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ABSTRACT 

 

Adolescence is a developmental stage describing the transition from childhood to 

adulthood, that is a heightened period of sensitivity to influence from the environment 

due to extensive physical, physiological, and psychological maturation. Adolescents, both 

human and rat, have been observed to evaluate reward differently than other ages, 

however little is known about how reward evaluation may change throughout 

adolescence, and how these developmental trajectories may vary between reward types 

and between sexes. My thesis work focused on characterizing changes in sensitivity to 

and motivation for reward across adolescence in female and male Long-Evans rats. In 

chapter 2, I used a free-access drinking task to compare how testing conditions (within-

group or between-group) influenced intake of diluted sweetened condensed milk and 

found that previous test experience was necessary to facilitate a peak in adolescent male 

rats intake normalized for body mass as reported in previous research. However, this peak 

did not occur in female rats, and when intake was not normalized per body mass the peak 

was not found in male rats either. In chapter 3, I used an operant conditioning paradigm 

to investigate social motivation across adolescence and found that male rats overall were 

more socially directed than female rats when using a fixed ratio, however there was a 

lack of sex differences when using a progressive ratio, except for male rats at postnatal 

day (P) 40.  At P40 male rats were less socially motivated than P40 female rats, and less 

socially motivated than male rats at younger and older ages. Overall, my thesis work 

suggests that the development of reward processing is dynamic across the adolescent 

period, and that peaks in reward evaluation depend on sex and procedure. 
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CHAPTER ONE: Introduction 

 

A Modern Appreciation of Adolescent Development 

 

The traditional view of adolescents has hinged on the negative aspects of their 

core behavioural differences from other age groups. Garnering a long-lasting reputation 

as troublemakers and risk-takers, with little regard for health or safety, this view of 

adolescence has shaped inquiry into the neurobiological mechanisms driving these 

behavioural changes for decades. However, recently there has been a cultural shift from 

tolerating the difficulties of the teen years to appreciating that rather than a time of 

struggle and strife, adolescence is a time of immense exploration and learning (Ciranka & 

van den Bos, 2021).  

The mystery as to why adolescents behave the way they do is not a new question; 

the educational theories of Aristotle and Plato in c. 350 B.C.E. centred on a middle 

development time between childhood and adulthood in which students developed 

‘reason’ (Alokan, 2019). This ancient consideration of adolescence was not formalized 

until the early 20th century, with a paper published by American Psychological 

Association President Stanley Hall chronicling his perception of people emerging from 

childhood. Hall’s description of adolescence spanned many disciplines including 

anthropology, sociology, and biology, but connected to a psychological viewpoint by the 

overarching theme of adolescence as a period of storm and stress. Storm and stress 

generally referred to others’ perception of adolescents exhibiting decreased self-control 

(rebellious actions, engaging in dangerous activities) and increased emotional responses 
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(arguments with parents or other adult leadership, extreme mood swings, and a tendency 

for depression). Although many of the speculative theories proposed in the 1905 work 

have been left in the past, the main theme of adolescence being a period of ‘storm’ and 

‘stress’ pervades literature to this day (Hall, 1905; Dahl & Hariri, 2005). Research in the 

decades after Hall continued to promote the belief that adolescents had a biological 

predisposition to be hostile, highly disturbed, overly stressed, and engaged in 

psychosocial crises (Erikson, 1950; Freud, 1969; Demos & Demos, 1969; Lerner & 

Steinberg, 2009; Alokan, 2019). The perseverance of the idea that adolescence is 

hallmarked by turbulence and negative behaviour was condemned in Adelson’s 1979 

work, which referred to an ‘adolescent generalization gap’ wherein the stereotypical view 

of the behaviour of adolescents was based on a limited population of people represented 

in the literature and neglected to consider the broad spectrum of individual differences 

arising during adolescent development (Adelson, 1979).  

It was not until the late 1990’s – early 2000’s that the view of adolescents as 

experiencing socioemotional and cognitive deficits was challenged by growing interest in 

the unique neuroplasticity of the period (Furhmann et al., 2015; Dahl, 2018). Previously, 

popular developmental research in humans had focused solely on the role of early 

childhood, as the general consensus was that after approximately the ages of five or six 

years old the brain was relatively static, thus experiences occurring after early years 

would not be as impactful as those occurring before (Konrad et al., 2013). Growing 

literature demonstrating the extensive neurological maturation occurring during 

adolescence has led to the suggestion that adolescence is better represented by 

opportunity and learning rather than by storms and stress (Andersen, 2003; Furhmann et 
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al., 2015; Ismail et al., 2017; Silvers, 2022). A balanced view calls to both the unique 

learning and unique vulnerability of the adolescent age and suggests there is a fine line 

between an experience being educational versus harmful to ongoing development. We 

now know adolescent experiences can shape adult behaviour as much as - if not more 

than - experiences in early childhood, depending on the experience and the adult 

behaviour. However, the full extent of the developmental progress taking place in this 

period is just beginning to be understood.  

 

Defining Adolescence 

 

Adolescence has increasingly been recognized as a sensitive period because of 

evidence for its increased vulnerability to external influence relative to adulthood 

(McCormick & Matthews, 2010). Sensitive periods typically occur at a time when there 

is high interaction between the exogenous and endogenous environment as well as rapid 

development, which will ultimately have a significant effect on later outcomes 

(Bornstein, 1987). There is ongoing debate as to what constitutes the adolescent period. It 

encompasses, but is not defined by, the onset of puberty and attainment of sexual 

maturation (Clancy et al., 2007; Spear, 2000). Broadly, adolescence can be considered the 

transition between childhood and adulthood (McCormick & Matthews, 2010). In humans, 

adolescence is currently thought to extend from 10 years old to approximately 19 years 

old, but extensive neural maturation occurs well into the early twenties, with the timeline 

of development differing between males and females. (https://www.who.int/health-

topics/adolescent-health#tab=tab_1; Konrad et al., 2013).  
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Ongoing neural development in adolescence is thought to underlie many of the 

differences in the behavioural repertoire between adolescents and adults. One facet of 

these behavioural changes is social reorientation. As adolescents gain more independence 

from their caregivers, they begin to separate their identity from that of the family group to 

that of a peer group and will spend more time socializing with peers than with family 

members (Lam, McHale, & Crouter, 2014). Adolescents are also more easily influenced 

by peers than are adults when it comes to a variety of decision-making tasks. For 

example, when given the option to rate the risk level of a situation, adolescent 

participants were more likely to change their answer to match that of other adolescents 

than they were after knowing the rating of adults (Knoll et al., 2017). In other cognitive 

tasks, when another adolescent observed the participant adolescent, response time on 

relational reasoning problems were reduced relative to being observed by a non-peer or 

being unobserved (Wolf et al., 2015). Similarly, adolescents were more sensitive to social 

rejection than were adults; in a task designed to include or exclude the participant in a 

virtual ball game young adolescents (11-13 years old) displayed increased anxiety after 

being excluded, and mid-adolescents (14-16 years old) and adults (22-47 years old) did 

not. Additionally, both young and mid-adolescents reported less positive affect after 

exclusion than before exclusion, whereas adults did not (Sebastien et al., 2010). 

Overall, adolescents engage in more risk-taking and sensation seeking activities 

than do adults. For example, adolescents consume more alcohol and other substances 

(both licit and illicit; commonly cannabis, tobacco, and cocaine) than do adults (Konrad 

et al., 2013; De Cock et al., 2016). However, risk-taking is not inherently negative and 

other types of ‘positive’ risk-taking are also higher in adolescents than adults, such as 
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riding rollercoasters, participating in competitive sports, or performing publicly (as 

discussed in Duell & Steinberg, 2019). Lastly, adolescents consume greater amounts of 

‘junk food’ (calorie dense but nutritionally weak, often with high proportions of sugar 

content) than do children or adults. Their consumption is beyond the increase in food 

consumption necessary to meet the increased caloric needs of rapid physical growth and 

does not involve an increased consumption of nutritionally dense foods (proportionally 

high in protein, or necessary vitamins and minerals; Mason et al., 2020). Many of these 

attributes of adolescence are conserved across mammalian species, which allows animal 

models to be considered in investigating adolescence. 

 

Rats as an Animal Model of Adolescence 

 

Animal models are important to the investigation of adolescence, with rodents 

(particularly rats and mice) used predominantly by researchers (Keifer & Summers, 

2016). Despite having a shorter lifespan than other animal models (an average of three 

years), rats mimic the developmental stages of humans from birth to reproductive 

senescence (Kohn & Clifford, 2002). Given the shorter lifespan of rats relative to 

humans, aspects of development progress more rapidly in rats. Both rats and humans are 

altricial species, meaning that pups or babies at birth are completely dependent on the 

parent for care, including the provision of milk up until weaning. In laboratory rats, 

weaning is imposed around postnatal day (P) 21 and is followed by an adolescence stage 

that is far more rapid than human development (one human year is approximately 3 rat 

days at this stage of development) but encompasses many similar markers of growth and 
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neural maturation (Sengupta, 2013). Puberty and reproductive maturation occur during 

adolescence, but do not define onset or offset from the period of development. Female 

and male rats differ in the timing of puberty onset, as do humans, with female rats’ onset 

occurring earlier on average (~P30-P38) than that of male rats (~P38-51) (McCormick, 

2021).  Similar to recent advancements in human adolescence, more and more research in 

rodents has indicated that there are vast changes occurring in both brain and behaviour 

from pre-puberty well into early adulthood (Sawyer et al., 2018). Thus, adolescence can 

liberally be considered to include the ages of post-weaning (P21) to sexual maturity in 

early adulthood (P60), with the understanding that adulthood is not representative of a 

lack of neural changes (Sengupta, 2013). 

In adolescent rats risk-taking behaviour can be measured by a variety of tests 

examining locomotor activity and anxiety-like behaviours. One such test is the open-field 

test, which requires placing an animal in the centre of a large square arena and measuring 

the distance the rat travels while in the apparatus, and the total amount of time spent at 

either the edge of the apparatus or in the open centre. Adolescents move more overall 

than do adults and also spend less time in corners and more time in the open section of 

the box than do adults, indicating increased risk-taking behaviour through less aversion to 

a risky environment or heightened exploratory drive (Bishnoi et al., 2021). Positive social 

experiences are valued differently in adolescents from their adult counterparts, with 

adolescent rats displaying a higher reward value for general social interaction and 

increased time spent in social play (Douglas, Varlinskaya, & Spear, 2004). Adolescent 

rats will spend more time with a peer than adults will and are more likely to engage in 

novelty-seeking behaviour, by exploring a new object or peer more than a familiar one, 



  13 

than are adults (Meaney & Stewart, 1981; reviewed in Spear 2000; McCormick, Hodges, 

& Simone, 2015; Green & McCormick, 2013). Adolescents (~P40) find social interaction 

more rewarding than do adults (~P70), and will form a conditioned place preference to a 

chamber that was previously paired with a social stimulus, whereas adults will only do so 

if they have been previously housed in isolation (Douglas, Varlinskaya, & Spear, 2004). 

In a variety of testing paradigms when intake is normalized to body mass, adolescents 

reliably consume two to three times more alcohol than adults do in the same 

circumstances. Not only do they differ in the amount of alcohol consumed, younger rats 

also seem to be less sensitive to the effects of alcohol, showing less altered social 

interaction and motor difficulties than adults show (Doremus et al., 2005). Additionally, 

rats consume greater amounts of palatable foods during this time than they do when 

compared to younger or older age groups (Friemel et al., 2010). These behavioural 

differences in adolescence relative to other ages may involve ongoing neural 

development of the reward system.  

 

The Late Development of Mesocorticolimbic Dopaminergic Circuitry 

 

The first experiment that found neural correlates for reward was conducted by 

Olds and Milner in 1954, wherein rats could lever press to trigger an electrical stimulus 

from electrodes implanted in various brain regions. The most lever pressing occurred in 

rats with electrodes implanted in the forebrain, specifically the septal forebrain. However, 

electrodes in neighbouring areas (caudate nucleus, white matter cortex, and the medial 

cingulate cortex) produced neutral or negative effects as there was significantly less 
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lever-pressing activity (Figure 1). This initial determination of regions associated with 

reward led to the idea of a ‘locus of reward’, with the septal forebrain area considered the 

most likely candidate. Seventy years later, we know now that reward involves a circuit 

that contains many regions each with various applications in the evaluation of and 

response to rewarding stimuli.  

Although the exact neuroanatomy of the reward system is debated in the 

literature, the general consensus has been to the importance of regions contained within 

the mesocorticolimbic dopaminergic circuitry. Dopamine (DA) is the main 

neurotransmitter of the reward system that acts at a g-protein coupled receptor with five 

different receptor subtypes. Receptors 1 and 5 are inhibitory, whereas receptors 2, 3, and 

4 are excitatory. There is a high degree of homology among all of the DA receptors, 

however there are slight differences in the molecular structure between the inhibitory and 

excitatory formations. Dopamine receptor (DR) 1 and DR2 are the most commonly found 

DRs in regions associated with reward (Douma & De Kloet, 2020). The 

mesocorticolimbic system describes the dopaminergic projections ascending from the 

ventral tegmental area (VTA) along either mesocortical or mesolimbic pathways. Both 

paths extend from the VTA and join the medial forebrain bundle to innervate the nucleus 

accumbens, at which point the fibres split off to innervate either the prefrontal cortex (in 

the case of the mesocortical fibres) or into the striatum (in the case of the mesolimbic 

fibres; Reynolds & Flores, 2021). Dopamine projections also extend from the VTA to the 

amygdala and hippocampus (Douma & De Kloet, 2020). Other neural regions with 

differing neurotransmitter systems are implicated in regulating aspects of reward 

evaluative behaviour, including the bed nucleus of the stria terminalis, periaqueductal 
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grey, and ventral pallidum (Figure 2; Gunaydin et al., 2014; Morales & Margolis, 2017; 

Douma & De Kloet, 2020; Reynolds & Flores, 2021). 

In addition to defining the neural circuitry of reward, research has investigated the 

discrete components involved in assigning reward value to a given stimulus. Reward 

evaluation occurs on an individual level and can be divided into two main processes, 

sensitivity, and motivation (Berridge & Robinson, 2016). Sensitivity indicates that there 

is a perceived hedonic value of a specified reward such that the individual can be said to 

‘like’ the presented stimuli. Contrastingly, motivation is the measure of ‘wanting’, 

describing the effort applied to seek and receive a reward, and is a feature of the theory of 

incentive salience (Berridge et al., 2009; Salamone & Correa, 2012). Incentive salience 

describes the intense desire for a stimulus and is typically related to a previous cue for a 

reward rather than a cognitive goal of obtaining the reward. Incentive salience can occur 

in congruency with a cognitive goal, and provide an increased sense of urgency, or can 

occur in opposition to a cognitive goal - as is often the case in addiction wherein a person 

does not have cognitive goal of obtaining a drug but may ‘want’ the drug regardless 

(Berridge, 2007; Berridge & Robinson, 2016). Previous theories of reward processing 

maintained that ‘liking’ preceded ‘wanting’, and changes in behavioural outcomes in one 

measure would be correlated with the other (Wise, 1985). However, investigations using 

dopamine depletion found no changes in orofacial response (‘liking’) to a sweet food 

reward, whereas motivation to obtain the rewards was negatively affected, suggesting that 

‘liking’ was not mediated by dopamine, whereas ‘wanting’ was (Berridge et al., 1989). 

Further, ‘liking’ is limited to small hedonic centres located within the reward system, 

including the nucleus accumbens and ventral pallidum, whereas the structures mediating 
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incentive salience are spread throughout the broader mesocorticolimbic circuit (Morales 

& Berridge, 2020).  

The changes in the DA system in adolescence are a likely mechanism underlying 

the changing evaluation of reward during adolescence (Telzer et al., 2016). Key regions 

such as the prefrontal cortex, striatum, and the ventral tegmental area have been found to 

differ in receptor density and firing rates of dopamine neurons in response to rewarding 

stimuli across ages (Simon & Moghaddam, 2015). Particularly, changes to dopamine 

receptor density appear to significantly alter female rats evaluation of, sensitivity to, and 

seeking of reward when compared to male rats (Williams et al., 2021; McNealy et al., 

2021). In the striatum of male rats for both DR1 and DR2 there was a steep increase in 

receptor density from P25 to P40, and then a drop in density that stabilized in adulthood 

(Teicher et al., 1995). The same ‘inverted u pattern’ was evident in the prefrontal cortex 

as well, except that receptor densities peaked separately, with DR1 density peaking at 

P40, and DR2 density peaking at P60 (Andersen et al., 2000). However, in the nucleus 

accumbens there was an increase in production in early adolescence, but there was no 

subsequent elimination; the high receptor densities were maintained through adulthood 

(Teicher et al., 1995). As for sex differences, there were parallel peaks in production and 

elimination of DR1 and DR2 in the striatum, although to a higher degree in male rats than 

in female rats, despite no sex differences in adult receptor densities. Male rats also had a 

greater over production of DR1 than did female rats in the nucleus accumbens and had a 

greater receptor density throughout adulthood (Andersen et al., 1997). These changes are 

a distinct feature of adolescent development as the loss of receptors is more than that 

associated with aging, where there is a slow gradual decline of receptors over time. These 
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results suggest that different areas of the reward system develop independently of each 

other, and development occurs in a sexually dimorphic manner. Nevertheless, how sex 

differences in the development of neural systems of reward are related to sex differences 

in behaviour is not well understood.  

Changes in the reward system that occur in rodents as previously described, also 

occur in human adolescents. Results of investigating changes in the human brain using 

lesion studies and both structural and functional neuroimaging have provided support for 

theories suggesting that these adolescent brain changes in the reward system underlie 

concurrent changes to behaviour. One such theory is the Triadic Model which suggests 

that when motivation is broken down into either approach or avoidance behaviours, a 

balance between the two is maintained by three brain regions that are the main locus of 

three different but related systems of coding behaviour. The ventral striatum is associated 

with approach, the amygdala is associated with avoidance (on either end of a scale), and 

the medial prefrontal cortex modulates responses between approach and avoidance (and 

forms the point of the triangle). In adulthood, this overlap of systems is generally 

considered to be in balance. However, in adolescence, there is an imbalance favouring the 

approach behaviours (reviewed in Ernst & Fudge, 2009). This theory was supported by 

neuroimaging studies comparing adolescents and adults, which found increased activity 

of the ventral striatum in response to positive stimuli, and reduced activity of the 

amygdala in response to negative stimuli, and the medial prefrontal cortex in response to 

choice tasks (Ernst & Hardin, 2008).  
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Figure 1.1: Brain regions associated with reward as identified by Olds & Milner (1954). mCC = medial 
cingulate cortex; CN = caudate nucleus; WM = white matter in cortex; SFB = septal forebrain.   

Figure 1.2: Brain regions associated with reward described in Chapter 1. PFC = prefrontal 
cortex; Hipp = hippocampus; STR = striatum; NAc = nucleus accumbens; BNST = bed nucleus 
of the stria terminalis; VP = vental pallidum; AMG = amygdala; VTA = ventral tegmental area; 
MFB = medial forebrain bundle.  
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The Role of Gonadal Hormones in the Reward System 

 

 Less is known about female development than is known about male development, 

given that most research has included male rats only. Furthermore, a difficulty in 

comparing the sexes is that a key feature of adolescence, puberty, differs for male rats 

and female rats in both the hormonal changes involved and the timing of changes. Female 

rats have an earlier mean onset of puberty (~P30-P38) than do male rats (~P38-P51; 

reviewed in McCormick 2021). Thus, comparisons between rats of the same age involves 

different stages of development. Additionally, most research of adolescents has compared 

post-pubertal female rats to pre-pubertal male rats (Delevich et al., 2021; Bell, 2018). The 

onset of puberty is an important variable to consider in developmental work because of 

the role circulating gonadal hormones may play in the maturation of the reward system.  

The role of hormones in development was first characterized using the 

organization – activation hypothesis (Phoenix et al., 1959). This hypothesis described that 

gonadal hormones organize (permanently alter) neural circuits in early pre/post-natal life, 

followed by gonadal hormones rising during puberty in adolescence to activate 

(transiently influence) the previously organized circuits. This hypothesis was refined to 

indicate that the rise in gonadal hormones at puberty may result in a secondary 

organization of neural circuits. Thus, development resulting from hormones in 

adolescence may be a period of discrete development, not only a continuation of early life 

development (Schulz et al., 2009). 

The late and significant development of the DA system suggests a possible link to 

the structural and functional changes occurring during puberty. However, the intersection 
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of dopamine and gonadal hormones has only recently begun to be investigated. Evidence 

for the relationship between DA and gonadal hormones is mixed and may be regionally 

specific. For adult male rats, gonadal hormones appear to be necessary for normal 

dopamine expression. One study compared the number of tyrosine hydroxylase (TH; a 

precursor for dopamine) fibres in the anterior cingulate cortex (a region associated with 

conflict detection and avoidance) between control male rats, gonadectomized male rats, 

and gonadectomized male rats that had received a testosterone supplement. It was found 

that there was a lack of TH+ stained fibres in the gonadectomy group relative to both the 

control group and the supplemented gonadectomy group, suggesting that sex hormones 

do have a role in developing dopamine innervations (Kritzer, 1998). In adult female rats, 

the concentration of dopamine in the PFC during the estrus cycle was quantified at each 

stage. The estrus cycle is the rat equivalent of the menstrual cycle and involves four 

different stages in a four-to-five-day timeframe. DA concentration was found to vary 

significantly across the cycle, with the lowest dopamine concentrations occurring during 

the proestrus phase, which is also when estradiol levels peak, further supporting the 

theory that gonadal hormone changes do exert an effect on dopamine levels (Dazzi et al., 

2007). However, another study found that adult rats of the same age, but of different 

pubertal status, did not differ in TH+ in the medial prefrontal cortex, in either male rats or 

female rats, which goes the opposite way to suggest that dopamine axon innervation may 

not be dependent on puberty after all (Willing et al., 2017). Ultimately, reward evaluation 

is a fundamental survival skill needed to develop in adolescence, with potential age- and 

sex- specific mechanisms. Disruption to typical development of the reward system is 

known to have long-lasting influences on behaviour. 
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Dissociating Age and Puberty 

 

The majority of studies investigating adolescent development have compared one 

adolescent age to one adult age. This limited comparison is problematic for two main 

reasons. Firstly, it fails to capture (or will ONLY capture) transient changes that may 

occur as the result of the ongoing development during adolescence. Secondly, in research 

involving both female and male models, using only one age in many cases compares the 

sexes at different developmental stages given the difference in the timing of puberty onset 

between the sexes.  

Female Long-Evans rats, for example, have been found to lose a large number of 

neurons in the medial prefrontal cortex from the pre-pubertal P35 to the post-pubertal 

P45, whereas male rats had no significant decrease across development (Willing & 

Juraska, 2015). However, both male and female Long-Evans have decreased dendritic 

spine density in the medial prefrontal cortex after puberty onset (P35 vs. P50; Koss et al., 

2014). The medial prefrontal cortex also undergoes puberty-related changes to synapse 

number and pruning activity, wherein female rats lose synapses from pre-pubertal P35 to 

post-pubertal P45 (Drzewiecki et al., 2016). Thus, there is evidence supporting that the 

occurrence of puberty influences neural maturation in a sex-specific manner, yet many 

comparisons only investigate pre-pubertal ages to post-pubertal ages, and there is little 

investigation into the effect of the timing of puberty onset. 

The variation in the age at which the onset of puberty is attained (as determined 

by physical markers) was found recently to be an important individual difference factor in 

both male and female rats. Puberty onset can be determined by observing the 
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development of external sex characteristics, which is minimally invasive. In female rats, 

onset of puberty is determined by the status of vaginal opening, which is also often the 

first cycle of estrus (Hoffman, 2018). In males, puberty onset is associated with preputial 

separation, where the preputial skin has moved backward to expose the glans penis 

(Yamasaki et al., 2001; Hoffman, 2018). Separating analyses within-sex by day of 

puberty onset may detect sources of variation stemming from individual differences as a 

result of the timing of puberty onset.  For example, in a Morris water maze task of spatial 

learning and memory in which rats are placed in a pool of water and must find a 

submerged platform as an escape, both female and male rats increased performance after 

the onset of puberty (Willing et al., 2016). Further, in female rats at P35, splitting the 

group by those that had or those that had not started puberty on the day revealed that the 

onset of puberty corresponded to a decrease in the number of perineuronal nets in the 

medial prefrontal cortex (Drzewiecki et al., 2020). Thus, it is necessary to include 

multiple ages of adolescence, and consider the role of different developmental 

trajectories. 

 

Project Aims 

 

Although work investigating sex differences in development has continued to 

expand in recent years, there are still significant gaps in understanding how reward 

processing changes across adolescence and what role puberty onset may play. The 

overarching goal of my thesis work was to investigate how reward evaluation changes 

across adolescence, and not only include both female and male models, but also track the 
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timing of puberty onset. Moreover, I wanted to investigate how different components of 

reward evaluation, sensitivity and motivation, may develop independently. Further, I 

investigated whether different types of reward (food or social) elicited different patterns 

of response across development.  The studies completed here aimed to add new 

knowledge on the nuances of adolescent development of reward evaluation in both sexes.  

In Chapter 2 I investigated sensitivity to a sweet food reward using a free access 

drinking task. I also investigated whether these effects were procedure dependent, given 

that previous work has used within group designs and thus the effects of repeated testing 

may obscure age differences. Here, I used both a within and between group design to 

compare the effects of repeated testing during adolescence on sensitivity to a palatable 

food reward. Rats at P27, P34, P41, P48, P55, P62, and P69 were weighed on the day of 

testing, and placed individually into cages and given five minutes to habituate. Bottles of 

diluted sweetened condensed milk were provided for fifteen minutes and weighed before 

and after. During those fifteen minutes rats could freely consume sweetened condensed 

milk. Overall intake and intake adjusted for body mass were used as measures of 

sensitivity to the sweet food reward. Additionally, day of puberty onset was tracked by 

daily monitoring for vaginal opening in the female rats and preputial separation in the 

male rats.  

In Chapter 3, I investigated motivation for a social reward using an operant 

conditioning paradigm. Here, day of puberty onset was tracked as in Chapter 2, and rats 

were tested in a between group design at P30, P40, P50, and P70. The operant 

conditioning apparatus was a three-chamber structure, with the test chamber in the centre, 

and two smaller chambers capable of holding social stimuli on either side. The chambers 
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were connected by small ports, and there was an additional port at the back of the 

apparatus capable of delivering a liquid reinforcer that was not used in this study. Instead 

of the classical bar pressing action, rats could insert their snout (‘nose-poke’) into the 

port, which would break an infrared beam, and trigger the gate to open, allowing access 

to the social reward. In this study, only one port was active during regular testing, and the 

other two ports recorded nose-poking as a measure of overall activity without opening the 

associated gate. Rats trained for three days (one thirty minute session daily) on a fixed 

ratio of one (one nose-poke:five seconds of access to novel social peer) and were then 

tested on a progressive ratio wherein each time the reward was achieved the number of 

nose-pokes required to access it again increased by two. Rats were considered to have 

given up after reaching a breakpoint, as defined by two minutes of inactivity. Finally, rats 

were tested on a control day to ensure nose-poking was motivated by the social reward 

and not simply the novelty of the gate opening. In the control test both the gate with the 

social stimulus and the opposite gate (leading to an empty chamber) could be opened on a 

fixed ratio of one.  

Chapters 2 and 3 are written in the format of a journal article and thus contain 

some repetition of information written in other Chapters. 
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CHAPTER TWO: Methodological factors, and not timing of onset of puberty, 

determine sex and age differences in food reward sensitivity in rats. 

Murray, S.H., & McCormick, C.M. [2022 - IN PREP]. 

 

Introduction 

 

Adolescence is a time of ongoing physical and behavioural development that 

fosters the transition from childhood to adulthood. This age encompasses, but is not 

defined by, the key feature of puberty onset and attainment of sexual maturation (Spear, 

2000; Clancy et al., 2007; Sisk & Romeo, 2019). Although the rise in gonadal function 

associated with the onset of puberty helps promote the physical and neurological 

reorganization necessary to attain reproductive function, many of the changes that occur 

during the adolescent period are independent of the upsurge in release of gonadal 

hormones. For example, in humans the fluctuation of personality traits, in mice decreases 

in spine density, and in hamsters the transition from play behaviour to aggression are 

independent of the timing of puberty onset (Canals et al., 2005; Boivin et al., 2018; Paul 

et al., 2018).  

The transition from childhood to adulthood also involves social restructuring, as 

the adolescent redirects attention increasingly toward peers and away from family 

(Nelson et al., 2016). Adolescents spend increased time engaged in social interaction, 

playing with peers, and novelty-seeking, relative to adults (Spear, 2000; Meaney & 

Stewart, 1981). Behavioural changes are also required to promote motivation for mate-

seeking, and changes in eating patterns are required to accommodate metabolic demands 

of physical growth (McCormick et al., 2013; McCormick et al., 2016; Cumming et al., 
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2014; Doggui et al., 2021; Norris et al., 2022). Such shifts in motivation and reward 

processing are accompanied by changes in the mesocorticolimbic dopamine system, 

which plays a key role in reward-seeking behaviour (Teicher et al., 1995; Andersen et al., 

1997; Simon & Moghaddam, 2015). 

These shifts in motivation and reward processing are considered to place 

adolescents at greater risk than are adults for an enduring dysregulation of these systems 

(McCarthy et al., 2012; Fulford et al., 2018; Malla et al., 2018). Thus, animal models 

have been developed to understand how factors such as stressors, use of drugs of abuse, 

and diet in adolescence impart risk for mental health and the neural mechanisms involved 

(Gueye et al., 2018; reviewed in McCormick, 2010; Spear, 2011; Smith & Robbins, 

2013). Rats have been a model of choice for much of this research (Keifer & Summers, 

2016). Important to such an enterprise is understanding the progression of normative 

developmental changes in the nervous system and/or behaviour from early adolescence 

into adulthood in rats and the extent to which such changes parallel those in human 

beings. Human adolescents are prone to risk-taking, with higher levels of mortality due to 

unintentional injury than other age groups, and engagement in increased amounts of 

sensation-seeking activities such as drinking, substance use, and unprotected sex (Konrad 

et al., 2013; De Cock et al., 2016; Duell et al., 2017; Maslowsky et al., 2019). Adolescent 

rats exhibit similar behavioural patterns, with higher risk-taking behaviour in tests of 

locomotion and anxiety-like behaviour and greater alcohol consumption (Bishnoi et al., 

2021; Doremus et al., 2005; Spear, 2016). Both human and rat adolescents also display a 

similar vulnerability to drugs of abuse and are more likely to develop a substance use 
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disorder if use starts during this developmental stage rather than adulthood (Gray & 

Squeglia, 2018; Ren & Lotfipour, 2019).  

Generally, adolescent rats are observed to display increased reward driven 

behaviour relative to adult rats (Bishnoi et al., 2021; Green & McCormick, 2013). 

Further, both adolescent humans and adolescent rats consume greater amounts of ‘junk 

food’ (calorie dense but nutritionally weak, often with high proportions of sugar content) 

than other ages, beyond the increase in food consumption normally associated with 

increased caloric needs because of rapid physical growth – and this increase is not 

reflected in consumption of nutritionally dense foods (proportionally high in protein, or 

necessary vitamins and minerals; Mason et al., 2020; Tenk & Felfeli, 2017; Friemel et al., 

2010; Marshall et al., 2017). Palatable food is known to be a rewarding stimulus, and 

consumption is associated with activity in the mesocorticolimbic system, particularly the 

nucleus accumbens, and ventral pallidum (Mennella et al., 2016; Morales & Berridge, 

2020). The potential consequences of overconsuming sweet food during adolescence 

have been of particular interest from a health and nutrition lens given the high level of 

sugar that is common in North American style diets, especially with increased intake of 

sugar sweetened beverages in recent years (Della Corte et al., 2021).  There have been 

mixed findings, with some studies suggesting that overconsumption of sugar in 

adolescence leads to decreases in adulthood in reward processing and other cognitive 

functions, such as motivation for previously appetitive rewards, spatial learning and 

memory, social memory, sensitivity to reward, nucleus accumbens activity, and reduced 

markers of neuroplasticity (parvalbumin expressing neurons and perineuronal nets; 

Vendruscolo et al., 2010; Hsu et al., 2014; Naneix et al., 2016; Naneix et al., 2018; 
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Reichelt et al., 2019). Whereas others find increased maladaptive behaviours in adulthood 

after adolescent overconsumption, such as anxiety-like behaviours, conditioned fear 

responses, and depression-like behaviours including anhedonia (Kruse et al., 2019; Gueye 

et al., 2018). Overall, it has been well demonstrated that adolescent sweet food intake can 

alter brain and behaviour in adulthood, but what is still unknown is how age and pubertal 

status influence the sensitivity of an adolescent to sweet food rewards in both sexes. 

There are sex differences throughout adolescence on a number of measures that 

lead to altered developmental trajectories between females and males, including synaptic 

overproduction, synaptic pruning, and myelination (as reviewed in Brenhouse & 

Andersen, 2011). Nevertheless, most of the research on food-related reward was limited 

to adult age groups (as reviewed in Hammerslag & Gulley, 2016). There is abundant 

evidence suggesting there are significant sex differences in sensitivity to food rewards in 

adults, such that rats are used in preclinical models of binge-eating disorders as female 

rats are more prone to binging than are male rats and reflect the same preferences for 

high-sugar high-fat foods as in human females (Freeman et al., 2021). Overall, adult 

female rats are more sensitive to and consume more palatable food, develop stronger 

conditioned place preferences, and increase intake of palatable food more in an 

intermittent access paradigm, than do male rats (Klump, 2013; Hankosky et al., 2018; 

Freeman et al., 2021; Sinclair et al., 2017; Smail-Crevier et al., 2018; Babbs et al., 2011; 

Freund et al., 2015).  

Investigating such sex differences in adolescence requires consideration of the 

timing of onset of puberty. It has long been known that there is an association between 

sweet reward evaluation and the hormonal status of the individual, with early work 
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suggesting female rats develop saccharin preferences after puberty when circulating 

estrogen and progesterone concentrations rise, a preference that is stronger than that of 

male and ovariectomized female rats (Wade & Zucker, 1969; Zucker, 1969). There are 

neuroanatomical changes between pre-pubertal and post-pubertal adolescent rats in the 

medial prefrontal cortex – including decreased neuron number in female rats (P35 vs. 

P45), decreased dendritic spine density in female and male rats after puberty (P35 vs. 

P50), and decreased synapses in female (P35 vs. P45) and male (P45 vs. P60) rats 

(Willing & Juraska 2015; Koss et al., 2014; Drzewiecki et al., 2016). Further pubertal 

status accounted for within-sex variation in age-matched rats in the number of 

perineuronal nets in the medial prefrontal cortex where it decreased in female rats at P35 

who had started puberty compared to rats who had not started puberty, as well as in 

behavioural testing of spatial memory wherein both male and female rats’ performance 

on a reversal task increased after puberty onset (Drzewiecki et al., 2020; Willing et al., 

2016). Consideration of the timing of puberty onset is necessary in studies of adolescent 

sex differences given that females and males have different developmental trajectories, 

with the average onset of puberty in female rats occurring ~P30-P38 compared to male 

rats ~P38-51 (McCormick, 2021).  

Most available research on age differences in sensitivity to food reward involved 

comparison of one adolescent age to an adult age rather than changes in reward 

sensitivity across adolescent development (Berridge et al., 2009; Burton et al., 2011; 

Towner et al., 2019; Hankosky et al., 2018). Two studies have investigated changes in 

food reward processing at more than one time point in adolescence. In one (Friemel et al., 

2010), consummatory behaviour for a sweet palatable food reward (diluted (25%) 
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sweetened condensed milk) was investigated in a within-subjects design in male rats from 

P30 (pre-pubertal, early adolescence) to P90 (adulthood). Male rats were provided fifteen 

minutes of access to diluted sweetened condensed milk, and allowed to drink freely, once 

every ten days from P30 to P90. There was a transient peak in intake at P50 when 

adjusted for body mass at time of test, with intake at P50 greater than at younger and 

older ages (Friemel et al., 2010). P50 male Wistar rats also worked harder than P40 or 

P90 rats in an operant conditioning test to receive the sweet food reward (Friemel et al., 

2010). These results suggest that rats’ sensitivity to a palatable food reward peaks after 

the onset of puberty in late adolescence. A key limitation of this conclusion, however, is 

the lack of data for female rats nor consideration of age of onset of puberty as a source of 

individual differences. 

A second study measuring sensitivity to food reward at multiple ages of 

adolescence addressed some of the limitations of the previous research. In a within-group 

design from P32 to P61, male rats’ sensitivity to a sweet food reward (10% sweetened 

condensed milk) was higher between P40-51 than at other ages whereas there was no 

change in female rats’ consumption across ages, and there was no age difference in 

consumption of rat chow in either sex (intake normalized by body mass; Marshall et al., 

2017). Their results suggested a transient increase in the sensitivity to palatable food 

around puberty in males that was not explained by age differences in the influence of 

satiety. Although they measured the timing of puberty onset, its role in individual 

differences in reward sensitivity was not considered, nor was a pre-pubertal age included 

for female rats. Further, although both studies (Friemel et al., 2010; Marshall et al., 2017) 

included a group that began testing of intake in adulthood to account for effects of 
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repeated testing in any age difference, a between group design may show a different 

pattern of developmental changes in reward sensitivity, given evidence that intermittent 

access may enhance subsequent intake of drugs of abuse and differentially in adolescents 

than in adults (e.g., Corwin et al., 2011; Kawa et al., 2018; Calipari et a., 2015; Marcolin 

et al., 2020). 

The current work aimed to address some of the limitations above by investigating 

female and male Long-Evans rats’ sensitivity to a palatable food reward (25% sweetened 

condensed milk) from an age that is pre-pubertal in both sexes (P27) to adulthood, using 

both a between- and a within- group design, and with the consideration of day of puberty 

onset as a factor in within-sex variability in consumption of the reward. 
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Methods 

 

Animals 

 

Long-Evans rats were born of rats obtained from Charles River (Saint Constant, 

Quebec) and bred in house. Litters were culled to 10 pups, with five females and five 

males where possible, and 99 females and 104 males from 33 litters were involved. Rats 

were housed in age- and sex-matched pairs or triplets on a 12 h light-dark cycle (lights on 

at 0300, lights off at 1500) with food and water available ad libitum. Rats within a cage 

were identified by colour markings on the tail, and colour was reapplied as necessary. 

Environmental enrichment was provided in the form of shelter tubes, nesting material, 

wooden chew blocks, and tearable paper straws. Animal use and procedures were 

approved by the Brock University Institutional Animal Care Committee and were carried 

out in adherence with the Canadian Council on Animal Care guidelines. 

 

Experimental Conditions 

 

Rats were randomly assigned to either the between- or within- group conditions. 

The within-group rats (n = 16 females, n = 26 males) were tested every seven days: P27, 

34, 41, 48, 55, 62, and 69. The between-group rats (n = 83 females, n = 78 males), were 

tested once on either P27 (n = 17 females, n = 16 males),  P34 (n = 16 females, n = 16 

males), P41 (n = 17 females, n = 16 males), P48 (n = 17  females, n = 16 males), or P55 

(n = 16 females, n = 14 males). Every effort was made to ensure there was no more than 
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two rats per litter per sex per experimental group. Three rats were included in the same 

experimental group when date of litter birth limited pairing opportunities: 3 occurrences 

in the “between-group” females (once at post-natal day (P) 27, 34, and 48, respectively); 

and 3 occurrences in the “between-group” males (once at P27, 41, and 55, respectively). 

 

Puberty Onset 

 

Puberty onset was determined by monitoring for the physical markers of vaginal 

opening in the females and balanopreputial separation in the males (Yamasaki et al. 2010; 

Hoffman, 2018). Female rats were examined daily from P29 until onset occurred, and 

male rats were examined daily from P35 until onset occurred. 

  

Reward Solution 

 

Rats were tested on sensitivity to a sweet food reward using diluted sweetened 

condensed milk (DSCM), which is an established appetitive stimulus (Friemel et al., 

2010). Rats were provided with DSCM (1:3 ratio of sweetened condensed milk [Great 

Value Brand] as per Friemel et al., 2010, and R0 water) in their home cage 48 hours 

before testing. The solution was provided in a standard 350 ml rodent bottle, identical to 

the bottle used during the test. Rats had 24 hours of free access to the solution in addition 

to their standard food and water, and the bottle was then removed for the 24 hours before 

the test. Two measures of intake were used for analyses: grams consumed and milligrams 

consumed divided by body mass. 
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Reward Sensitivity Behavioural Test 

 

On the assigned day of testing, the mass of the rats was taken during the lights on 

phase of the light cycle (between 1100 and 1400) and they were then left undisturbed 

until time of test (a minimum of two hours later), which occurred in the dark phase under 

red light conditions. For the test, rats were separated into individual cages. The cages 

were similar to the home environment but were devoid of enrichment items and contained 

fresh bedding. Rats were given five minutes to habituate to the new cage before being 

provided with a bottle of DSCM. The rats had fifteen minutes of free access to drink from 

the bottle, and then the bottles and rats were removed from the test cage and rats returned 

to their home cage. Cage partners were tested at the same time in the same condition, and 

females and males were tested at different times to avoid influences of opposite sex peer 

odors. The mass of the DSCM bottles was taken before and after the test, with the 

difference in mass of the bottles the index of intake.  

 

Statistics 

 

Statistical analyses were performed with SPSS version 26 and consisted of 

repeated measures analysis of variance (ANOVA) for the within-group, and univariate 

ANOVA for between-group. The repeated measures ANOVA used a Greenhouse-Geisser 

correction when there was a violation of sphericity, with the within factor of age 

(postnatal day (P) 27, 34, 41, 48, 55, 62, and 69) and the between factor of sex 

(female/male), and the variables of intake (g), body mass (g/10), and intake corrected for 
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body mass (mg/g). The univariate ANOVA used the fixed factors of sex (female/male), 

and age (P27, 34, 41, 48, or 55). Main effects and interactions were post-hoc investigated 

using least significant difference (LSD) or t-tests where appropriate. Pearson’s 

correlations were used to examine the relationships between puberty onset and mass, 

puberty onset and intake, body mass and intake, and puberty onset and intake by body 

mass, for each the within-group and the between group at each age tested. An alpha level 

of p < 0.05 was used to determine statistical significance. 
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Results 

 

Puberty Onset 

 

The mean age of vaginal opening for all females was 33.71 ± 1.96 days (within-

group 34.38 ± 2.83 days, and between-group 33.53 ± 1.64 days). The mean age of 

balanopreputial separation for all males was 39.94 ± 1.46 days (within-group 40.12 ± 

1.40 days, and between-group 39.85 ± 1.50 days; Table 2.1). Independent t-tests were 

used to determine if there was a difference in timing of puberty onset between 

experimental conditions. There was no difference in puberty onset for female rats (t(74) = 

-1.54, p = 0.127) or male rats (t(79) = -0.748, p = 0.457). 

 

Within 

 

Body Mass 

 

A repeated measures ANOVA was used to compare the effects of sex and age on 

body mass. The interaction between age and sex on body mass was significant (F1.47,58.90 

= 168.34, p < 0.001) and obviated the main effects of sex and age (both p < 0.001). 

Analyses were then conducted separately for the sexes.  The effect of age was significant 

in both females (F6,90 = 53.82, p < 0.001) and males (F1.51,37.74= 2356.25, p < 0.001); both 

sexes significantly gained mass between each age tested (all comparisons p < 0.05). Sex 



  37 

differences in body mass were evident from P41 onwards (p < 0.05; other comparisons p 

> 0.806; Figure 2.1A). 

 

Intake of Diluted Sweetened Condensed Milk (DSCM)  

 

A repeated measures ANOVA on the grams consumed (intake) of DSCM in 

female and male Long-Evans rats revealed an interaction between age and sex 

(F3.94,157.57= 5.242, p < 0.001) that obviated the main effect of age (p < 0.001). Analyses 

were then conducted separately for the sexes. The effect of age was significant in both 

females (F6,90= 53.82, p < 0.001) and males (F3.30,82.22= 57.08, p < 0.001). Females 

consumed more DSCM than the previous age at P34 (p < 0.001), P41 (p < 0.001), P48 (p 

= 0.032), and P55 (p = 0.007; other comparisons p > 0.196), whereas males consumed 

more than the previous age at P41 (p < 0.001), and P48 (p < 0.001; other comparisons p > 

0.068). Additional post-hoc tests were conducted to decompose the interaction of age and 

sex. Females consumed less DSCM than did males at P27 (p = 0.009), P41 (p = 0.045), 

and P69 (p = 0.013), and consumed more than did males at P48 (p = 0.004; other 

comparisons p > 0.365; Figure 2.1A). 

 

DSCM Intake Per Body Mass 

 

 A repeated measures ANOVA on the intake of DSCM divided by body mass in 

grams revealed that the interaction between age and sex on intake was significant 

(F1.76,70.53= 9.44, p < 0.001) and obviated the main effect of age (p < 0.001). Analyses 



  38 

were then conducted separately for the sexes. The main effect of age was 

significant in both female (F6,90= 33.09, p < 0.001) and male rats (F1.46,36.59= 58.26, 

p < 0.001). The ratio of DSCM consumed to body mass of the rat decreased in 

females relative to the previous age at test at P34 (p < 0.001), P41 (p = 0.043), P48 

(p = 0.008), P69 (p = 0.024; other comparisons p > 0.07). In contrast, although 

males also decreased relative to previous age at P34 (p < 0.001), P41 (p < 0.001), 

P55 (p < 0.001), and P62 (p < 0.001), they also demonstrated an increase from P41 

to P48 (p = 0.012; other comparisons p > 0.05). Females consumed less DSCM per 

body mass than did males at P27 (p = 0.011) but consumed more than did males at 

P41 (p = 0.003), P55 (p = 0.006), P62 (p < 0.001), and P69 (p = 0.020), whereas 

there was no difference between female and male rats at P34 or P48 (both p > 

0.332; Figure 2.1B). An analysis of covariance using mass as a covariate rather than 

an independent variable as in the previous ANOVA did not change the outcome of 

intake across ages from results that were divided by mass.  

 

Between 

 

Body Mass 

 

A sex x age ANOVA on mass gain revealed an interaction of sex and age (F4,151= 

24.15, p < 0.001), obviating main effects of sex (p < 0.001) and age (p < 0.001). Analyses 

were then conducted separately for each sex.  The main effect of age was significant in 

both female (F4,78= 273.19, p < 0.001) and male rats (F4,73= 335.79, p < 0.001). 
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Independent t-tests showed significant increases in mass at all ages from the previous for 

both females and males (all comparisons p < 0.05). Female and male rats were not 

different at P27 (p = 0.595), and males had more mass than females from P34 onwards 

(all p < 0.05; Figure 2.2A).  

 

Intake of Diluted Sweetened Condensed Milk (DSCM) 

 

For intake of DSCM, there was no effect of sex on intake (F1,151=2.329, p = 

0.129), however there was a significant main effect of age on intake (F4,151=11.671, p < 

0.001; interaction of sex x age, p > 0.177). Intake increased from the previous age at P34 

(p < 0.001), and P55 (p = 0.005; other comparisons p > 0.407; Figure 2.2B). 

 

DSCM Intake Per Body Mass 

 

For intake of DSCM divided by body mass in grams, female rats had a higher 

intake by body mass than did male rats (F1,151= 3.99, p = 0.048). The main effect of age 

was significant (F4,151 = 86.89, p < 0.001; interaction of sex x age, p > 0.187); Intake 

divided by body mass in grams decreased from the previous age at P34 (p < 0.001), P41 

(p < 0.001), and P48 (p = 0.001; other comparisons p > 0.568; Figure 2.2C). 
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Within vs. Between 

 

Females  

 

Female rats in the between condition consumed more DSCM than the within 

condition at P27 (t(31) = 2.49, p = 0.019), and P34 (t(30) = 2.42, p =0.022), whereas the 

within condition females consumed more than the between condition females at P41(t(31) 

= -2.32, p = 0.027), P48 (t(31) = -6.32, p < 0.001), and P55 (t(30) = -4.15, p < 0.001; 

Figure 2.3A). When intake was corrected for body mass, female rats in the between 

condition consumed more DSCM than the within condition at P27 (t(31) = 2.49, p = 

0.019), but the within condition consumed more than the between condition at P41 (t(31) 

= -2.84, p = 0.004), P48 (t(31) = -5.13, p < 0.001), and P55 (t(30) = -4.32, p < 0.001), and 

groups did not differ at P34 (t(30) = 1.88, p = 0.069; Figure 2.3C). 

 

Males 

 

Male rats in the within condition consumed more DSCM than males in the 

between condition at P27 (t(40) = -2.32, p = 0.026), P48 (t(40) = -5.91, p < 0.001), and 

P55 (t(38) = -3.56, p = 0.001,) whereas the between group consumed more at P34 (t(40) = 

2.63, p = 0.012), and there was no difference at P41 (t(40) = -0.25, p = 0.801; Figure 

2.3B). When intake was corrected for body mass, male rats in the within condition 

consumed more DSCM than the between condition at P27 (t(40) = -2.20, p = 0.034), P48 
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(t(40) = -4.94, p < 0.001), and P55 (t(38) = -3.70, p < 0.001), but did not differ at P34 

(t(40) = 1.24, p = 0.223) and P41 (t(40) = 0.014, p = 0.989; Figure 2.3D). 

 

Correlations 

 

Females 

 

In both the within-group and between-group female rats, there was no association 

between day of onset of puberty and intake at any age. In the within-group females, there 

was a negative association between puberty onset and mass at P27 (r15= -0.522, p < 0.05) 

and P34 (r15= -0.505 = p < 0.05). There was also a positive correlation in between body 

mass and intake at P55 (r15= 0.584, p < 0.05). Body mass and intake was positively 

associated in the between-group females at P41 (r16= 0.492, p < 0.05). All other 

correlations p > 0.05 (Table 2.2).  

 

Males 

 

The only significant association between puberty onset and intake was at P34 for 

both within-group males (r25= -0.47, p < 0.05) and between-group males (r15= -0.805, p < 

0.01). In the between-group males there was a significant positive correlation between 

mass and intake at P27 (r15= 0.631, p < 0.01), and a significant negative correlation 

between puberty onset and intake by mass at P34. All other correlations p > 0.05 (Table 

2.2). 
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Tables 

 

Table 2.1 
Summary of puberty onset per sex per experimental group.  
 

Condition Mean (+/- SD) 
 Females: Day of 

Vaginal Opening 
Males: Day of 

Balanopreputial 
Separation 

All 33.71 (1.96) 39.94 (1.46) 
Within 34.38 (2.83) 40.12 (1.40) 

Between 33.53 (1.64) 39.85 (1.50) 
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Table 2.2 
Summary of correlational results per sex per experimental group. Bold p < 0.05, Bold and 
underline p < 0.01. 
 

Female  
Within P27 (n = 

16) 
 

P34 (n 
= 16) 

 

P41 (n 
= 16) 

 

P48 (n = 
16) 

 

P55 (n 
= 16) 

 

P62 (n 
= 16) 

 

P69 (n 
= 16) 

 
Puberty Onset & 

Mass 
 

-0.522 
 

-0.505 
 

-0.363 
 

-0.211 
 

-0.025 
 

0.024 
 

0.136 
 

Puberty Onset & 
Intake 

 

-0.323 
 

-0.203 
 

-0.162 
 

-0.101 
 

-0.332 
 

0.043 
 

-0.256 
 

Mass & Intake 
 

0.178 
 

0.119 
 

0.238 
 

0.217 
 

0.584 
 

0.114 
 

0.406 
 

Puberty Onset & 
Intake by Mass 

 

-0.006 
 

0.038 
 

0.04 
 

0.06 
 

-0.375 
 

0.001 
 

-0.308 
 

Between 
 

P27 (n = 
17) 

 

P34 (n 
= 16) 

 

P41 
(n=17) 

 

P48 
(n=17) 

 

P55 (n 
=16) 

 

  

Puberty Onset & 
Mass 

 

n.a. 0.027 
 

0.004 
 

0.126 
 

-0.115 
 

  

Puberty Onset & 
Intake 

 

n.a. 0.288 
 

0.157 
 

-0.083 
 

0.437 
 

  

Mass & Intake 
 

-0.258 
 

-0.011 
 

0.492 
 

0.193 
 

0.377 
 

  

Puberty Onset & 
Intake by Mass 

 

n.a. 0.209 
 

0.198 
 

-0.131 
 

0.491 
 

  

Male 
 

 

Within P27 (n = 
26) 

 

P34 (n 
= 26) 

 

P41 (n 
= 26) 

 

P48 (n 
=26) 

 

P55 (n 
= 26) 

 

P62 (n 
= 26) 

 

P69 (n 
= 26) 

 
Puberty Onset & 

Mass 
 

-0.312 
 

-0.383 
 

-0.388 
 

-0.358 
 

-0.369 
 

-0.22 
 

-0.263 
 

Puberty Onset & 
Intake 

 

0.29 
 

-0.47 
 

-0.138 
 

-0.057 
 

0.115 
 

0.026 
 

0.076 
 

Mass & Intake 
 

-0.162 
 

0.277 
 

0.129 
 

-0.074 
 

0.108 
 

0.076 
 

0.046 
 

Puberty Onset & 
Intake by Mass 

 

0.366 
 

-0.317 
 

0.094 
 

0.1 
 

0.25 
 

0.119 
 

0.185 
 

Between 
 

P27 (n = 
16) 

 

P34 (n 
= 16) 

 

P41 (n 
= 16) 

 

P48 (n 
=16) 

 

P55 (n 
= 14) 
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Puberty Onset & 
Mass 

 

n.a. n.a. -0.425 
 

0.417 
 

-0.259 
 

  

Puberty Onset & 
Intake 

 

n.a. n.a. -0.022 
 

0.259 
 

-0.399 
 

  

Mass & Intake 
 

0.631 
 

0.16 
 

-0.111 
 

-0.109 
 

0.677 
 

  

Puberty Onset & 
Intake by Mass 

 

n.a. -0.805 
 

0.108 
 

0.101 
 

-0.289 
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Figure 2.1: A) Mean (± S.E.M.) body weight (grams divided by 10) and intake of diluted sweetened condensed milk (DSCM; 
grams) for female (left) and male (right) within-group Long-Evans rats. B) Mean (± S.E.M.) intake of DSCM (mg) divided by 
body weight (grams) for females (left) and male (right) within-group Long-Evans rats. * p < 0.05 within-sex, ** p < 0.01 within-
sex, *** p < 0.001 within-sex, # p < 0.05 between-sex, ## p < 0.01 between-sex, ### p < 0.001 between-sex, + indicates males 
were higher than females, - indicates males were lower than females.  
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Figure 2.2: A) Mean (± S.E.M.) body weight (grams) for female and male between-group Long-Evans rats. B) Mean (± S.E.M.) 
intake of diluted sweetened condensed milk (DSCM; grams) female and male between-group Long-Evans rats. C) Mean (± 
S.E.M.) intake of DSCM (mg) divided by body weight (grams) for female and male between-group Long-Evans rats. * p < 0.05 
overall, ** p < 0.01 overall, *** p < 0.001 overall, # p < 0.05 between-sex, ## p < 0.01 between-sex, ### p < 0.001 between-sex. 
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Figure 2.3: A) Mean (± S.E.M.) intake of diluted sweetened condensed milk (DSCM; grams) in within- and between-
group female Long-Evans rats. B) Mean (± S.E.M.) intake of  DSCM (g) in within- and between-group male Long-Evans 
rats. C) Mean (± S.E.M.) intake of DSCM normalized to body mass (mg DSCM/ g Body mass) in within- and between-
group female Long-Evans rats. D) Mean (± S.E.M.) intake of DSCM normalized to body mass (mg DSCM/ g Body mass) 
in within- and between-group male Long-Evans rats. @ p < 0.05, @@@ p < 0.001.   
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Discussion 

In this study I aimed to characterize the sensitivity of Long-Evans rats to a sweet 

palatable food reward at different ages from early adolescence to adulthood, to directly 

compare female and male rats pre- and post- pubertal intake, and to investigate whether 

intake at different ages was dependent on first-time access or intermittent access testing 

paradigms. I found that male rats in the within-group had a transient peak in diluted 

sweetened condensed milk (DSCM) consumption at postnatal day (P) 48 when intake 

was corrected for body mass, however there was no corresponding peak in within-group 

female rats’ intake when corrected for body mass. When within-group intake was not 

corrected for body mass I found that there was no peak in intake in either sex; rather, 

intake increased with age and plateaued in late adolescence. Contrastingly, in the 

between-group rats’ intake did not consistently increase over time and there was no effect 

of sex in either intake or intake normalized to body mass despite male rats having more 

mass than female rats after P34. Furthermore, the timing of puberty onset was not 

correlated with body mass, intake, or intake normalized by body mass for either sex or 

testing condition. Taken together, our results suggest that gonadal hormones associated 

with puberty onset may not be the underlying drive of changing reward sensitivity during 

adolescence, and additionally that sensitivity changes may only be present under certain 

testing conditions in a sex-specific manner.  

It is common in studies involving tracking of intake of a substance to compare the 

amount consumed to the body mass of the individual. The ratio of intake to body mass 

has long been used and considered to be a stable measure of ability to match consumption 

of a substance to individual metabolic need (Strominger, 1947). This method of 
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‘normalizing’ by body mass was originally validated in the context of determining caloric 

and fluid needs in male animals and has since been the default method of reporting 

findings in a variety of studies involving consumption of a substance (Forbes et al., 1996; 

Speakman et al., 2002). However, this method of reporting findings may not be 

appropriate in the context of reward driven feeding during development, when body mass 

changes rapidly. In the current work I found a peak in DSCM intake on P48 for male rats 

in the within-group condition when ‘normalizing’ intake for body mass, as has been 

previously found (Friemel et al., 2010; Marshall et al., 2017). I also found, as did 

previous literature, that in the within-group females there was no peak in intake during 

adolescence (Marshall et al., 2017). Moreover, Marshall et al. (2017) reported that at all 

ages tested, female adults consumed more than did adolescents whereas I found the 

highest intake normalized for body mass to occur in early adolescence (P27) for both 

female and male rats, and then intake steadily decreased into adulthood. Given 

differences in reward driven feeding versus nutritive driven feeding it begs the question 

of whether using the ratio of intake to body mass is still an accurate representation of 

relative intake. 

Although intake for a variety of rewards is generally considered to be higher for 

adolescents than adults, this appears to only be true when the intake is ‘normalized’ 

relative to body mass. When intake for female and male rats in the within-group was 

examined separately from body mass, it was found that both females and males increased 

in mass between each age tested and males had more mass than females did. However, 

though both females and males increased in intake alone from P27-P41 (females) or P27-

P48 (males), there was no evidence of a peak in consumption. Instead, intake reached a 
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plateau that was stable to the end of testing at P70. Comparing uncorrected intake alone 

not only suggests that males do not necessarily peak in consumption during adolescence, 

but that female and male patterns of intake are not different, as was previously reported 

(Marshall et al., 2017). Although males consumed more DSCM by grams alone, when 

‘normalized’ for body mass females consumed more than did the males. This current 

study suggests that using this ratio to control for body mass may obscure more accurate 

patterns of reward intake between adolescents and adults and create a false argument for 

sex differences in sweet reward sensitivity. Additionally, mass cannot be important to 

interpreting consumption data, as in our current study the between-group did not 

demonstrate any sex differences in intake even when intake was normalized for body 

mass. Thus, only reporting the normalized intake and not raw intake amount may skew 

interpretations of findings, and there may be another rate-limiting factor at play, such as 

maximum volume of stomach contents. Another factor may be the procedure used during 

testing, such as between- versus within-group designs, which is discussed in depth later.  

There has been limited investigations into the changes of sweet food reward 

sensitivity that are thought to occur during adolescence, and fewer that also consider sex 

differences in timing of puberty onset. Previous work has found – similar to my results 

here – that when intake is normalized by body mass, adolescent male rats show a short 

increase in intake in later adolescence (~P45-50), that adolescent female rats and adult 

male and female rats do not (Marshall et al., 2017). However, in contrast to our results, 

they found a nadir in adult male rats, and that the peak in adolescent male rats’ 

consumption endured for approximately a week and half (~P40 – 51). In both our current 

work in male Long-Evans and previous work in male Wistars (Friemel et al., 2010), the 



  51 

observable peak in intake normalized for body mass occurred at either P48 or P50, 

respectively, with no indication of a decrease in adulthood. In another study (Marshall et 

al., 2017) uncorrected intake for both female and male adolescent rats was similar to our 

findings wherein both sexes slightly increased intake across ages before plateauing into 

adulthood – with male rats consuming more DSCM by grams intake in late adolescence 

than female rats, although females consumed more than did males when normalized by 

body mass. This flip in the direction of sex differences further suggests that normalization 

of data by body mass may obscure the actual patterns of consumption across 

development. 

One possible basis for the difference between results from the between versus the 

within groups may involve sensitization. Behavioural sensitization is the phenomenon 

whereby repeated doses of a drug of abuse increases its effects on a behaviour (e.g., 

increase in locomotor behaviour). Sensitization has also been reported for food rewards, 

wherein a reward increases in value after repeated exposure. Rats that have consumed 

palatable food in an intermittent access (similar to a within-subjects design in which 

testing occurs once every seven to ten days) demonstrate similar behavioural and neural 

changes as in those consuming drugs of abuse, display increased motivation for drug 

rewards, and increased ethanol consumption (Corwin et al., 2011; Kawa et al., 2016; 

Calipari et al., 2015; Marcolin et al., 2020).  Such intermittent access to food rewards has 

been observed to create patterns of binge-eating in rats. Such effects may underlie 

differences I found between the within- and between- groups to directly compare the 

effects of repeated testing during adolescence. Although the within-group males peaked 

in intake when normalized for body mass at P48 (and did not peak without such a 
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correction), the between-group females and males did not differ in intake nor intake 

normalized for body mass. Intake increased from P27 to P34 and from P48 to P55 in the 

between-group rats, though when normalized for body mass there was significant 

decreases in intake across ages. All rats, regardless of condition, underwent the same 

habituation process, thus the difference of note was the number of test exposures per 

individual depending on assigned condition. Although the previous studies used groups 

that started the repeated intake in adulthood (Friemel et al., 2010; Marshall et al., 2017), 

the age differences instead may involve differences in sensitization rather than 

differences in changing reward sensitivity. In keeping within this possibility is that 

adolescents sensitized to drugs of abuse (amphetamine, cocaine) more so than did adults 

(Adriani et al., 1998; Mathews et al., 2011; Caster et al., 2005). Nevertheless, 

sensitization does not explain the drop in intake per gram body mass after the peak at 

P48. Regardless, my results demonstrate that test conditions matter when evaluating 

sensitivity to reward and question the extent that females and males differ in sensitivity to 

palatable food reward.  

 Lastly, I also investigated the role of puberty onset in influencing sensitivity to 

sweet food reward because of the known effects on food intake stemming from the surge 

of gonadal hormones associated with puberty onset. Gonadal hormones influence intake 

of palatable food, with lower levels of estradiol and higher levels of progesterone 

increasing palatable food intake in adulthood in female humans (Leeners et al., 2017) and 

rats (Guyard et al., 1991). Testosterone administration increased both body mass and food 

intake (chow) in pre-pubertal and intact female rats, but not in ovariectomized rats (Iwasa 

et al., 2016). However, research on the role of androgens in food intake is conflicting, 
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with some studies finding testosterone administration increased body mass in male more 

than female Guinea pigs and did not affect food intake in either sex (Czaja, 1983), 

whereas other work suggested testosterone has a protective effect against binge related 

food intake in adulthood because female rats that received testosterone perinatally were 

less likely to be classified as binge eating prone than were female rats that were not 

treated, and that were not different than male rats (Culbert et al., 2018). In adulthood, 

these sex differences in gonadal hormone milieu may underlie sex differences in 

palatable food preference and reward sensitivity, as female rats form a stronger 

conditioned place preference to palatable food than do male rats and also show greater c-

Fos activation in regions of the mesocorticolimbic dopaminergic system (Sinclair et al., 

2017). However, whether these hormonal changes occurring during puberty exert 

organizing or activating influences on binge eating behaviour is unclear. Post-puberty 

female animal models are more binge eating prone than male animal models (as reviewed 

in Mikhail et al., 2021), but to what extent this is regulated by gonadal hormones during 

puberty is not known. Intake of palatable food increased during puberty compared to pre-

puberty and adulthood in intact and pre-pubertally ovariectomized female rats, whereas 

this increase was not reflected in regular chow intake, suggesting that hormonal 

influences may be intertwined with development of the reward system (Klump et al., 

2021). 

Based on the findings in male rats from Friemel et al. (2010) and Marshall et al. 

(2017) suggesting that in male rats intake peaks shortly after average puberty onset (Peak 

at ~P50 after mean onset ~P41), I predicted I would find similar results in males, and that 

female rats’ intake would peak earlier given their earlier average onset of puberty (~P35). 
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However, I found that the day of onset of puberty was not correlated with either intake or 

intake normalized for body mass in female nor in male rats of either the within- or 

between-group conditions. It is possible that the measure of puberty onset commonly 

used – visualization of physical markers of puberty – does not represent the changes at 

onset it is thought to, thus the recorded day of onset for individuals in this study is not 

related to significant neurological changes influencing patterns of reward. This theory is 

unlikely, given that there have been notable differences found in both brain and 

behaviour using these metrics to assess puberty onset. Perineuronal nets in the medial 

prefrontal cortex decreased in female rats who had started puberty compared to female 

rats who were the same age but had not started puberty (as indicated by status of vaginal 

opening; Drzweicki et al., 2020). Also, rats of the same age that had started puberty 

performed better than did rats that had not started puberty on a reversal learning 

challenge during a spatial memory task (Willing et al., 2016).  Gonadal hormones may 

play a role in some, but not all, aspects of the development of the reward system, 

although, age-dependent changes in reward evaluation may simply involve maturation 

within the mesocorticolimbic dopamine circuitry that is independent of puberty. For 

example, adolescent rats that were willing to invest more effort into obtaining a higher 

valued reward also had lower D1 receptor levels in the striatum relative to adults 

(Stolyarova & Izqueirdo, 2015). Further, male, and not female, rats were found to 

overproduce dopamine receptors in the striatum during puberty (Teicher et al., 1995). 

However, when both male and female rats were gonadectomized pre-puberty there was 

no change in dopamine receptor density compared to non-gonadectomized rats, 
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suggesting that gonadal hormones in males are not responsible for changes in the 

dopamine system during development (Andersen et al., 2002). 

 Overall, the present results suggest that previously identified sex differences in 

reward driven feeding behaviour may only be present in certain testing paradigms, and 

thus female and male rats may not differ in the development of reward sensitivity. 

Further, previously identified patterns of reward sensitivity development may be true 

only when intake is normalized for mass, which may itself be an inaccurate 

representation of reward driven feeding patterns.  Lastly, given the lack of sex differences 

and correlation of puberty onset to consumption behaviour, increases in gonadal 

hormones associated with puberty onset are not the mechanism responsible for shifting 

preferences in palatable food during development. 
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CHAPTER THREE: The Development of Social Reward Motivation From Early 
Adolescence to Adulthood in Female and Male Long-Evans Rats 

Murray, S.H., Logan, R.J., Paolone, A.R., & McCormick, C.M. [2022 – IN PREP]. 

 

Introduction 

 

Adolescence describes the transition from childhood to adulthood and is conserved 

across many mammalian species (McCormick et al., 2017). Both humans and rats 

experience significant physical, physiological, and behavioural changes during this period 

of development. One key neurological change occurring during this age is the maturation 

of the dopaminergic system, the main neurotransmitter associated with reward processing 

(Telzer et al., 2016). There is variation throughout the period of adolescence in dopamine 

receptor densities in brain regions associated with reward. For example, in the striatum of 

both female and male rats, dopamine receptor density increased from postnatal day (P) 25 

to P40 and then sharply decreased until stabilizing in adulthood (Teicher et al., 1995). 

However, the development of the system may occur independently in other regions of 

reward, as different types of receptors peak at different ages in the prefrontal cortex 

(Andersen et al., 2000; Teicher et al., 1995). The changes in the dopaminergic system in 

adolescence are a likely a mechanism underlying the changing evaluation of reward 

during adolescence (Telzer et al., 2016). Particularly, changes to dopamine receptor 

density appear to alter female rats evaluation of, sensitivity to and motivation to seek 

reward when compared to male rats (Williams et al., 2021; McNealy et al., 2021). 

In general, adolescents tend to be more sensitive to appetitive food reward and 

social reward than their adult counterparts (Friemel et al., 2010; Douglas, Varlinskaya, & 
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Spear, 2004).  For example, both human and rat adolescents consume more high sugar 

and high fat food than adults do, above and beyond the increased calorie needs due to 

rapid growth during development (Mason et al., 2020; Tenk & Felfeli, 2017). Further, 

male rats at P50 consume more and will work harder to access a sweet food reward than 

rats at younger or older ages (Friemel et al., 2010). Most studies of food reward have 

typically investigated one adolescent age group to one adult age group. Three exceptions 

are studies that have investigated the development of sensitivity to a palatable food 

reward, with evidence of a peak in consumption of palatable foods in post-pubertal 

adolescents (Friemel et al., 2010; Marshall et al., 2017; Murray et al., 2022 Chapter 2) 

that was not found in female rats (Marshall et al., 2017; Murray et al., 2022 Chapter 2), 

and that may depend on the type of design used (an adolescent male peak was evident in 

within-group design and not in a between-group design; Murray et al., 2022 Chapter 2). 

Social reward has been studied less than other types of reward, and most such 

research has involved both primarily male, and primarily adult, animals (Achterbeg et al., 

2016; Manduca et al., 2021; Borland et al., 2019). This limitation in the scope of existing 

literature persists although both male and female animals find social interaction 

rewarding (Douglas, Varlinskaya, & Spear, 2004) and there is evidence for sex 

differences in social reward motivation. For example, adult female hamsters found same-

sex social interaction more rewarding than did males of the same age (Borland et al., 

2019). Adult Long-Evans female and male rats exhibited greater preference for social 

investigation over non-social exploration activity (Deak et al., 2009). Although neither 

sex habituated over time, female rats were more socially directed than were males (Deak 

et al., 2009). In contrast, social interaction carried a greater reward value for male than 
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for female rats depending on the test conditions (e.g., whether housed in isolation for a 

period before the test; Douglas, Varlinskaya, & Spear, 2004; Schatz et al., 2019). Thus, 

whether there are sex differences in the reward value of social stimuli is debatable, 

perhaps dependent on test conditions, and may be species-specific. 

 Further there is a lack of literature on variation in motivation for social reward 

throughout adolescent development into adulthood. As for food reward studies, most 

have compared adolescents of one age to adults of another age.  To fully understand 

adolescent development requires consideration of both pre-pubertal and post-pubertal 

adolescence. The rise in gonadal hormones with the onset of puberty that occurs during 

adolescence have an activating (transiently influencing) role in regulating social 

behaviour, and recently it has been suggested that there is additional organization 

(permanent changing) of neural circuitry within the social brain during adolescence 

(reviewed in Bell, 2018; Brown et al., 2015). In male hamsters, for example, exposure to 

gonadal hormones in adolescence is required for typical adult reproductive behaviour 

(e.g, mounting), and social defense behaviour (e.g., intruder attacks, tail posture; Schulz 

& Sisk, 2006). Other social behaviours in rats, such as playing with peers, peak around 

approximate puberty onset in both male and female rats (Auger & Olesen, 2009; Beatty, 

1979). However, it is unknown to what extent gonadal hormones and the onset of puberty 

influence social motivation specifically. Onset of puberty is also an important 

consideration when investigating sex differences in adolescence. When only one 

adolescent age group is considered, females and males would be at different stages with 

respect to puberty, given that the onset of puberty is at about postnatal day 33 in female 

rats and at about postnatal day 40 in male rats (Murray et al., 2022 Chapter 2). 
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To address the sex-specific development of reward motivation in rats from pre-

puberty to adulthood, I used a social operant conditioning task where the measure of 

‘work’ was nose-poking into a port that would break an infrared beam and trigger reward 

based on that described in Schatz et al. (2019). This adaptation allows for better 

developmental research at specific ages as nose-poking is a readily displayed behaviour 

in rats than and thus requires less training than do more traditional operant conditioning 

paradigms that involve bar-pressing for reward. In their study Schatz et al. (2019) had 

three ports at which rats were able to nose-poke into to open a gate; at one gate rats 

would receive a social reward and the other two ports were non-reinforcing with no 

reward present. In comparing adult female and male Brattleboro rats they found that 

although there was no difference in overall activity level (total response number), males 

responded more to the social port specifically than did females. Males are thought to be 

more social than females under certain conditions, however there is little work comparing 

males and females during adolescence taking into account different rates and stages of 

development.  

I investigated the motivation to engage with a novel peer in a between-subject 

design in which female and male rats were tested at either P30, P40, P50, or P70.  I 

predicted a shift in social motivation from pre- to post- puberty, and thus an earlier shift 

in females than in males based on their earlier average onset of puberty, and that greater 

social reward motivation in males than in females would be evident only after puberty. I 

also predicted that male rats may show a peak in social motivation at P50 consistent with 

the peak in palatable food motivation observed at P50 (Friemel et al., 2010), and that in 

general, adolescents would have higher social motivation than would adult. 
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Methods 

 

Animals  

 

Time-mated pregnant Long-Evans female rats were obtained from Charles River 

(Kingston, NY) and arrived in the facility on gestational day 15. Day of birth was 

designated as post-natal day 0. Litters were culled to n = 10, with n = 5 females and n = 5 

males where possible. Cross-fostering was used when necessary to maintain uniform 

litter size.  74 females and 70 males from 18 litters were used in this study. Every effort 

was made to ensure there was a limit of one rat per sex per litter per condition, with some 

exceptions of two rats; 1 occurrence in the P70 male group, and 1 occurrence in the P40 

female group. Rats were housed in age- and sex-matched non-littermate pairs on a 12h 

light-dark cycle (lights on at 2400, lights off at 1200) with food and water available ad 

libitum. Rats within a cage were identified by colour markings on the tail, and colour was 

reapplied as necessary. Rats were housed in individually ventilated cages (37l x 33w x 

18h cm), and environmental enrichment was provided in the form of shelter tubes, 

nesting material, wooden chew blocks, and tearable paper straws. Animal use and 

procedures were approved by the Brock University Institutional Animal Care Committee 

and were carried out in adherence with the Canadian Council on Animal Care guidelines. 

 

Experimental Conditions 
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Rats were weaned on P21, randomly assigned to an experimental group, and 

housed with a group- and sex-matched non-littermate conspecific. Female and male rats 

were separated into 5 groups to be tested on P30 (16 females, 16 males), P40 (14 females, 

13 males), P50 (16 females, 14 males), or P70 (16 females, 15 males) or to be a novel 

stimulus peer (12 females, 12 males). Stimulus rats were reused for each age group 

tested, to reduce animal numbers, but always saw a different rat such that the social 

pairing remained novel.  

 

Puberty Onset 

 

Puberty onset was determined by monitoring for physical markers, vaginal 

opening in female rats and balanopreputial separation in male rats (Yamasaki et al. 2010; 

Hoffman, 2018). Female rats were examined daily from P29 until onset occurred, and 

male rats were examined daily from P35 until onset occurred.  

 

Operant Conditioning Apparatus 

 

The operant conditioning apparatus used in this study was adapted from Schatz et 

al. 2019, where the typical ‘bar-pressing’ activity was replaced by an infrared beam that 

measures ‘nose-pokes’. The unit was built in-house, using a cooler (Coleman; 80 l x 33 w 

x 33 h cm) as the external chamber to attenuate other stimuli. Inside the cooler were three 

chambers, a larger clear center chamber (20 h x 24 diameter cm) with a metal grid floor 

(0.67 diameter cm) for the test rat, and two smaller opaque chambers (17 h x 20 diameter 
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cm) to the left and right for social stimuli. The social and test chambers were connected 

by ports (5 diameter cm) on each side, large enough that the social stimulus and test rats 

were able to touch snouts and vibrissae, but small enough to prevent rats from entering 

the opposite chamber. Fans were placed behind the social stimuli chambers such that air 

containing olfactory cues was circulated to the test rat. Three ports were contained in the 

apparatus, two that enabled access to social chambers, and an additional port at the back 

of the apparatus that could provide a liquid reward but was not used in this study. Each 

port was typically blocked by a puck shaped rubber gate but could be opened (depending 

on the trial conditions, described in ‘Operant Procedure’) by the test rat inserting its snout 

into the port and breaking an infrared beam (‘nose-poking’). The gate mechanisms and 

infrared beam were controlled by a central computer system using custom in-house 

software, which automatically recorded and scored all chamber activity from both test 

and stimulus rats (Figure 3.1A,B,C).  
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Figure 3.1: Operant Conditioning Apparatus. A) Above view of three main chambers on pulled out slide. Left and 
right are able to contain social stimulus, center is for test rat. Three ports are visible joining each of the side 
chambers to the center, with an additional port at the back that was used only for activity control in this project. B) 
Front view of apparatus on rack. Metal grid of test chambers allows waste to fall through onto a removeable 
collection plate for easy cleaning in between trials, and side chambers are removeable. C) Close up view of the port. 
Round clear port on either side accommodates nose-pokes from rat that break infrared beam originating from diodes 
on the metal casement. White plastic disk lifts on mechanical arm when social reward is triggered, to allow rats to 
touch snouts. 

Figure 3.2: Example timeline of operant conditioning schedule for a P30 age group. Same 
timeline was replicated for each test age (ex. a P40 started training on P37 etc.) 
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Operant Procedure 
 

A novel social stimulus was first placed into either the right or left social 

chamber, counterbalanced across conditions. Social chambers were interchangeable, and 

ones used as the empty control chamber never held rats and vice versa so as to eliminate 

possible confounds from remaining odor cues. The test rat was placed in the center 

chamber and nose-poke activity was recorded for 30-minutes. Activity at all three ports 

was recorded, however the opening of the gates was dependent on the trial condition. For 

training, a fixed ratio (FR) of 1:1 was used for three days (one training session per day), 

where for each nose-poke on the social port (the side containing the social stimulus rat) 

the gate opened to allow for 5 seconds of social reward (access to the novel peer) and 

nose pokes at other ports did not open the gates. After training, rats were tested using a 

progressive ratio (PR) of 2, wherein each successful opening of the gate (social port only) 

increased the effort required to obtain the next reward (2 nose-pokes, then 4, 6, 8, 10 

etc.). The breakpoint was defined as two minutes of inactivity, and the PR was reset 

following the breakpoint (as per Friemel et al., 2010). On the next day, rats were tested 

again on a FR, however both the social port and the opposite port could be opened by 

nose-poking. This test day was considered a control test (CTL) to investigate whether 

social stimulus provided reward value over and above the opening of the gate.  

For an example timeline, rats in the P30 group began FR training on P27, were 

PR tested on P30, and were CTL tested on P31 (Figure 3.2). 

 

 

 



  65 

Statistical Analysis  

 

Statistical analyses were performed with SPSS version 26 and consisted of 

repeated measures analysis of variance (ANOVA) for the training days, and univariate 

ANOVAs for the progressive ratio test and control test. The repeated measures ANOVA 

used a Greenhouse- Geisser correction when there was a violation of sphericity. Main 

effects were post-hoc investigated using least significant difference (LSD) or t-tests 

where appropriate. Rats were excluded from analysis when they did not reach a criterion 

level of 40 gate openings in a given test during the training days; P30 (2 female, 5 male), 

P40 (2 female, 1 male), P70 (3 female, 2 male). There were equipment failures in the first 

cohort resulting in loss of data for the progressive ratio test for 8 P30 females and 8 P30 

males. An alpha level of p < 0.05 was used to determine significance.  
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Results 

 

Training Days 

 

Social Gate Openings: A sex (female/male) x age (postnatal day (P) 30, 40, 50, 

70) x day (Training Day (TD) 1, 2, 3) repeated measures analysis of variance (ANOVA) 

was used to investigate effects on social gate openings. There were significant main 

effects of TD (F2,194= 48.40, p < 0.001, η2 = 0.333) and age (F3,97=2.73, p = 0.048, η2 = 

0.078) on social gate opening (main effect of sex and interactions all p > 0.241; Figure 

3.3A).  Rats increased gate openings across training days (p < 0.001), and rats opened the 

social gate more at P50 than at P40 (p = 0.005; all other comparisons p > 0.092; Figure 

3.3B).  

 

 Non-Social Nose-Pokes: Non-social nose-pokes (i.e., pokes into the other two 

ports) was used as an index of general activity; non-social ports did not open gates during 

the training days. Female rats nose-poked more than did male rats (F1,97=6.91, p =0.010, 

η2 =0.066; all other between subjects effects and interactions p > 0.242). There was a 

significant interaction between TD and age (F5.50,194=3.397, p = 0.004, η2 = 0.095), that 

obviated the main effect of age (p = 0.001), whereby P30 rats nose-poked less than all 

other ages on non-social ports, P40 (p < 0.001), P50 (p = 0.002), and P70 (p = 0.002; all 

other comparisons p > 0.628; Table 3.2).  
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 % Social Beam Breaks: The percentage of nose-pokes that were at the social port 

compared to the non-social ports ([social nose-pokes/total nose-pokes] x 100% = % 

social beam breaks) was calculated to analyze group differences in social nose-poking 

while controlling for general activity. Males nose-poked more on the social port than did 

females (F1,97=4.44, p = 0.038, η2 = 0.044), and overall social nose-pokes increased 

relative to non-social nose-pokes for each training day (F2,194=19.34, p < 0.001,  η2 = 

0.166; Figure 3.3C). The main effect of age was significant (F3,97=3.46, p = 0.019, η2 = 

0.097), whereby rats at P50 engaged in more social port activity than non-social than did 

rats at either P40 (p = 0.010) or P70 (p = 0.012; Figure 3.3D). All other interactions and 

comparisons p > 0.101.  

 

Social Contact Time: Social contact time was scored as the amount of time both 

the test rat and the stimulus spent in the port (and thus engaged in direct social contact) 

simultaneously. There was a significant effect of training day on social contact time 

(F2,194 = 5.553, p = 0.005, η2 = 0.054; Figure 3.3E) wherein all rats spent more time 

interacting with the novel partner on subsequent training days, and males spent more time 

interacting with the novel partner than did females (F3,97 = 7.25, p = 0.008, η2 = 0.070). 

There was also an effect of age (F3,97 = 18.03, p < 0.001, η2 = .358), wherein rats at P30 

spent less time in social contact than did those at P40 (p = 0.023), P50 (p < 0.001), and 

P70 (p < 0.001), additionally those at P50 interacted more than P40 (p < 0.001), or P70 (p 

< 0.001; other interactions and comparisons p > 0.193; Figure 3.3F).  

 

Progressive Ratio Test 
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Social Gate Openings: A univariate ANOVA was calculated to investigate the 

effects of sex and age on social door openings, and revealed an effect of age (F3,83 = 2.83, 

p = 0.043; other effects and interactions p > 0.439). Rats at P30 were able to open the 

social gate more than rats at P40 (p = 0.049), or P70 (p = 0.027), but not P50 (p = 

0.0418), while P50 rats were able to open the social gate more than P70 (p = 0.046; other 

comparisons p > 0.417; Figure 3.4A). 

 

Non-social nose pokes: There was no effect of age, sex, or interaction of the two 

on non-social nose-pokes (all p > 0.569; Figure 3.4B). 

 

 Maximum Number of Steps: There was a significant effect of age on the 

maximum progressive ratio step reached (F3,83=6.21, p < 0.001; other effects and 

interactions p > 0.158), whereby rats at P40 had a lower number than did rats at P30 (p = 

0.007), P50 (p < 0.001), and P70 (p = 0.007; Figure 3.4C). Although the interaction of 

sex was non-significant the pattern of means suggested the drop at P40 was driven by the 

males. To investigate this possibility, we calculated univariate ANOVAs on age 

separately for each sex. There was no effect of age in the female rats (F3,44= 1.16, p = 

0.337), however, male rats (F3,39= 6.81, p < 0.001) at P40 reached a lower breakpoint step 

than did male rats at P30 (p = 0.009), P50 (p < 0.001), and P70 (p = 0.002). Furthermore, 

independent t-tests showed that the only sex difference in maximum step reached was at 

P40 (t22 = 2.61, p = 0.016; other ages p > 0.493; Figure 3.4D). 
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 Maximum Number of Steps Before Breakpoint: A univariate ANOVA was 

calculated to investigate the effects of sex and age on the maximum progressive ratio step 

attained before reaching a breakpoint (two minutes of inactivity), and found a significant 

effect of age (F3,83= 7.62, p < 0.001; other effects and interactions p > 0.207) wherein rats 

at P40 reached the breakpoint after less steps than did rats at P30 (p = 0.003), P50 (p < 

0.001), and P70 (p = 0.002; Figure 3.4E). Although the interaction of sex was non-

significant the pattern of means suggested the drop at P40 was driven by the males. To 

investigate this possibility, we calculated univariate ANOVAs on age separately for each 

sex. There was no effect of age in the female rats (F3,44= 1.55, p = 0.216), however, male 

rats (F3,39= 7.60, p < 0.001) at P40 reached a lower breakpoint step than did male rats at 

P30 (p = 0.006), P50 (p < 0.001), and P70 (p = 0.001). Furthermore, independent t-tests 

showed that the only sex difference in maximum step reached before breakpoint was at 

P40 (t22 = 2.35, p = 0.014; other ages p > 0.575; Figure 3.4F). 

 

Control Test 

 

On the control test day (CTL), rats were tested again on a FR, however both the 

social port and the opposite port could be opened by nose-poking to investigate whether 

social stimulus provided reward value over and above the opening of the gate. A sex x 

age univariate ANOVA was calculated to investigate effects on social or non-social gate 

opening. A significant interaction of gate and age (F3,97=5.55, p < 0.001, η2 = 0.146; 

Figure 3.5A) obviated the main effects of gate (p < 0.001) and age (p < 0.001), and there 

was no effect of sex (p = 0.861). Paired t-tests indicated that at each age rats opened the 
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social gate more than the non-social gate at P30 (p < 0.001), at P40 (p = 0.006), at P50 (p 

< 0.001), and at P70 (p = 0.003). More social door openings occurred at P30 than at P40 

(p < 0.001), or P50 (p = 0.042), and more occurred at P40 than at P70 (p = 0.009). Fewer 

non-social door openings occurred at P30 than at P40 (p= 0.035), P50 (p = 0.002), and 

P70 (p < 0.001), while fewer occurred at P40 (p = 0.003), and P50 (p = 0.018) than P70 

(Figure 3.5B).  

 

Age at Puberty Onset 

 To account for the variation that may be due to age of the individual at puberty 

onset I also ran the analyses using age at puberty onset (AOP) as a covariate. For these 

analyses, the P30 age group was excluded, as they were removed from the experiment 

before puberty onset occurred. For the social door openings during training, AOP did not 

alter the results (effect of age p = 0.003, no effect of AOP p > 0.20). For non-social nose-

pokes there was an interaction between the number of non-social nose-pokes, age, and 

sex, but the effect of AOP was not significant (p > 0.091). There was also no effect of 

AOP on the percentage of social nose-pokes (p = 0.630). A partial correlation was run for 

the sexes separately, controlling for AOP, and found that no variables were significantly 

correlated with age at the onset of puberty (data not shown; all p > 0.1). Therefore, on 

these measures the age of puberty onset does not account for substantiative variance.  
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Tables 
Table 3.1 
Summary of puberty onset data per sex. 

Mean (±SD) 
Females Average Day of 
Vaginal Opening 

Males Average Day of 
Balanopreputial Separation 

33.15 (±2.55) 39.00 (±1.68) 
 
Table 3.2: 
Non-social nose-poke data summary.  
Age (1) Age (2) Mean 

Difference (1-
2) 

Std. Error Significance 

30 40 -15.18 4.33 0.004 
50 -13.17 4.10 0.011 
70 -13.38 4.24 0.013 

40 30 15.18 4.33 0.004 
50 2.01 4.15 1 
70 1.80 4.29 1 

50 30 13.17 4.10 0.011 
40 -2.01 4.15 1 
70 -0.21 4.06 1 

70 30 13.38 4.24 0.013 
40 -1.80 4.29 1 
50 0.21 4.06 1 
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Figure 3.1: A) The mean (± S.E.M.) number of social gate openings on each training day (1, 2, or 3) for 
female (left) and male (right) Long-Evans rats at P30, P40, P50, or P70. B) The effect of age in number of 
social gate openings wherein P50 rats opened the gate more than P40 rats. C) The mean (± S.E.M.) 
percentage of beam breaks that are social over non-social on each training day (1, 2, or 3) for female (left) 
and male (right) Long-Evans rats at P30, P40, P50, or P70. D) The effect of sex wherein males were more 
socially directed than females and the effect of age wherein P50 rats were more social than P40 or P70 rats. 
E) The mean (± S.E.M.) amount of time both rats were present in the port on each training day (1, 2, or 3) 
for female (left) and male (right) Long-Evans rats at P30, P40, P50, or P70. F) The effect of sex wherein 
males spent more time in social contact than did females, and the effect of age wherein rats at P30 spent 
less time in social contact than did those at P40, P50, and P70, and additionally those at P50 interacted 
more than P40 or P70. * p < 0.05, ** p < 0.01, *** p < 0.001.  
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Figure 3.2: A) The mean (± S.E.M.) number of social gate openings during the progressive ratio test for 
female (circle) and male (square) Long-Evans rats at P30, P40, P50, or P70. B) The mean (± S.E.M.) 
number of other (non-social) beam breaks during the progressive ratio test for female (circle) and male 
(square) Long-Evans rats at P30, P40, P50, or P70. C) The mean (± S.E.M.) maximum progressive ratio 
step reached during the thirty-minute test for female (circle) and male (square) Long-Evans rats at P30, 
P40, P50, or P70. D) The effect of sex wherein male rats reached a lower maximum step at P40 than did 
female rats and the effect of age wherein male rats at P40 reached a lower maximum step than male rats at 
P30, P50, or P70. E) The mean (± S.E.M.) maximum progressive ratio step reached before hitting a break 
point for female (circle) and male (square) Long-Evans rats at P30, P40, P50, or P70. F) The effect of sex 
wherein male rats reached a lower step before breakpoint at P40 than did female rats and the effect of age 
wherein male rats at P40 reached a lower step before breakpoint than male rats at P30, P50, or P70. * p < 
0.05, ** p < 0.01, *** p < 0.001. 
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Figure 3.3: A) The mean (± S.E.M.) number of social and non-social gate openings female (left) and male 
(right) Long-Evans rats at P30, P40, P50, or P70. B) The effect of age on the social gate found P30 rats to 
open the social gate more than P40 or P50 rats, and P40 rats also opened the gate less than P70 rats. The 
effect of age on the non-social gate found P40, P50, and P70 to open the gate more than P30, and P70 opened 
the non-social gate more than P40 or P50. * p < 0.05, ** p < 0.01, *** p < 0.001. 
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Discussion 

 

In this experiment I investigated the motivation of female and male rats for social 

interaction at multiple ages from adolescence to early adulthood using an operant 

conditioning paradigm. In three sessions involving a fixed ratio of one, male and female 

rats were more socially directed at postnatal day (P) 50 than at P40 or P70, and rats at 

P50 spent more time in social contact than did rats at all other ages. Additionally, 

regardless of age, male rats were more socially directed than were female rats, and male 

stimulus and test rats spent more time in social contact than did female stimulus and test 

rats. Furthermore, based on the progressive ratio test, male rats at P40 were less socially 

motivated than male rats of other ages and than female rats at all ages tested.   

 

Training Days 

 

Across the three sessions (one session per day) of training on a fixed ratio of one 

(one nose-poke: one reward [5 seconds of access to a novel peer]) all age groups 

successfully learned the nose-poking association, as demonstrated by the increases in 

social gate openings from Day 1 to Day 3. At P50, rats opened the social gate more than 

did rats at P40. This increase in gate opening at P50 was not because of an increase in 

overall activity; P50 rats also had a higher percentage of beam breaks at the social port 

than at the two other ports than did rats at P40 and P70 (beam breaks at those ports were 

used simply as an index of general activity because non-social ports did not open gates 

during the training days). Further, when the time in which both the stimulus rat and the 
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test rat were in direct contact is considered, P50 rats spent more time in social contact 

than did rats of any other age. Social contact is the score of only the amount of time both 

the stimulus and test rat were in the port simultaneously. The stimulus rat was untethered 

and free to move within the chamber or to engage in social contact with the test rat when 

the gate was opened. The social interest of the stimulus rat is particularly compelling, as 

test rats were used in a between-group design with novel social stimulus partners (i.e. 

only tested at one age, and saw a new rat for each day of training and testing), whereas 

the stimulus rats were reused for each test age to limit the number of animals involved 

(i.e. the same stimulus rats were used at all four ages). However, if the increase in social 

contact time at P50 reflected an effect of learning, it would have also increased at P70, 

but notably rats spent less time in social contact at P70 than P50. Therefore, P50 is an age 

of increased social interest as both stimulus and test rats were more socially oriented at 

this age than at younger and older ages, indicating that it is not an effect of learning, but a 

peak in sensitivity to socially reward stimuli. 

Although the age differences in the training did not depend on sex, overall, female 

rats were more active than were male rats, such that they had a lower percentage of beam 

breaks at the social port. These results could be interpreted to indicate a higher social 

interest in male than in female rats. Previous research has also found that female rats are 

typically more active than are male rats (Bishnoi et al., 2021), and that male rats may be 

more social than female rats (Stack et al., 2010; Asgari et al., 2021).  For example, in 

adulthood female rats covered more total distance and displayed more vertical 

movements (such as rearing) than did male rats in an open field test (Bishnoi et al., 2021). 

Additionally, male rats spent more time in social interaction with a novel peer than did 
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female rats when tested at either P46 or P70 (Asgari et al., 2021). However, sex 

differences in social behaviour may depend on the type (play, aggression, investigation 

etc.) of social behaviour being investigated, and whether the difference is quantitative 

(more or less of the target behaviour exhibited) or qualitative (different behavioural 

responses to the same environment). Male rats in adolescence engage in more rough and 

tumble play behaviour than do female rats (Auger & Olesen, 2009), however female rats 

respond sooner to an approaching partner than do male rats, and male and female rats use 

different evasive patterns when dodging an attacking partner (Pellis et al., 1997).  

In an operant conditioning task using a similar apparatus to the current work, pair-

housed adult female rats responded to a social reward port less than male rats did, even 

though there was no sex difference in the total number of responses (social reward port + 

non-reinforcing control ports; Schatz et al., 2019). In contrast, in adult rats that were 

isolation housed before behavioural testing, females engaged in more socially directed 

behaviour than did males, as measured by the number of ‘headpokes’ into a social port 

and time spent at the port (Deak et al., 2009).  Further, the stage of development and 

social environment may play a role in moderating social preference; in a conditioned 

place preference paradigm only adults (both female and male rats) that had been isolated 

prior to testing formed a preference for the social paired side, whereas rats that had been 

group housed did form a preference (Douglas, Varlinskaya, & Spear, 2004). However, 

although both isolated and group-housed female and male adolescents formed a 

preference for the social paired side, this preference was stronger in male rats than in 

female rats and was strongest in isolation-housed male rats (Douglas, Varlinskaya, & 
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Spear, 2004). Thus, the extent of sex differences in social response depends on housing 

conditions before testing.  

The increase in social interest at P50 in my current work parallels reports of age 

specific differences in sensitivity to sweet food reward. One commonly used measure of 

sensitivity to a food reward is a free access intake task, wherein animals are provided 

with a palatable food for a set amount of time, and intake is normalized per body mass to 

determine relative consumption. In male Wistar rats, rats at P50 consumed more diluted 

sweetened condensed milk than younger (P30, P40) and older (P60, P70, P80, P90) ages 

(Friemel et al., 2010). This finding was replicated in a later study using Long-Evans rats, 

wherein male rats demonstrated a sustained peak in intake normalized for body mass 

from P45-P50, but female rats did not display an age specific peak in intake, even though 

adolescents overall consumed more diluted sweetened condensed milk than did adults 

(Marshall et al., 2017). The appearance of a peak in intake was also found in my previous 

study whereby the peak in sweetened condensed milk intake normalized for body mass 

was present at P48 in male rats that had undergone such a test previously (within-group 

design), and was not found in female rats (within-group design), or in male or female rats 

that did not have previous test exposure (between-subject design; Murray et al., 2022, 

Chapter 2). Overall, there does appear to be altered reward evaluation occurring at ~P50 

in male rats, and in some reward types (i.e., social) in female rats as well, but this 

transient adolescent reward peak is dependent on test conditions. 

 

Progressive Ratio Test 

 



  80 

 On the progressive ratio test day rats were required to increase the number of 

beam breaks to open the social gate and receive the social reward. Instead of a 1:1 ratio of 

nose-pokes to reward, on the progressive ratio test day each time the gate opened and 

reward was provided the number of nose-pokes required to access the reward again 

increased by two. Each increase was deemed a ‘step’ – Step 1 = 2 nose-pokes, Step 2 = 4 

nose-pokes, etc. – and the point at which rats gave up (‘breakpoint’) was determined by 

two minutes of inactivity.  The number of social gate openings at P30 was higher than at 

P40 or P70, and higher at P50 than at P70, but in contrast to the fixed ratio training days 

there was no difference between P50 and P40 or P30. No age differences were evident in 

the number of non-social beam breaks, indicating that the age differences in the number 

of social gate openings was not based in differences in general activity.  

 P40 had the lowest maximum number of steps and the lowest average step before 

hitting a breakpoint compared to all other age groups. These results are especially curious 

considering there was no difference in the number of social gate openings between P40 

and P50 rats on the progressive ratio test. However, there were two ways rats could 

access the social reward on this test. The first way was by progressing through the steps 

and increasing the number of nose-pokes each time, and the second way was to wait for 

the two-minute breakpoint after one or more steps, after which the ratio reset to two nose-

pokes again. Thus, P40 rats were able to receive similar levels of social reward for 

significantly less effort than other ages. Also curious is the lack of sex differences in 

motivation levels given that male rats were more socially orientated than female rats in 

training. However, the pattern of means suggested the drop in maximum step reached at 

P40 was driven by the male rats, and I found that indeed there was no effect of age 
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among female rats. This sex difference was confirmed in a post hoc t-test indicating a 

higher maximum number of steps at P40 in female than in male rats and that the lower 

maximum number of steps was found only for male rats at P40 and not males at P30, 

P50, and P70, whereas there were no age differences in the analysis of female rats only. 

Thus, it will be important to replicate the result to see if the reduced motivation at P40 is 

limited to male rats. 

The lack of a peak in motivation at P50 was surprising considering the evidence of 

greater social interest at P50 on the training days. Particularly when taking into 

consideration how other social reward results have paralleled findings in sweet food 

reward, as rats in an operant conditioning paradigm bar pressed more for diluted 

sweetened condensed milk at P50 than at P40 or P90 (Friemel et al., 2010). The lack of a 

peak at P50 in the current work may be because of a ceiling effect; most rats other than 

males at P40 did not hit a break point during the thirty-minute session. Thus, changing 

the progressive ratio to a step increase higher than two per increase may result in more 

age differences in reaching a breakpoint and reveal a peak in social motivation at P50 as 

found in other measures.  

 

Control Test 

 

The experimental design was such based on that of Friemel et al. (2010) in 

investigating motivation for sweet food reward using the classic operant conditioning 

paradigm of bar pressing, wherein there was only one bar available to press. Thus, only 

one port was active (resulted in the opening of the gate) and delivered a reward in this 
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study in the training and progressive ratio sessions. However, it may be that the gate 

opening in and of itself, rather than the access to the social stimulus, was rewarding. 

Thus, a control test day was provided to test this possibility. In this test the social gate 

was still active and opening led to 5 seconds of access to a novel peer, but rats could also 

nose-poke on the opposite port, which would open that gate to provide 5 seconds of 

access to an empty stimulus chamber. Given that rats are known to have a preference for 

novelty (Herlehy et al., 2022), we biased our control test day against our hypothesis that 

it was indeed the social stimulus that provided the reward value in that the drive for 

novelty may outweigh the drive for social reward. Nevertheless, rats at all ages preferred 

the social gate despite the new non-social gate activity. There was interest in the new gate 

activity given that there were more beam breaks at the non-social gate on the control day 

than on the other test days when the gate did not open, however the bias in preference for 

the social gate was evident. The number of non-social gate openings was highest at P70 

and lowest at P30. Thus, although P30 and P70 rats had the highest number of social gate 

openings, the preference for social was greatest at P30 and lowest at P70. Such results 

may indicate a greater preference for novelty with increasing age that competes with 

social motivation. 

There are known age differences in the preference for novelty, and typically 

adolescent rats display greater preference than do adults. Adolescent rats spend more time 

exploring a novel environment than do adults, as measured by total distance travelled, 

and habituate to the new environment in less test sessions than adults (Stansfield & 

Kirstein, 2005). Novelty seeking is also used as an indicator of risk-taking and can be 

influenced by drugs of abuse. For example, saline treated adolescent male mice had 
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higher preference for a novel environment than did adults, but under amphetamine 

treatment adults had increased novelty preference, whereas adolescents decreased novelty 

preference (Adriani et al., 1998). In a conditioned place preference paradigm for a novel 

object, adolescents were faster to investigate the object than adults, and also spent more 

time in investigation than did adults (Douglas, Varlinskaya, & Spear, 2003). However, 

there was a sex difference across ages in forming the conditioned place preference, with 

adolescent male rats spending more time in the paired compartment than did adult male 

rats, whereas there was no change across ages in female rats, and both adolescent and 

adults formed a preference for the paired compartment (Douglas, Varlinskaya, & Spear, 

2003). Other sex differences may be age specific, such as in a novel object recognition 

task whereby male rats at mid-adolescence (P40) preferred a novel object more than did 

female rats, and this difference was not found in early adolescence (P28) or in adulthood 

(P80; Cyrenne & Brown, 2011). Given that age and sex interactions in novelty seeking 

are known to exist in adolescence, it is notable that in the present study that there were no 

sex differences present at any age, even though there were age-related changes in interest 

in the novel gate opening.  

 

Conclusion 

 

Overall, I found that irrespective of sex, the greatest social interest occurs at P50, 

rather than P30, P40, or P70. The finding of a peak at P50 parallels the peak at P48/P50 

previously reported for the reward value of palatable food in males, although not in 

females (Murray et al., 2022 Chapter 2; Friemel et al., 2010).  Further, irrespective of 
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age, male rats were more socially directed on a fixed ratio than are female rats. This 

result suggests that peers are more rewarding to male than to female rats but does not 

translate into sex differences in social motivation. Indeed, when tested on a progressive 

ratio, female rats did not differ in maximum step reached across ages, whereas male rats 

at P40 reached a lower step than male rats of other ages. This sex and age specific 

decrease suggests that only male rats at P40 have reduced social motivation. Further, 

there were no sex differences across ages when rats were tested with a control, another 

gate that would open on a fixed ratio but did not provide access to social reward, even 

though rats at P40 and P70 opened the social gate more than did rats at P40 or P50. Taken 

together my results suggest that peers are more rewarding to male than to female rats, and 

gonadal hormones may not be mechanistically responsible for difference in social reward 

motivation given our lack of interaction between sex and age despite the difference in the 

timing of the onset of puberty between the sexes.  
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Chapter 4: General Discussion 

 

Overall Findings 

 

 My thesis work has aimed to characterize responses to natural reward (palatable 

food, social contact) throughout adolescent development with a focus on sex and age 

differences and investigating the role of puberty onset. Sex differences in general, but 

particularly in adolescence, have been understudied, with the majority of behavioural 

development work conducted exclusively in male rats. Thus, I conducted two studies to 

investigate sensitivity to, and motivation for, palatable food and social reward during 

adolescence and early adulthood in both female and male rats.  

 Firstly, I investigated sensitivity to a sweet palatable food reward (diluted 

sweetened condensed milk) at pre- and post- pubertal ages. Only rats in the within-group 

showed increased intake over adolescence, and only when intake was relative to body 

mass was there a peak in consumption for male rats at P48. Although mass in both sexes 

significantly increased between each test day, in the within-group intake plateaued at P41 

in female rats and P48 in male rats, with male rats consuming more than female rats. 

However, when intake was divided by body mass female rats consumed more per body 

mass than male rats, and both male and female rats had the highest intake per body mass 

at P27. Contrastingly, there was no peak in intake or intake divided by mass, or 

differences between sexes in the between-group. Therefore, the lack of differences in the 

between-group suggests that prior experience is needed to reveal the peak in intake 

divided by mass at P48 found in the male rat within-group, as the peak was not present in 
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rats of either sex when first testing occurred at that age. Additionally, the between-group 

results further suggest that using intake divided by mass may not be an accurate measure 

for normalizing results, given that female and male rats did not differ in intake in the 

between-group, despite male rats having greater mass than female rats after P34.  

 Secondly, we investigated motivation to social reward (five seconds of access to a 

novel peer) in female and male Long-Evans rats using a between-subjects design at P30, 

P40, P50, and P70. Motivation was measured using a progressive ratio test, such that 

each time the rat obtained the reward the effort required to access it again increased. The 

greatest social interest, irrespective of sex, was found at P50 using a fixed ratio. 

However, on the fixed ratio male rats were more socially directed than female rats 

irrespective of age. Social motivation was found to be lowest in the P40 group when 

tested on a progressive ratio. Further analysis showed this decrease in motivation was 

driven by the male rats, and female rats did not exhibit an age-specific decrease in social 

motivation. Using a control test, I found that rats of both sexes at all ages strongly 

preferred the social gate to the non-social gate, and this preference decreased with time as 

P30 rats had the highest social gate openings, and P70 rats had the highest non-social gate 

openings.    

 

Sex as a Biological Variable 

 

In the current work we found that sex differences in reward evaluation vary 

depending on the stimulus, prior experience with stimulus, and age at testing. Notably, 

peaks in sweet reward sensitivity as previously reported were only found in males with 
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prior experience (within-group), and in rats with no prior experience there was no sex 

difference (between-group). When investigating social motivation sex differences were 

present in training, where reward was provided on a fixed ratio of one, and male rats were 

more socially directed than female rats irrespective of age at testing. Contrastingly, when 

tested on a progressive ratio of two, there were no differences between male and female 

rats, except at P40 in a post-hoc analysis. Sex differences are multifaceted and can 

manifest differently depending on the measure. For example, on one measure male rats 

may increase while female rats decrease, both may increase but one sex to a higher 

degree than another, or there may be no behavioural difference though underlying 

mechanisms may be sex-specific, or there may be no difference whatsoever (Riley et al., 

2018). Given the highly variable nature of sex differences, it is necessary to use caution 

when interpreting results. Recent work in examining sex differences in executive function 

has found no sex differences on measures of attention, impulsive action, decision-

making, and working memory (as reviewed in Grissom & Reyes, 2019). Although, it is 

important to keep in mind that such conclusions are typically based on quantitative 

measures of a specific target behaviour using a behavioural task that was validated years 

ago on exclusively male populations. These results are often plagued by the outdated 

assumptions that fundamental neural processing would not differ between sexes, and thus 

the quantitative results accurately represent potential sex differences (or lack thereof). We 

now know there are numerous mechanistic levels on which the sexes can differ, while 

still obtaining the same ultimate outcome (Shansky, 2018). Looking at behavioural 

measures more holistically it becomes apparent that though female and male animals may 

not differ on a quantitative outcome, there are often qualitative differences in strategies 
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used to complete a task. For example, in a fear conditioning paradigm, freezing behaviour 

is often used to represent the level of fear the animal experiences and relative associated 

memory. Thus, animals who freeze less are assumed to be less fearful. This standard has 

led to interpretations suggesting that males have better fear related memory than do 

females, whereas through a qualitative lens females are simply more likely to employ 

other fear responses than freezing, such as flight or active vigilance (discussed in 

Shansky & Murphy, 2021; de Vries, 2004). In our current work investigating social 

motivation, we saw male rats nose-poke more on the social gate than did female rats 

during training, even though female rats were more active overall, which led us to 

interpret that male rats were more socially directed than were female rats. However, 

given that in the progressive ratio test there were no sex differences in overall motivation, 

this may not be the case. We found that females and male rats, regardless of pubertal 

status, were willing to work equally hard to obtain the social reward. Perhaps, then, 

females employ a different learning strategy than do males to learn the rules of the task or 

are more vigilant to task changes than males. However, it also is possible no sex 

difference was found because of a ceiling effect. Considering the metrics we use and how 

they may be interpreted is crucial to re-evaluating the role of sex differences, to avoid 

perpetuating bias where although female animals are now more commonly included in 

experiments, they are held against a standard calibrated to male animals that does not 

reflect alternative strategies and skills different sexes may employ.  
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Discontinuities of Development 

 

Much effort to understand normative development has focused on identifying the 

pattern a specific measure can be expected to follow in a typically developing individual. 

Some aspects of development are expected to be linear, such as physical growth across 

ages, and a deviation from linearity can act as flag for potentially abnormal development 

risks (Inzaghi et al., 2022). However, the complexities of development and extensive 

neural maturation also lead to nonlinear patterns of development, such as the inverted-u 

association. The most common application of the inverted-u developmental trajectory can 

be graphically represented with age on the horizontal axis and the target measure on the 

vertical axis. Typically, this shape is used to demonstrate that there are low levels of a 

measure in childhood, that increase in adolescence, and then decrease in adulthood. This 

pattern can be observed in changing dendritic spine density in the rat medial prefrontal 

cortex, for both female and male rats dendritic spine density when Golgi-cox stained was 

higher in adolescence (P35) than in early development (P20) or adulthood (P90; Koss et 

al., 2014). The inverted-u pattern can also be seen in measures comparing different ages 

of adolescence. For example, in the rat medial prefrontal cortex synapse number was 

assessed by staining for synaptophysin and found that in female rats there were more 

synapses present at P35 than P25 or P45, and numbers did not increase again with age 

(Drzewiecki et al., 2016).  

The inverted-u shape has also been used to describe drug dose-response curves. 

Indeed, this pattern has been observed in male rats that formed an inverted-u pattern of 

conditioned place preference based on nicotine dose, wherein both adolescents and adults 
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followed an inverted-u pattern, but adolescents formed a stronger conditioned place 

preference at a wider dose range than did adults (Torres et al., 2008). There may be 

overlap between neurocircuitry associated with drug rewards, and other types of reward, 

as rats who were selectively bred to exhibit a high saccharin intake phenotype have been 

found to acquire self-administration of cocaine more quickly than rats with a low 

saccharin intake phenotype, suggesting a high degree of overlap between these two 

reward types (Carroll et al., 2002). Investigation in the development of reward sensitivity 

used a within-group design drinking task to measure intake of diluted sweetened 

condensed milk across adolescence suggested that in male rats, sensitivity to palatable 

food reward was highest at ~P50, with rats at that age consuming more than younger or 

older ages (Friemel et al., 2010; Marshall et al., 2017). Comparatively, this inverted-u 

pattern of reward sensitivity development was not replicated to the same degree in my 

current work. I also used a within-group drinking task and found that the inverted-u shape 

was only present in male rats when intake was normalized by body mass. However, this 

pattern was not present in female within-group rats, or male or female between-group 

rats, overall suggesting that the inverted-u pattern of discontinuity in palatable food 

intake in development may be methodology specific.   

Nevertheless, the inverted-u pattern has also been observed in adolescent social 

behaviour. One well-established example is the development of play behaviour, which 

peaks in male rats between ~P32 and P40 (Panksepp, 1981). In my current work, P27 in 

food reward and P30 in social reward was the highest sensitivity in both female and male 

rats. In sensitivity to sweet reward, this sensitivity decreased with age, and only within-

group males showed a transient peak in intake at P48 when intake was normalized for 
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body mass. In evaluating motivation for social reward, the initial value decreased at P40, 

before increasing again at P50 and P70. This indicates that for some aspects of 

development, the pattern of discontinuity may be a regular-u instead of the previously 

proposed inverted-u. The upright-u relationship has been described previously in the 

synthesis of serotonin levels in the nucleus accumbens; male rats had lower levels of 

serotonin at P35 than P21 or P56 (Xue et al., 2013). Behaviourally, the upright-u has also 

been seen in the development of contextual fear in mice, with a reduction in freezing 

behaviour at P29, relative to younger (P19 and P22) and older (P39 and P51) ages (Bath 

et al., 2016). Overall, whether a developmental trajectory is described as an inverted-u or 

an upright-u may depend on consideration of the full scope of adolescent development at 

different ages during data collection. 

 

Future Directions 

 

Several areas of the current work need additional investigation to truly understand 

the findings. My first study examining sensitivity to sweet reward was done using a free 

access drinking task and did not examine motivation at different ages. Future work 

should employ an operant conditioning paradigm to investigate how changes in 

sensitivity may or may not translate to changes in motivation for palatable food reward 

through adolescence. Additionally, accounting for intake via body mass may not be an 

appropriate control given lack of differences in the between-group. It is unclear at what 

age a rat’s stomach may stop increasing in size proportionally to body mass, and this 
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should be investigated as a possible rate limiting factor in consumption of food rewards 

above and beyond intake for metabolic needs.  

 Social motivation was investigated compared to a control non-social gate, but it 

was not compared against other rewards. Multiple rewards could be administered 

simultaneously in the apparatus to pit the value of each reward against the others to see if 

preference for types of reward is influenced by the adolescent changes in reward 

processing. Additionally, the development of social behaviour is crucial to form 

necessary behaviours in adulthood and thus investigating the relationship between altered 

social development (for example by the experience of social stress during adolescence) 

and motivation to engage with peers under different conditions is an essential next step.  

 In both projects, the potential role of gonadal hormones on changing reward 

evaluation was assessed by monitoring for physical signs of puberty onset, given that 

gonadal hormones are known to surge at the onset of puberty and this surge is associated 

with cascade effects on neural development. However, in our current work the onset of 

puberty was not found to be correlated with sweet food reward sensitivity or social 

reward motivation, in either female or male rats. Potentially the use of assessing physical 

signs of puberty (e.g. vaginal opening for female rats, and preputial separation for the 

male rats) is not as closely related to the timing of gonadal hormone increases relative to 

behavioural changes as they are for neuroanatomical changes. More accurate assessment 

of puberty onset via blood sampling, or control conditions using gonadectomy 

interventions may reveal a different relationship.  

Alternatively, the changes in reward evaluation could be due to changes in the 

mesocorticolimbic dopaminergic system independent of puberty onset. Therefore, future 
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work should employ molecular methods to determine relative activation of neural regions 

associated with reward at various ages of adolescence, such as the prefrontal cortex, 

nucleus accumbens, amygdala, lateral habenula, and ventral tegmental area. Additionally, 

assessment of dopamine receptor levels, and other neurotransmitters involved in reward 

and social driven behaviour, such as oxytocin should also be investigated at different 

ages. Perhaps changing reward evaluation is concurrent with, but not influenced by, 

timing of pubertal development. 

 

 

 

 

 

 

 

 

 

  



  94 

Conclusion 

 

In conclusion, the work described here has elucidated issues in common 

methodology associated with palatable food reward, and counterpoints to popular 

assumptions in adolescent social reward. Adolescence has been recognized as a period of 

heightened sensitivity to the environment, including in evaluation of rewarding stimuli. 

Previously, most work investigating differences in adolescents reward processing has 

focused on one adolescent age relative to one adult age. This limited comparison has not 

considered the full scope of changes that may occur across the adolescent period, and 

further does not allow for accurate between-sex comparisons given that females and 

males have different developmental trajectories. Overall, my thesis has demonstrated 

discontinuities in adolescent development of reward evaluation that counter previously 

described sex and age differences, that may be dependent on methodology, and pubertal 

status of animals at the time of testing. It is crucial to study normative development for 

the full period of adolescence, in order to fully be able to address potential sex 

differences (or lack thereof) and their relationship to consequences of non-normative 

development.  
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