drinking sucrose only 

in adolescent-stressed males, with no difference in females.  

Males may be more likely than females to display anhedonia as measured by laboratory 

tests since lower consumption of sucrose only in males is also found in two rat strains that are 

used as models of depression. The Wistar-Kyoto strain is hyperresponsive to stress and spends 

less time in social interaction compared to the Sprague-Dawley strain (Pardon et al., 2002). 

Compared to Sprague-Dawley rats, Wistar-Kyoto males had a lower sucrose preference whereas 

females did not (Burke et al., 2016). Two separate lines of Sprague-Dawley rats were bred to be 

either susceptible or resistant to behavioural despair after an acute stressor as measured by 

activity in the forced swim test (Harrell, Hardy, Boss-Williams, Weiss, & Neigh, 2013). After 

exposure to chronic stressors during adolescence, stressed males from the susceptible line drank 

less sucrose than non-stressed susceptible males, with no stress difference in sucrose 

consumption in susceptible females (Harrell et al., 2013). In the resistant line, both male and 

female stressed rats consumed less sucrose than non-stressed resistant rats (Harrell et al., 2013). 

Thus, in strains susceptible to the effects of stress, only males display anhedonia in terms of 
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sucrose consumption and preference and results from these strains are consistent with the 

decreased time drinking sucrose specific to adolescent male SS rats in the current experiment.  

Stress Effect Specific to Adolescents. The effects of SS were age-specific with 

adolescents being more vulnerable, consistent with the original prediction that stress effects 

would only be found in adolescent-stress rats. During the social discounting task, decreased 

consumption of sucrose was only evident in adolescent-stressed rats, with no differences in 

sucrose consumption caused by adult stress. Non-stressed adolescent males have been found to 

be more sensitive to changes in sucrose concentration than adults (Wilmouth & Spear, 2009), 

and the SS procedure may have dampened this sensitivity. A study that measured taste reactivity 

to different concentrations of sucrose (0%, 0.34%, 3.4%, and 34% in random order) by a 45 

second oral infusion found that both adolescent and adult male rats had more positive responses 

to 34% sucrose compared to water, but only adolescents showed more positive responses to 3.4% 

sucrose than they did to water (Wilmouth & Spear, 2009). Adolescents are more sensitive than 

adults to the hedonic properties of both low and high value sweet rewards as adolescents drink 

more 1% sucrose adjusted to body weight (Wilmouth & Spear, 2009), spend more time drinking 

1% sucrose than adults do (Marcolin et al., 2019), and consumption of sweetened condensed 

milk peaks during adolescence (Friemel et al., 2010). That stress in the current experiment 

attenuated sucrose consumption only for the adolescent males and not for adults would suggest 

that even though adolescents are more sensitive to the rewarding properties of sucrose than are 

adults, this sensitivity is more susceptible to alteration by stressors.  

Although the Social Instability Stress procedure consists partly of an isolation stressor 

and a stress-induced change in sucrose consumption in adolescent males was found in the present 

experiment, changes in sucrose intake after isolation housing are mixed. Isolation-housing in 
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adolescence decreases motivation for sweet substances (Van Den Berg et al., 1999), but in terms 

of sucrose consumption across multiple studies, isolation has been found to decrease (Carrier & 

Kabbaj, 2012; Pisu et al., 2016), not change (Hall, Humby, Wilkinson, & Robbins, 1997), or 

increase consumption of sucrose (Brenes & Fornaguera, 2008) compared to group-housed rats. 

Although adolescent SS rats do not differ from controls in intake for 1% sucrose (Marcolin et al., 

2019), adolescent SS males in the current experiment spent less time drinking sucrose than 

controls did. A previous study found evidence that re-pairing with an unfamiliar partner 

following isolation more so drives adolescent-susceptibility in the Social Instability Stress 

procedure rather than the isolation component alone. Given that isolation stress is not uniform in 

its effects on sucrose intake, it is possible that the changes in adolescent SS rat’s consumption of 

sucrose solutions in the current experiment was driven more so by social instability, or its 

interaction with isolation stress, rather than by isolation stress alone.  

Stress Effect Specific to Adolescent Rats Tested Immediately after SS. Adolescent SS 

male rats that were tested immediately after the stress procedure drank less sucrose than did 

controls, but no effect of stress was observed in the adolescent males tested after a delay of 25 

days. A previous study that administered a chronic stress paradigm to male rats for 5 weeks 

found that stressed rats drank less sucrose relative to baseline for the first two weeks, and then 

this decrease in consumption attenuated after two weeks although still remained significant 

(Grønli et al., 2004). The attenuation of stressed-induced anhedonia, even while the stressor is 

still present, as found in Grønli et al., (2004), indicates that changes in reward-related behaviours 

due to stress may be temporary. Hong et al., (2012) found that after adolescent isolation, males 

did not differ from controls in sucrose preference later in adulthood, although females did, so the 

temporary anhedonia may be sex-specific depending on the type of stressor. It is possible that 
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anhedonia as measured by sucrose intake due to stress is a relatively short-lived effect that 

disappears after a few weeks, but continuous stress can prolong the stress effects.  

For the Social Instability Stress procedure specifically, whether SS differences are long-

lasting depends on the measure. Some stress effects only emerge with time. A decrease in spatial 

location memory is only found in adolescent SS rats when they are tested weeks after the SS 

procedure and not when they are tested immediately after (McCormick et al., 2012). When 

examined weeks after the stress procedure, males who were stressed during adolescence had 

decreased protein expression of two markers of synaptic plasticity (PSD-95 and aCaMKII) in the 

prefrontal cortex compared to controls, while rats examined immediately after stress procedure 

did not differ from controls (Marcolin, Baumbach, Hodges, & McCormick, 2020). For other 

measures, only immediate effects of stress are found. After a swim test conducted the day after 

the SS procedure ends, adolescent-stressed males have a potentiated corticosterone response and 

females have a prolonged response compared to controls, but no stress differences are found 

when the swim test is conducted 25 days after the last day of the SS procedure (Mathews, 

Wilton, Styles, & McCormick, 2008). During a 30 minute testing session, males tested 

immediately will consume more 10% ethanol than controls, with no stress difference found when 

tested weeks later (Marcolin et al., 2019). The SS adolescent male’s reduction in time drinking 

sucrose in the current experiment is a stress effect that is only evident when tested immediately 

after the stress procedure and is thus not long-lasting.  

Effect of Social Context on Drinking Sucrose 

A comparison on time spent drinking sucrose alone and when a peer was present revealed 

that SS rats spent less time drinking sucrose when a peer was present. A previous study found 

that adolescent male rats, regardless of whether stressed or not, drank more of 1% sucrose when 
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they were alone compared to when a peer was present (Marcolin et al., 2019). The current study 

replicated these results and extended them to females and to rats stressed as adults, as well as to a 

new concentration of sucrose, 5%. No stress effects were found in the sucrose preference test 

when rats were drinking alone but were observed in the social discounting task when a peer was 

present. Although adolescent male SS rats did not alter their time near a novel peer as the 

concentrations of sucrose changed in the social discounting task, a peer being present was 

necessary for a stress effect in sucrose drinking to be observed.  

Some insight into the influence of social context on sucrose reward can be gained by 

looking at how social context affects responses towards drugs of abuse. Both sucrose and drugs 

of abuse activate the mesolimbic system, and the dopaminergic response to both substances are 

thought to be analogous (De Jong, Vanderschuren, & Adan, 2016). The full extent of the neural 

overlap between social reward and drug reward is not fully known, but the two rewards have 

interacting effects and, under different contexts, can either be protective against, or have a 

synergistic effect with, self-administration of drugs of abuse (reviewed in Beloate & Coolen, 

2017). In adolescent male rats, pairing social context and nicotine together facilitates CPP 

formation (Thiel, Sanabria, & Neisewander, 2009); however, in choice tests between a social 

stimuli and drug administration, the two stimuli have competing reward values. When rats 

trained to self-administer either methamphetamine or heroin are allowed to choose between the 

drug reward and a social reward, both male and female rats chose the social reward more 

frequently than they did the drug reward, preventing drug self-administration (Venniro et al., 

2018). Competing reward values between sucrose and social stimuli could explain why rats in 

the current experiment drank less sucrose when a peer was present. That rats spent more time 

drinking 5% sucrose when alone may indicate that social reward competed against sucrose 
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reward to such a degree that it created a statistically significant effect. Age and internal 

motivational states influence the choice between social and drug reward. In a CPP test in which 

one chamber is associated with social interaction and the other with amphetamine administration, 

adolescent male rats prefer the social side if they have been housed individually and the 

amphetamine side if they have been pair-housed (Yates, Beckmann, Meyer, & Bardo, 2013). 

Housing conditions only affected choice preference in adolescent rats, adults did not have a 

preference for either compartment, regardless of housing condition (Yates et al., 2013). The 

decreased time adolescent SS males spent drinking in the social discounting test is consistent 

with Yates et al., (2013) as the altered housing environment (SS procedure) altered the choice 

preference between two natural rewards only in adolescents.  

Although social context has also been found to protect against drug self-administration in 

a choice test, social context facilitates drug administration when the two are presented together. 

Although the Social Discounting task was designed to be a choice task between social and 

sucrose rewards, the two stimuli were presented together, and so synergistic effects of both 

rewards may have been present during the task. Varlinskaya et al., (2015) found that adolescent 

and adult males consumed more ethanol when in a social condition. Gipson et al., (2011) found 

that the presence of a peer increased self-administration of amphetamine, although the presence 

of a peer decreased intake of sucrose pellets. The decrease in time drinking sucrose when in the 

presence of a peer in the current study is consistent with the decreased sucrose intake in Gipson 

et al., (2011). Whereas social context facilitated drug administration, social context decreased 

sucrose intake and so social context affects both drug and sucrose administration, but in opposite 

directions. That no stress difference was found in the social novelty and sucrose preference tests, 

but a stress effect was found when social and sucrose rewards were presented together suggests 
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that the interaction between the two rewards is displayed differently, or altered, in stressed 

adolescent male rats.  

With the exception of the delay females, rats spent more time drinking sucrose than they 

did approaching a novel peer in the social discounting task, suggesting that sucrose contained a 

higher reward value than the social stimuli. When administered to adolescent males, the Social 

Instability Stress procedure has been previously found to alter social behaviour (Green et al., 

2013; Hodges et al., 2019) and it is possible that the SS adolescent male’s altered social 

repertoire is competing against the sucrose reward and that the subsequent devaluation of sucrose 

is the manifestation of this motivational competition. Other laboratory tests, such as conditioned 

place preference or progressive ratio self-administration, could aid in determining the 

motivational properties of both stimuli and if they differ in SS rats. If the devaluation of sucrose 

under social conditions is a result of an altered social repertoire, this stress effect is then specific 

to adolescent males. This adolescent vulnerability would be consistent with findings from 

another lab that has shown that adolescent male rats will change their preference for either social 

interaction or amphetamine reward depending on their housing (isolation or group-housing), but 

adult males have no preference, even when their housing environment is manipulated (Yates et 

al., 2013). Most animal studies in various fields, including neuroscience, use male subjects which 

has led to little known about sex differences (Shansky, 2019). However, that females did not 

show a stress difference in the current experiment is consistent with a previous finding that 

isolation stress enhances the reward value of social stimuli in adolescent male, but not female, 

rats (Douglas et al., 2004). Future studies that include both males and females would be largely 

beneficial to determine what stress effects are sex specific.  
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Social Approach During Social Novelty and Social Discounting Tasks  

In the social novelty test, a main effect of partner familiarity emerged whereby rats spent 

more time near the novel peer than they did with the familiar one, consistent with previous 

reports using the same novelty paradigm [e.g., Smith et al., (2015); Smith et al., (2017)]. From 

the data in Figure 5, some rats spent more time with the familiar over the unfamiliar rat. The 

individual variability in time near either peer was likely a result of using the larger zone for 

tracking (1/3rd of the main chamber, see Figure 1B). Whereas the smaller zones that were used 

during the social discounting test (Figure 1C) only included time spent directly approaching the 

stimulus rats, the larger zones likely also included time when the rats were not approaching 

either peer but still within the zone. Hand scoring the social novelty test would determine 

whether a smaller zone results in less individual variability in novelty preference. However, hand 

scoring for the current experiment would be unnecessary as a main effect of novelty preference 

emerged and the zones on either side of the apparatus were the same size so that neither the 

familiar nor unfamiliar side was biased. Thus, using a larger tracking zone to measure social 

novelty preference is a suitable alternative to hand scoring a smaller inclusion zone.  

The amount of time that rats spent near the novel peer during the social discounting task 

is likely not representative of their full engagement with the peer. The design of the testing 

apparatus allowed rats to receive audio and olfactory cues from the stimulus rat even when they 

were drinking sucrose and not directed towards the stimulus rat. Rats communicate using 

ultrasonic vocalizations (Brudzynski, 2009) and it was more likely than not that auditory 

communication was occurring between the test and stimulus rats during the social discounting 

test that could not be detected by human ears. However, the communication happening because 

of these calls is a normal occurrence when utilizing rats in research. Further, these calls have 
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been found to elicit approach behaviour (Wöhr & Schwarting, 2007) and so may have helped to 

draw the test rat towards the stimulus rat rather than have acted as a deterrent. Preliminary results 

not included in this thesis analyzed the time spent near the novel peer as a measure of time 

within 1 cm of the whole mesh wall (whereas this thesis only includes time spent within 1 cm of 

the hole in the centre of the mesh) and time spent in the larger zones covering 1/3rd of the central 

test chamber nearest to the peer (see Figure 1B for depiction of the latter) to determine if a larger 

inclusion zone would capture more social approach. Use of these larger inclusion zones for 

social approach produced results largely similar to the ones reported here, and thus using the 

smaller zone and only including time spent at the hole did not affect the results of the test. The 

ultrasonic vocalizations between the test and stimulus rat were likely either not having a 

significant effect on approach behaviour during the social discounting test or were having an 

effect that was uniformly captured by different sized inclusion tracking zones. The time spent 

near the hole in the mesh was used in the final analyses reported in this thesis to include only 

directed social approach and to not bias a larger zone of social approach over the smaller zone 

around the sucrose bottle spout.  

Rats spent less time near the novel peer during the social discounting task than was 

expected, but these results are not believed to be abnormal as there was an overall preference for 

partner novelty during the social novelty test, which was expected. Although the increased time 

that the adult delay group spent with the unfamiliar peer over the familiar peer did not reach 

significance, given that this was the oldest group, this is likely the result of a well-reported, age-

related decrease in social interest (Baenninger, 1967; Panksepp, 1981; Thor & Holloway, 1984). 

The results from the time spent near the novel peer during the social discounting task are 

consistent with previous findings using the Social Instability Stress paradigm. That SS males 
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spent more time near the novel peer than CTL males did during the social discounting task 

replicates previous findings that SS males will often spend more time near a novel peer in social 

approach measurements than controls will (Green et al., 2013; Hodges et al., 2017). SS females 

have not been previously tested on social approach, but that there was not a stress difference in 

females in the current experiment extends the results previously found in males to females 

(Green et al., 2013; Hodges et al., 2017). Together with recent evidence from the McCormick lab 

that found that SS females spend less time in social interaction than do controls (Asgari, 2020), 

the Social Instability Stress procedure produces alterations in time spent in social interaction in 

both male and female rats but does not alter social approach behaviour.  

Social Discounting  

For the current experiment, social discounting was defined as a reduction in preference 

for a novel peer in favour of increasing concentrations of sucrose. An increase in time drinking 

sucrose as the concentration increased was expected to be observed simultaneously with a 

decrease in time near the novel peer. Under this definition, social discounting was not observed 

in the current experiment, as the increase in time spent drinking sucrose as the concentrations 

increased did not result in less time spent near the novel peer.     

 A possible reason for the lack of adjustment of time spent near the peer as the 

concentrations of sucrose changed could be the design of the testing apparatus used. As 

displayed in Figure 1, the apparatus consisted of one main chamber for the test rat and two 

attached side chambers in which stimuli could be placed. An apparatus that is commonly used in 

social behavioural tasks is the three-chambered apparatus, which consists of three chambers 

separated by walls that contain a door to allow access into each chamber. A diagram of an 

example three-chamber apparatus is shown in Figure 11. The two walls separate the box into 
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three main chambers, the shaded two of which the test rat must enter into to be considered in the 

inclusion zone. When the test rat is in either of the two chambers that have stimuli present, they 

are then primarily exposed to that stimuli. Although they are likely receiving auditory and 

olfactory cues from the stimulus in the far chamber, these are reduced by the two walls. The 

testing apparatuses used in the current experiment did not have separate chambers within the 

main testing chamber. One continuous chamber allowed rats to still receive a large amount of 

auditory and olfactory cues from the unfamiliar peer when they were drinking from the sucrose 

bottle at the other end of the main chamber. Because rats were still receiving cues from the 

unfamiliar stimulus peer while drinking in the apparatus, this could have diminished some of the 

choice aspect of this test as rats were not having to choose between drinking sucrose and visiting 

the peer to the same degree as they would have had to in a three-chambered apparatus.  

The opposite of social discounting was found when analyzing social context on time 

spent drinking of 5% sucrose. Rather than adjusting time near the peer as the concentration of 

sucrose changed as was expected with social discounting, rats adjusted their time drinking based 

on the social context. That rats drink more of 5% sucrose when alone than they did when there 

was a peer present is consistent with previous findings that rats will drink more of a 1% sucrose 

solution when alone than they will with a peer (Marcolin et al., 2019). Whereas Marcolin et al. 

Stimulus 1

Stimulus 2

Figure 11. Schematic of a three-chambered testing 
apparatus. Shaded areas represent zones used for tracking. 
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(2019) only found an effect of social context on drinking in rats tested immediately and not after 

a delay, this study found that both rats tested immediately and those tested after a delay drank 

more when alone than they did when a peer was present. As the rewarding value of sweet 

substances decreases as rats age (Friemel et al., 2010), perhaps a higher concentration of sucrose 

(5% over 1%) provided a higher reward value that was less diminished with age. In the current 

experiment, the results that adolescent male rats drank more sucrose alone than they did with a 

peer was extended to female rats and adult rats of both sexes.  

The Veenema lab recently developed the Social versus Food Preference Test which 

involves a choice between social approach and food consumption (Reppucci, Brown, Chambers, 

& Veenema, 2020). The Social versus Food Preference Test is similar to the Social Discounting 

test but rather uses food pellets instead of sucrose. Both adolescent and adult, male and female 

Wistar rats preferred to approach the novel peer over consuming food and 24 hour isolation did 

not change rat’s preference for the novel peer (Reppucci et al., 2020). Food deprivation for 24 

hours increased time spent eating for both adolescents and adults, and also decreased time 

investigating the novel peer, but only for adolescents (Reppucci et al., 2020), similar to what was 

expected in the current Social Discounting test. Although the Social Instability Stress procedure 

decreased time spent drinking for adolescent male rats, it appears that food deprivation is 

required to also observe a reduction in time spent near a novel peer in favour of consummatory 

behaviour in both male and female adolescents, and isolation alone is not sufficient to induce any 

changes in choice behaviour.  

Although the current experiment did not measure neural correlates during the social 

discounting task, theories can still be generated as to the mechanisms involved, with the 

predominant transmitters likely being dopamine and oxytocin regulation. Drinking sucrose 
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increased dopamine in the nucleus accumbens and administering a dopamine reuptake inhibitor 

to the nucleus accumbens increased sucrose intake (Hajnal & Norgren, 2001). Decreases in both 

sucrose consumption and preference in male Wistar and Sprague-Dawley rats was reversed by 

chronic administration of an antidepressant which blocked dopamine D2 receptors (Bekris et al., 

2005). Administering a dopamine antagonist did not decrease sucrose intake, suggesting other 

mechanisms besides dopamine in the nucleus accumbens are also involved in sucrose 

consumption (Hajnal & Norgren, 2001). Thus, administration of dopamine directly into the 

nucleus accumbens increases sucrose consumption, but this is not the sole mechanism for 

sucrose intake.  

Oxytocin in the VTA, hypothalamus, and nucleus accumbens has been found to promote 

social behaviours and interact with dopamine to regulate social behaviours (Song, Kalyani, & 

Becker, 2018). Oxytocin enhanced motivation for social rewards but diminished sucrose intake, 

but to what extent this is due to shared or distinct mechanisms or to a mediator is not fully 

known (Song et al., 2018). In both males and females, oxytocin decreased lever pressing for 

sucrose, but females were more sensitive to lower doses than males (Zhou, Ghee, See, & 

Reichel, 2015). This may reflect sex differences in oxytocin receptor binding as females had 

lower receptor binding densities in the nucleus accumbens, hippocampus CA1, and medial 

amygdala compared to males (Dumais, Bredewold, Mayer, & Veenema, 2013).  

In mice, social stress decreased oxytocin receptor expression in females (Williams et al., 

2020). Oxytocin in the nucleus accumbens differentially regulates two social behaviours: 

approach and vigilance (Williams et al., 2020). In male rats and mice, oxytocin has been found to 

reverse stress-induced decreases in social approach (Lukas et al., 2011). In SS and CTL rats, 

oxytocin antagonist administered as an injection had no effect on social approach, but increased 
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social avoidance in adolescent SS males relative to controls and to vehicle-injected SS males 

(Hodges et al., 2019). As adults, females who had SS administered during adolescence had lower 

oxytocin receptor gene expression in their hippocampus compared to controls (Asgari, in 

preparation). In adolescent SS males, it is expected that differences in dopamine and oxytocin 

expression will be observed after the Social Discounting task, perhaps with diminished 

expression of both neurotransmitters relative to non-stressed adolescent controls.  

Low Sucrose Consumption of Delay Females  

The finding that the females tested after a delay drank less sucrose than the other time of 

testing and sex groups was not expected. Because of the delay before testing, the decrease in 

time drinking sucrose may have been partially driven by age. A previous study in male rats 

found that adolescents drank more of a 1% sucrose solution relative to body weight than did 

adults (Wilmouth & Spear, 2009). Adolescent males also displayed more positive reactions to 

10% sucrose than did adults (Wilmouth & Spear, 2009), suggesting that sucrose provides a 

greater hedonic “liking” value to adolescents than it does to adults. Further, the rewarding value 

of sweetened condensed milk peaks during late adolescence at PND 50 and then declines into 

adulthood (Friemel et al., 2010), making an age-related decline in reward value for sweet 

substances a possible explanation for the delay female’s low consumption. Whether an age-

related decrease in sucrose intake is evidence for a heightened reactivity of adolescents or a 

decline in reactivity with age is not known. In Figure 8B and 8D, it appears as though the 

adolescent males (Figure 8B) spent more time drinking than did the adult males (Figure 8D), but 

this difference was non-significant as an appropriate interaction did not emerge. However, age 

differences in female drinking behaviour have not been investigated previously and the delay 

female’s lowered time drinking relative to females tested immediately may have been an age-
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related anhedonia of sucrose analogous to the age difference found in males by Wilmouth & 

Spear (2009) and Friemel et al., (2010).  

An issue with the age hypothesis is present. In the current experiment, the females tested 

after a delay but stressed as adolescents that had lowered sucrose consumption were actually 

younger (PND 72-75) than the females tested immediately but stressed as adults (PND 87-90) 

during the four days of testing. The rats used in Wilmouth & Spear (2009) were bred from a 

colony in the lab whereas the rats in the current experiment were ordered from an external 

supplier at their appropriate ages, thus the adolescent-stress group arrived as adolescents and the 

adult-stress group arrived as adults. A similarity between the current experiment and Wilmouth 

& Spear (2009) is that their adult male group was housed in the colony room longer than the 

adolescent male group and in the current experiment the delay-testing group was housed in the 

colony room longer than the immediate-testing group. Thus, the difference in time drinking 

sucrose may be an effect of delay before testing. Rather than a sole effect of time, this may be an 

effect of time spent in a particular housing environment. Female rats appear to be sensitive to 

their housing environment, and have a reduction in sucrose preference after four weeks in 

isolation housing relative to before isolation (Baker & Bielajew, 2007). Female rats housed in an 

enriched environment for four weeks displayed a greater sucrose preference than rats housed in 

standard laboratory conditions (Baker & Bielajew, 2007). In males, after roughly five weeks in 

an enriched environment, sucrose preference does not differ from males housed in standard 

environments (Brenes & Fornaguera, 2008). Enriched environments typically will house a group 

of rats in a large cage with multiple toys that are changed at intervals to maintain novelty. In 

comparison, standard housing consists of two or three rats housed together in a standard-sized 

cage with one toy. In recent years, the question has arisen of whether enriched environments are 
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providing a benefit over standard housing or are actually reversing a deficit caused by standard 

housing (Kempermann, 2019). Thus, if females are more sensitive to their housing environment 

than are males, the extended period of time in standard housing may have had an effect on 

sucrose preference for the female rats. Replication and further investigation into how age and 

time spent in different housing conditions affects sucrose preference is needed.  

Although the factors that produced anhedonia in the delay females are not known, the 

factors that likely did not contribute to this effect are more established. That both control and SS 

delay females spent less time drinking sucrose indicates that this was not an effect of stress. That 

the immediate adult-stressed rats did not show anhedonia, but the delay adolescent-stressed 

females did despite these two groups being similar in age at the time of testing (immediate 

adults: PND 87-90, delay ado: PND 72-75) indicates that this is likely not solely an age effect. 

The possibility remains that age was a contributing, but not the primary, factor. The difference in 

time drinking is likely not solely a cohort difference caused by breeding or shipping as females 

that were tested both immediately and after a delay arrived at the facility from the same supplier 

at the same time and only the delay group displayed the attenuated drinking behaviour. The delay 

female group received the same handling, manipulations, and order of testing that the other time 

of test and sex groups received, making it unlikely that the difference was caused by an 

unintentional procedural or experimental manipulation. The delay female’s decrease in sucrose 

consumption requires replication to determine if this is a valid effect or a result of an 

environmental factor not accounted for.  

Changes in Physical Development  

SS rats gained less weight during the stress procedure than did controls who remained in 

their home cages, a finding that has been consistently observed in males stressed during 
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adolescence (McCormick, 2010). Both age groups and both sexes of SS rats in the current 

experiment had reduced weight gain. Previous studies have found mixed results for weight gain 

in adult-stressed males: one study found reduced weight after stress in adolescent-stressed males 

but not adult-stressed (Hodges & McCormick, 2015), and another study found reduced weight 

gain in both adolescent- and adult-stressed males relative to controls (McCormick et al., 2005). 

Although reduced weight gain has not typically been found in either adolescent- or adult-stressed 

SS females (McCormick et al., 2004, 2005), SS females in the current experiment stressed at 

both ages also had reduced weight gain relative to controls. Regardless of stress group, a main 

effect of sex and a main effect of age on weight gain were also found. That adolescent rats had 

greater weight gain than did adults, and that males had greater weight gain than females, were 

expected based on normal developmental trajectories (Charles River Laboratories, 2020).  

Vaginal opening for adolescent SS females was monitored daily to determine if the SS 

procedure had an effect on physical markers of puberty. No difference was found in mean day of 

vaginal opening between the SS females and previously gathered data for control females. A 

previous study found that early-life stressors resulted in an earlier average age of vaginal opening 

(Cowan & Richardson, 2019). The amount of time that females were exposed to the SS 

procedure before vaginal opening was observed was likely not sufficient for the stress procedure 

to have an effect on pubertal timing, in fact, some of the SS females already had vaginal 

openings on PND 30 when the stress procedure began. Since males have a later age of pubertal 

onset (~PND 42) than females do, stress differences in pubertal onset in males are more likely to 

be found since they would have been exposed to the stress procedure for longer prepubertally. A 

previous report has found that early-life stress has the opposite effect for males as it does for 

females, with males having delayed pubertal onset relative to controls (Cowan & Richardson, 
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2019). However, it is possible that only early-life stress has an effect on pubertal onset, and that 

pubertal stress occurs too close to when pubertal markers appear to have an effect. It has also 

been found previously in adult female rats that chronic stress disrupts the estrous cycle by 

causing cycles to become more irregular (Baker et al., 2006; Konkle et al., 2003). Although no 

stress differences were found in vaginal opening, future studies could determine if SS disrupts 

the estrous cycle of adult females.  

Conclusion 

Overall, contrary to initial predictions, rats did not adjust time spent with a novel peer as 

they were presented with increasing concentrations of sucrose. Adolescent male rats that 

underwent the Social Instability Stress procedure devalued sucrose when a peer was present in 

relation to non-stressed controls, but this result was not long-lasting. No effects of stress were 

observed in adult-stressed rats, supporting the hypothesis that adolescents are more susceptible to 

the effects of Social Instability Stress than adults are. Thus, the Social Instability Stress 

procedure produces changes in reward processing for sweet rewards that is specific to the 

adolescent period of male rats, and from which rats recover.  
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