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Abstract 
 
Vicarious stress occurs when traumatic events are observed rather than being directly 

experienced. The outcomes of vicarious stress can result in a higher incidence of negative 

mental health outcomes that include post-traumatic stress disorder, depression, and anxiety. 

Vicarious stress requires empathy to facilitate the understanding of other individuals’ trauma 

and suffering, and this is influenced by factors such as familiarity and similar past experiences. 

To study vicarious stress in rats and mice, a rudimentary form of empathy called emotional 

contagion, enables these animals to mirror the emotional states of each other, particularly 

during distress. This requires one animal, the witness, to observe a conspecific endure 

stressors, from a place of safety.  

 The study of vicarious stress in rats and mice during the juvenile period is sparce, though 

this critical period of development is vulnerable to stressors that can lead to long-term effects 

like increased anxiety- and depressive-like behaviours. This thesis furthers the preliminary 

investigation on how vicarious stress can be studied in juvenile animals and the long-term 

behavioural changes following these stressors. Considering this it is hypothesized that vicarious 

stress experienced during the juvenile period will elicit emotional contagion, leading to a 

sensitized HPA-axis and long-term deficits on exploratory and anxiety-like behaviours in 

adulthood. Two models of vicarious stress during the juvenile period were implemented, a 

novel model modified from an existing juvenile stressor model (Chapter 2), and observational 

fear-learning, an established model implemented in adult rodents (Chapter 3). In adulthood 

(Chapter 2) and in early adolescence (Chapter 3), the long-term behavioural impacts on 
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exploration, social interactions and fear expression and the HPA-axis reactivity were 

determined. In Chapter 3, age differences between the juveniles and adults in male and female 

rats and the impact of past stressor experience in witnesses were explored.  

 The findings revealed that vicarious stress does occur in juvenile rats, and it is not 

dependent on familiarity, yet it does require past stressor experiences for full behavioral 

display. Importantly, the extent of emotional contagion, confirmed by fear expression, is lower 

in male juveniles than it is in male adult rats.   
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Chapter 1 - Introduction 
 

Traumatic stressors can lead to altered behavioural and biological responses that can 

develop into mental illnesses such as post-traumatic stress disorder (PTSD), depression and 

anxiety (Anisman, 2015; McEwen, 2008). Many of these traumatic events are experienced 

directly and are studied extensively. However, in many instances, traumatic experiences are not 

directly experienced, but occur just by observing. In other words, just seeing and hearing the 

suffering of others can lead to ‘second-hand’ or indirect trauma. Just as with direct experience 

of trauma, vicarious trauma can also produce PTSD (defined by the DSM-V), a condition in 

which there is a loss of control in the physiological response to distressing memories, 

anhedonia, exaggerated startle responses, changes in arousal and a negative decline in overall 

health and quality of life (Branson, 2019; Miller & Izzo, 2010). The challenge of understanding 

vicarious trauma is that these experiences are variable, with some people being more sensitive 

than others to a wide range of experiences, from witnessing real trauma occurring to another 

person, to simply watching videos, or hearing about first-hand experiences. Importantly, the 

types of trauma and prior traumatic experiences can influence and moderate the intensity of 

vicarious transfer of emotions (Branson, 2019; Carson et al., 2000; Miller & Izzo, 2010). 

Even though vicarious traumatic experiences occur indirectly, these can have immense 

mental health repercussions (Hallinan et al., 2019). Prime examples of vicarious stress are 

observed in first-aid responders, medical professionals, counselors, and combat soldiers all of 

which may have greater exposure to the suffering and trauma of others. For example, nurse 

veterans diagnosed with PTSD and who witnessed death and injury during their service, had 
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stronger physiological responses to oral accounts of war related hospital injuries (Carson et al., 

2000). In addition, medical professionals such as psychiatrists, surgeons and physicians who 

encounter moderate levels secondary trauma (death, emotional and physical trauma and 

compassion fatigue) are more likely to develop symptoms of PTSD (Dar & Iqbal, 2020). Even 

hearing stories about other individuals traumatic experiences are associated with increased risk 

for depression and PTSD, as it happens with interpreters for victims of conflict and emergency 

call-takers (Kindermann et al., 2017, 2020). One good example of this is that of Dr. John 

Bradford, the forensic psychiatrist for the high-profile Karla Homolka case. He was formally 

diagnosed with PTSD after watching hours of video footage of the horrendous murders of two 

female victims. He received his diagnosis two years later because he could not believe that the 

symptoms of PTSD resulted from vicarious stress (Cobb, 2013).  

Children and adolescents can also be victims of vicarious trauma and stress as in many 

cases they are the helpless bystanders with little control over the trauma that unfolds in front 

of them. For instance, young children (ages 2 to 9 years) who heard gunshots or witnessed gun 

violence had post-traumatic symptoms similar to that of older youth (ages 10-17) who 

experienced direct gun violence (Turner et al., 2019). In addition, community violence through 

witnessing murder, violent acts (stabbing and beating), or knowing a close acquaintance 

murdered can lead to anxiety, depressive and/or PTSD symptoms (Gollub et al., 2019). Similar 

symptomology is also evident in children witnessing domestic violence (both emotional and 

physical) between caregivers. Furthermore, they are at risk of developing externalizing 

problems such as risk-taking behaviours and conduct disorder and a decline in academic 

performance. Exposure to this type of trauma and stress can be as negatively impactful as 
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direct forms of child maltreatment (Franzese et al., 2014; McTavish et al., 2016; Tsavoussis et 

al., 2014). Even adolescents, who were bystanders to bullying of their peers, demonstrated low 

mood, irritability, altered sleep and lower life satisfaction scores compared to those that were 

not bystanders (Callaghan et al., 2019). Thus, it is just as important to understand how vicarious 

stress manifests in children because childhood and adolescence are critical developmental 

stages of social, behavioural, physical, and mental maturation. These examples of vicarious 

trauma make it imperative that we further investigate the impact of vicarious stress on mental 

health, and how it compares to the impact(s) of directly experienced traumatic events. 

Moreover, and given the importance of early life experience of emotional and social 

development, we need to better understand how vicarious stressors affect the developing 

brains of individuals and their responses to stress as adults. 

To gain better insight on the neurobiology and behaviour underlying vicarious traumatic 

experiences, preclinical animal models of vicarious stress have been developed to explore the 

behavioural and neurobiological effects of vicarious stress. Interestingly, the studies 

investigating vicarious stress in mice and rats also intersect with research involved in 

uncovering the underpinnings of empathy (de Waal & Preston, 2017). Extending that further, 

humans empathize with other individuals’ emotions to foster a connection. Therefore, the 

same mechanisms that underly the cognitive processes associated with empathy may also be 

like those underlying responses to vicarious trauma.  
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Empathy 
 

The ability to feel empathy for other humans and other animals is considered by some 

to be uniquely human. The definition of empathy, however, is complicated as this process 

contains different cognitive layers, some of which are shared with other animals. In many cases, 

different forms of empathy (both rudimentary and complex) are expressed by non-human 

primates, dolphins, rodents and birds (Decety, 2011; Decety et al., 2012; Gonzalez-Liencres et 

al., 2013; Hodges et al., 2010). Interestingly, rudimentary forms of empathy found in young 

human infants are similar to those seen in laboratory animals such as rats and mice (Gonzalez-

Liencres et al., 2013). Along with social learning and neuronal development and maturation in 

childhood and adolescence, full-fledged empathy is not expressed until adulthood. Therefore, 

the construct of empathy appears to be rooted phylogenetically and developmentally (Decety, 

2010).  

Defining empathy 
 

German philosopher Theodor Lipps coined the term Einfühlung meaning ‘feeling into’ 

and defined it as “the perception of an emotional gesture in another that directly activates the 

same emotion in the perceiver, without any intervening labeling, associative or cognitive 

perspective-taking processes” (Lipps, 1903; de Waal & Preston, 2017). With further research in 

psychology and in neuroscience, this definition is the root to all other complex forms of 

empathy and is more than just ‘feeling into.’ Empathy includes sympathy, prosocial behaviours, 

social cognition, learning, perspective-taking that extends from parent-infant bonding and 

familial care (Decety, 2011; Decety et al., 2012). Using the imagery of a Russian nesting doll, de 

Waal (2017) describes the complexity of empathy during evolution and development (Figure 1). 
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Rudimentary forms of empathy such as emotional contagion and mimicry are the innermost 

dolls and are expressed by animals like rodents and infant humans. An example would be 

contagious yawning and crying (Gonzalez-Liencres et al., 2013; Preston & Waal, 2002). These 

core facets of empathy are required for the larger and outermost dolls that represent more 

complex empathy such as Theory of Mind, representations of self and other, and perspective-

taking (de Waal & Preston, 2017). These behaviours and cognitive processes are not only found 

in humans but variations of them are expressed by non-human primates, dolphins and 

elephants (de Waal & Preston, 2017). Therefore, according to this Russian doll model, empathy 

requires that innermost layers support the outermost layers, building from the rudimentary and 

fundamental core to more complex versions of empathy. 

Lipps’ (1903) definition of empathy as Einfühlung seems to describe what is now 

referred to as “affective empathy”, a collection of ‘bottom-up’ arousal/emotional processes 

and behaviours that are innate and form the rudimentary building blocks (inner Russian doll) 

for more complex forms of empathy. Affective empathy is automatic and initially unconscious 

(de Waal & Preston, 2017; Decety, 2011; Decety et al., 2012; Panksepp, 2004; Panksepp & 

Lahvis, 2011; Preston & Waal, 2002). The ‘top-down’ form of empathy involves complex 

cognitive processing such as executive reasoning, sensory processing, and the integration of 

affective empathy (de Waal & Preston, 2017). Notable components of cognitive empathy are 

Theory of Mind, imagination, sympathy, perspective-taking and intentional prosocial 

behaviours (de Waal & Preston, 2017). Both forms of empathy are responsible for different 

behaviours which are outcomes of affective and cognitive empathy processes that can be 
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coupled together as well as can modulate each other based on species, past experiences and 

social environment (de Waal & Preston, 2017; Panksepp & Lahvis, 2011). 

 

 

Figure 1: Russian doll representation of empathy. Examples of cognitively more complex forms 
of empathy are represented by the outer dolls. These are supported by rudimentary, yet 
foundational forms of empathy represented by the inner ‘core’ dolls. Image created with 
BioRender.com 
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Affective empathy throughout development 
 

Affective empathy, also referred as emotional empathy, is one of the earliest forms and 

a primitive version of empathy. Consisting of automatic behavioural and neurological 

responses, the outcome of affective empathy is emotional state-matching between individuals. 

Affective empathy is instant, preliminary unconscious and innate and requires activating 

cortical and limbic areas like the amygdala, anterior cingulate cortex (ACC) and sensory and 

motor cortices. In this case, behaviours reflecting affective empathy can be emotional 

contagion, mimicry and state-matching (de Waal & Preston, 2017; Preston & de Waal, 2002).  

The first evidence of this innate affective empathy can be seen in newborns closely after 

birth. Studies show that newborns start to cry and cry more when hearing tape recordings of 

other newborn cries as early as two-days old, displaying mimicry and emotional contagion. 

Thus, affective empathy can be expressed soon after birth without any former learned 

experiences (Martin & Clark, 1982; Sagi & Hoffman, 1976; Simner, 1971). Further, affective 

empathy includes facial and motor mimicry which are rapid, automatic and unconscious motor 

expressions copied from another person, such as contagious yawning  and facial expressions 

(Campbell & de Waal, 2011; Norscia & Palagi, 2011; Palagi et al., 2014). Facial mimicry can be 

first demonstrated by neonates as young as 45 minutes when they mimic simple facial 

expressions of adults and then more complex expressions by four months (de Klerk et al., 2018; 

Haviland & Lelwica, 1987; Meltzoff & Moore, 1983). These forms of affective empathy remain 

stable throughout critical periods of development during childhood, adolescence as well as into 

adulthood (Deschamps et al., 2014; Harrison et al., 2010).  
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Emotional contagion is considered the premise of affective empathy where emotions 

between individuals are matched unconsciously and automatically. It is simply described as 

catching feelings and constitutes for parallel affective, attentional, and behavioural expressions 

between two individuals. Components of emotional contagion are mimicry, unconscious 

mirroring of actions (contagious yawning) as well as affective matching (Hatfield et al., 1992). 

Emotional contagion facilitates the unconscious processing of an individual’s emotional state 

that can elicit similar feelings in another. The affective information is processed automatically 

and is integrated for cognitive empathy. It also facilitates the automatic matching of the 

physiological response such as increased heart-rate, sweating and goosebumps or even 

reflexive movements like flinching when unconsciously experiencing second-hand fear 

(Gonzalez-Liencres et al., 2013; Hatfield et al., 1992). 

An example of emotional contagion is the bond between mother and infant and it is 

extremely important for facilitating the matching of physiological states such as heart-rates, 

breathing and emotions like distress (Feldman et al., 2011; Palumbo et al., 2017). Children who 

automatically reflect the emotional state of their caregiver represent an example of emotional 

contagion (Waters et al., 2014, 2017). Similarly, spouses who accurately rated each other’s 

affective states also had matching autonomic responses, such as heart-rate, somatic responses, 

finger pulse amplitude and skin conductance (Levenson & Gottman, 1983). Finally, during 

adolescence and in adulthood, dyadic conversations and interactions are matched in frequency 

of words, tonality and rhythm as well as movements that elicit parallel emotions rooted in 

emotional contagion (Decety et al., 2012; Hancock et al., 2008). Observing emotional pictures 

of other people can cause very subtle facial movements that reflect those emotions 
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unconsciously (Dimberg et al., 2000). The complexity of emotional contagion from infancy into 

adulthood increases from automatically crying and mimicking facial expression to more 

complex expressions such as language and movements, which are all rudimentary forms of 

understanding another individual.  

Cognitive empathy – Theory of Mind throughout development 
 

In contrast to affective empathy, cognitive empathy involves higher order cognitive 

processes like thinking about the self and others. In this case, affective empathy is required for 

cognitive empathy to develop as the affective states of self and others will modulate and recruit 

cognitive empathy (Preston & Waal, 2002). Once cognitive empathy is initiated, executive 

processing to identify the emotional state of others relative to self and their beliefs will cascade 

into behavioural actions that are prosocial such as to alleviate the pain or suffering of others. 

One of the major components of cognitive empathy is Theory of Mind (Giovagnoli, 2019; 

Kanske et al., 2017). Colloquially defined as stepping inside of someone else’s shoes, Theory of 

Mind involves understanding that others have a perspective and view of reality that differs 

from your own. It encompasses the abilities to mind-read, identify other’s beliefs and desires 

and to predict other’s actions (Kanske et al., 2017; Mahy et al., 2014; Saxe & Baron-Cohen, 

2006).  

One of the foundational behavioural tasks to identify Theory of Mind is called the false-

beliefs task. For this task, a subject observes a character place an object in a specific location (A) 

and then leaves the room. Afterwards, another character moves that object in a different 

location (B). To pass this task correctly, the subject would understand that the first character 

would return and look for the object it its original location (A) not knowing that the object has 
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moved to a different location (B) (Wimmer & Perner, 1983). This simple task demonstrates that 

the subject understands that their own reality and knowledge of where the object is differs 

from the reality of the character, therefore understanding that the character’s belief is false. 

This is also known as first-order false belief. Second-order false belief verifies the development 

of Theory of Mind in a subject, where during the test when the second character moves the 

object, the first character watches this happen and therefore knows that the object has been 

moved to a new location. A subject with normal developing Theory of Mind would understand 

that the first character and themselves know where the new location of the object is and that 

the second character does not know this (Arslan et al., 2017). Therefore, the complexity of 

Theory of Mind includes computing that for one experience there are multiple perspectives. 

Baron-Cohen (1991) discovered that precursors of Theory of Mind are found during 

preverbal infancy by joint attention. This is when an infant identifies that adults are looking and 

diverging their attention from them to another object (either through eye-gazing or pointing). 

Consequently, the infant identifies the shift in attention by the adults, the object of attention 

and the extent of engagement between the adults and the object. Therefore, understands that 

others can pay attention to other objects other than themselves (Baron-Cohen, 1991; Hyde et 

al., 2018).  

Theory of Mind starts to develop rudimentarily in children between the ages 3 and 4 

years old, when they can understand and articulate other people’s intentions (for example, if an 

adult dropped an object intentionally or accidently). By the ages 5-7, most children are able to 

complete first-order false-beliefs tasks correctly (Baird & Astington, 2005). Therefore, during 

this developmental period, children understand that others can have different beliefs than 
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themselves and that what they believe may or may not be correct. As children develop, so does 

their Theory of Mind for concepts like metaphors, second-order false beliefs and faux-pas. By 

early adolescence, Theory of Mind is developed to its fullest extent and remains stable 

throughout life, however starts to decline in older adults (after age 65)  (Beadle & de la Vega, 

2019; Giovagnoli, 2019; Moore et al., 2015). Appropriate development of Theory of Mind is 

crucial for cognitive empathy because it requires perspective-taking and most importantly 

allows for an understanding of someone else’s pain and suffering in the context of vicarious 

stress (Bruneau et al., 2012). 

Affective Empathy in Rodents - Emotional Contagion 

Research suggests that rodents have empathy as they show prosocial behaviours to 

reduce the stressful state of a conspecific. Examples of these include experiments where rats 

will perform tasks that result in the release of a restrained rat, or that terminate the delivery of  

electric shocks to other rats, or increased allogrooming in the presence of a conspecific in 

distress (Bartal et al., 2011; Ben-Ami Bartal et al., 2016; Church, 1959; Lu et al., 2018). It is 

important to note, however, that using the word empathy to describe how rodents behave 

towards other rodents in distress cannot be synonymously compared to how humans 

experience empathy. When evaluating the emotional state of a rodent we make inferences 

from their behaviours and their vocalizations (Simola & Granon, 2019). Because of this, we do 

not have a true grasp of how rodents ‘feel’ about themselves and about others, nor do we have 

appropriate tests that can assist in understanding this complex cognitive process accurately. In 

addition, the rodent brain does not have the evolved frontal brain structures that support 

complex cognitive empathy processes like Theory of Mind, which are required for human 
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empathy. As such, it is argued that rodent empathy encompasses rudimentary forms of 

affective empathy such as emotional contagion (Panksepp & Lahvis, 2011). Understanding 

emotional contagion in rodents, however, can provide information about the affective effects 

of vicarious stressors. 

As previously described, emotional contagion is a primitive form of empathy which is 

simply described as ‘catching feelings.’ This is where the emotional state of another is 

unconsciously and automatically detected and is the root phenomena for motor and 

behavioural mimicry. It does not require the cognitive ability of perspective-taking and the 

representations of others versus self and is innate, not learned. Importantly emotional 

contagion is a building block required to have empathy in humans and can be studied in 

animals such as rats and mice (Lockwood, 2016; Meyza et al., 2017). Emotional contagion is 

conserved evolutionary as a mechanism for offspring rearing, social learning and interaction 

(Meyza et al., 2017). 

The evidence for emotional contagion in rodents was first investigated by Church 

(1959). In this study, rats (known as witnesses or observers) were trained to press a lever for a 

food reward. Once this was achieved, the rats were placed in a chamber where they had access 

to a lever to press for food. Adjacent to the chamber was a conspecific rat (sometimes referred 

as the demonstrator) in a box visible to the experimental rat, and a footshock was delivered to 

this conspecific rat after every bar press delivering food. Interestingly, as the footshocks were 

delivered to the conspecific rat, the trained rats substantially decreased their bar pressing 

therefore forgoing rewards and reducing the number of footshocks delivered to the conspecific. 

In addition, if trained rats had prior stressor exposure to a footshock, the bar presses decreased 
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significantly more compared to naïve trained rats. Therefore, the trained rats reduced the bar 

presses to lessen the distress of the demonstrator, and this supported the idea that their 

distress was vicariously experienced. This study sparked the interest of understanding more 

about this primitive form of empathy in other animals, like pigeons, who showed a similar 

responses to shocked conspecifics, in addition to investigating other prosocial behaviours in 

rodents (Bartal et al., 2011; Ben-Ami Bartal et al., 2014, 2016; Watanabe & Ono, 1986). 

Emotional contagion in pain research 
 

Investigation of rudimentary forms of empathy in rats and mice were first conducted 

using painful stimuli such as chemical injections or footshocks used in fear 

learning/conditioning paradigms. Though both paradigms do stimulate stressful and painful 

states, they explore different outcomes of emotional contagion. Studies for emotional 

contagion caused by pain focused on the sensitivity changes to mechanical, thermal, and 

neuropathic pain in the witness group (subjects that would watch), whereas fear-learning 

studies investigated if fear expression in the witnesses would develop during or after the 

observation (but no experience) of shocks. In both methods, if witnesses had similar behaviours 

to that of the distressed demonstrators, such as enhanced pain responses, that would be 

considered a mark of successful emotional contagion.  

One of the first studies to model emotional contagion of pain was conducted by 

Langford et al. (2006). In this study, mice labelled as observers were in the presence of other 

mice (demonstrators) who were injected intramuscularly with painful acetic acid. Afterwards 

observers were subjected to painful stimuli (formalin injections and heat applied on the paws) 

to measure changes in pain sensitivity. Findings revealed that the pain sensitivity of mice that 
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had previously observed other mice receiving a painful injection, increased significantly 

compared to isolated observers (not witnessing any mouse at all). However, this was 

dependent on familiarity, such that observers showed higher pain responses when 

demonstrators were cagemates or siblings. This model of emotional contagion for pain 

demonstrated vicarious transfer of pain in the observers and this has been replicated with 

variations of this model (Langford et al., 2006, 2010; Meyza et al., 2017). For example, observer 

rats who watched painful responses of their cagemate after bee venom injections, showed 

increased mechanical pain sensitivity and greater behavioral pain responses when injected with 

acetic acid in isolation. These rats also showed reduced time in the open area of an open field 

test (OFT), a coping behavior associated with increased anxiety (Lü et al., 2017; Lu et al., 2018). 

Additionally, if both the observer and the familiar demonstrator simultaneously experienced 

acetic acid injections and were placed together, the frequency of behavioral pain responses 

increased significantly compared to those of naïve observers (no injection) and those of animals 

that writhed in pain alone, suggesting that co-experiencing pain increases emotional contagion 

(Langford et al., 2006). Furthermore, the intensity of the pain also increased if the observer was 

injected with a low dose of formalin and was in the presence of a demonstrator that received a 

higher dose. Interesting, this was not found in observers that watched a demonstrator receiving 

a lower dose of formalin, therefore even the intensity of the pain experienced by the 

demonstrator can be vicariously experienced in the observer (Langford et al., 2006). 

Furthermore, if observers and demonstrators were separated by a transparent divider that 

allowed for auditory, olfactory, and visual stimuli, a similar hyperalgesia effect was observed. 

Thus, observer rats witnessing a demonstrator in pain with no physical contact, demonstrated 
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increased pain sensitivity afterwards (Li et al., 2014; Lü et al., 2017; Lu et al., 2018). While the 

above-mentioned studies show that acute painful responses from demonstrators can enhance 

pain responses in witnessing rats, chronic pain in demonstrator animals co-housed with an 

observer can also show similar results. When observer mice were cohoused for fourteen days 

with a demonstrator in neuropathic pain (constricted sciatic nerve), they showed increased 

expression of pain related behaviors when injected with acetic acid compared to mice that 

were not housed with a demonstrator in pain (Baptista-de-Souza et al., 2015; Carneiro de 

Oliveira et al., 2017; Zaniboni et al., 2018) as well as more time in the closed arms of an 

elevated plus maze (EPM) (Carmona et al., 2016; Carneiro de Oliveira et al., 2017).  

In all, this research revealed pathways into understanding more about emotional 

contagion where animals are sharing affective states. However, these studies mainly focus on 

the outcome of the observer and most comparisons were made with control observers (not 

witnessing any animal) and fail to compare with demonstrator. It is, however, not clear if 

hyperalgesia is the result of the observer’s ability to understand that the demonstrator is 

feeling pain, or if the observer becomes stressed from seeing the demonstrator in pain or a 

combination of both. Indeed, as described later, a recent series of vicarious stress models 

suggest that other forms of stress in demonstrators can also produce stress in observers. 

Neurobiology of Empathy in Humans 
 

The development of empathy correlates with the development of several brain 

structures implicated in motivation, emotion, and cognitive function. During infancy and early 

childhood years, the brain undergoes rapid neuronal growth and myelination before the onset 

of puberty where maturation of the brain from synaptic pruning and reorganization takes place 
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(Giedd, 2004; Giedd et al., 1999). As such, the limbic brain structures such as the amygdala, 

initially supports affective empathy to assist learning and responding to emotional and 

behavioural cues of others (Decety, 2010). Thus, affective empathy is how infants automatically 

relate to the emotional state of others. As the infant ages into a young child and encounters a 

greater breadth of cognitive, emotional, and social experiences, cortical areas like the 

temporoparietal junction (TPJ) start to develop and mature. These areas are involved in more 

complex thinking such as perspective-taking, emotional learning, and Theory of Mind. This 

development and maturation of the frontal cortices involved in emotional regulation such as 

the prefrontal cortex (PFC) respond to the nuances of relating to other individuals such as 

inferring other’s beliefs, intentions, and future actions. Moreover, top-down regulation of 

emotions and affective states develop more fully by the end of adolescence and into young 

adulthood (Allemand et al., 2015; Decety, 2010; Moore et al., 2015; Saxe & Baron-Cohen, 

2006). 

Neurobiology of affective empathy in humans 
 

Soon after birth and into early childhood, regions of the limbic system prioritize the 

processing of affective cues and automatically elicit the automatic mirroring of emotions, 

arousal, facial expressions and motor behaviours (Prochazkova & Kret, 2017). The following 

regions are considered the main centers for aspects of affective empathy specific for emotional 

contagion. Importantly, cues representing the affective states of others are processed 

simultaneously by the following brain regions which have reciprocal projections to produce 

emotional contagion and therefore a mirroring of affective arousal and behaviours. 
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Amygdala  

The amygdala is a limbic structure that processes, codes and stores emotionally salient 

information and the cues predicting this information (LeDoux, 2007). In the context of vicarious 

stress, such cues can be facial expressions (pain, fear and anger), changes in skin colour 

(blushing, paleness), body movements, vocalizations and dilation of pupils that can reflect 

distress (Adolphs, 2001; Laeger et al., 2012; Simons et al., 2014; Zald, 2003). These cues are 

automatically and implicitly processed by the superior colliculus-pulvinar pathway which 

projects to the amygdala. The superior colliculus-pulvinar pathway receives non-conscious 

visual stimuli from the retina (Liddell et al., 2005; Williams et al., 2006). Once the amygdala 

codes these as emotional signals, it sends information to the locus coeruleus which sends 

noradrenergic projects to the ventromedial hypothalamus which stimulates parallel arousal and 

motor responses thereby contributing to emotional contagion (Prochazkova & Kret, 2017; 

Tamietto & de Gelder, 2010). The activation of the amygdala occurs in response to auditory 

information (such as others crying) and visual information depicting fearful faces, body parts in 

pain and pain inflicted on others, and hearing stories of others in pain (Bruneau et al., 2015; 

Decety & Michalska, 2010; Jackson et al., 2006; Lamm et al., 2011; Luo et al., 2007; Marsh et al., 

2013; Seifritz et al., 2003; Singer et al., 2004). 

Anterior insula  
 

The anterior insula integrates visceral sensation, homeostatic, sensorimotor, and 

affective information about the body from the thalamus and relays the perception and salience 

of this information to limbic regions involved in affective empathy such as the amygdala and 

the ACC (Bernhardt & Singer, 2012; Craig, 2009). Importantly, the anterior insula evaluates the 
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perception of these introspective affective signals and matches this information to the 

emotional state of the other. This affective matching is influenced by the bidirectional 

projections to and from the amygdala, which codes for emotionally salient information in 

others and in the environment (Bernhardt & Singer, 2012; Lamm et al., 2011). Co-activation of 

the anterior insula and amygdala has been found during the self-infliction of pain and during 

the affective responses of others in physical and emotional pain, disgust, unpleasantness and 

even social pain like exclusion (Cheng et al., 2010; Fan et al., 2011; Jabbi et al., 2007; Lamm et 

al., 2011; Singer et al., 2004; Wang et al., 2017; Wicker et al., 2003). 

Anterior cingulate cortex 
 

The ACC integrates sensory and emotional information to facilitate affective empathy 

when observing other individuals. The ACC receives processed sensory information from the 

thalamus, sensory and premotor cortices about other individuals (Burgos-Robles et al., 2019; 

Davis et al., 2000). These types of sensory signals include facial expressions, eye-tracking, 

vocalizations, movement, as well as autonomic responses like heavy breathing, blushing etc. 

The information received by both the sensory cortices as well as the amygdala also integrate at 

the ACC to mirror affective responses such as pain and fear (Avenanti et al., 2005; Bufalari et 

al., 2007; Burgos-Robles et al., 2019). Neuroimaging revealed that the observation of pain in 

others, watching painful visuals (injured body parts), and painful facial expressions activates the 

ACC, similarly to the actual experience of pain (Avenanti et al., 2005; Botvinick et al., 2005; 

Budell et al., 2010; Bufalari et al., 2007; Burgos-Robles et al., 2019; Lamm et al., 2011; Singer et 

al., 2004; Zhou & Han, 2021). For example, romantic partners who observed their partner 

receive a shock had similar ACC activation when they personally received a shock (Singer et al., 
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2004). Moreover, ACC activation is positively correlated to the rating of unpleasantness when 

observing others in pain (Jackson et al., 2006; Morrison & Downing, 2007; Saarela et al., 2007). 

Importantly, affective information is processed by the projections between the ACC and 

the amygdala. There is co-activation of the ACC and the amygdala in response to pain and 

general negative affect, where the amygdala provides information to the ACC about the 

affective responses from other individuals which is corroborated with the sensory information 

by the ACC. Studies in psychopathy and conduct disorder show that individuals with low levels 

of empathy exhibit reduced activation of the ACC and the amygdala in response to watching 

videos showing pain being inflicted on others (Decety et al., 2009; Meffert et al., 2013). It 

seems as if the ACC creates a self-representation of the distress reflective of another person’s 

affective state (De Castro et al., 2009; Decety et al., 2009; Yoshino et al., 2010). 

Neurobiology of cognitive empathy in Humans – temporoparietal junction  
 

The TPJ is an association cortical region that starts to develop at three years of age 

coinciding with the appearance of Theory of Mind (Kobayashi et al., 2007; Saxe et al., 2004). 

Located at the Sylvian fissure where the temporal and parietal lobe meet, the TPJ is thought of 

as the core region for Theory of Mind, integrating affective information from the thalamus, 

anterior insula, amygdala and sensory cortices, as well as cognitive information from the medial 

PFC when observing another individual (Schurz et al., 2014). The TPJ is in part responsible for 

the conscious effort of perspective-taking, and it is activated during vicarious pain from visual 

and oral accounts , false-beliefs tasks, mentalizing and inferring another person’s beliefs and 

intentions (Bruneau et al., 2012, 2015; Lamm et al., 2011; Ruby & Decety, 2004; Saxe & 

Kanwisher, 2003; Schnell et al., 2011; Schurz et al., 2014). In addition, the TPJ evaluates the 
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intensity of how another individual perceives pain and social exclusion (Coll et al., 2017; 

Kawamichi et al., 2016). As children develop, TPJ activation becomes more specific to various 

social cues and thought processes. The TPJ is activated when four-year old children listen to 

physical attributes of a story character as well as what they are thinking. Whereas this 

activation only occurs when 6–11-year-old children listen to what the story characters are 

thinking and feeling. Therefore, throughout childhood, the TPJ increases accuracy in responding 

only to the thoughts and feelings of others (Decety, 2010).   

Emerging neurobiology of vicarious stress in rodents  
 

For the past decade, the ACC and the amygdala have been identified as crucial for 

mediating the behavioural effects of vicarious stress and emotional contagion in animals. Most 

studies elucidating neurobiological mechanisms utilize observational fear-learning using 

footshocks to demonstrate that, like humans, rats and mice show activation of similar brain 

regions while observing others receive the footshocks as described below. 

Anterior cingulate cortex 
 

As mentioned above, the ACC receives and integrates information from cortical areas 

such as the sensory cortices and is involved in pain detection and emotional responses such as 

fear (Burgos-Robles et al., 2019; Lamm et al., 2011). Using c-Fos, a transcription factor that is 

expressed in the nuclei of stimulated neurons, observing footshocks to a conspecifc 

(demonstrator), elevated c-Fos expression at the ACC of witnesses (Ito et al., 2015). 

Importantly, Jeon et al (2010) probed if the ACC would be critical for vicarious stress using 

observational fear-learning. Before the observation of a shocked demonstrator, the ACC was 
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infused with lidocaine, in observers, to inhibit its activity. During footshock observations, fear 

expression (freezing) in the observer was absent and continued to be so 24 hours after in a 

contextual fear memory test, suggesting that like in the case of humans, the ACC is integral for 

the expression of vicarious stress. In contrast, electrical stimulation of the ACC of an observer in 

the presence of no demonstrator or a non-stressed demonstrator increased fear expression  

(Kim et al., 2012; Zheng et al., 2020). Observational fear-learning and emotional contagion were 

found to be dependent on synaptic plasticity occurring at the ACC being modulated by 

excitatory signals dependent on the Cav1.2 subunit of voltage dependent calcium channels and 

a decrease in inhibitory interneurons expressing neurexin-3-alpha proteins (Jeon et al., 2010; 

Keum et al., 2018).  

Amygdala 
 

The reciprocal projections from the ACC and the amygdala lead to synchronized 

activation during vicarious stress (Allsop et al., 2018; Jeon et al., 2010). Vicarious stressor 

exposure during the observation of a demonstrator experiencing footshocks increased c-Fos 

expression in observers in the amygdala similarly to the demonstrators (Ito et al., 2015; 

Knapska et al., 2006). Therefore, emotional contagion between the observer and demonstrator 

equally activated the amygdala. Electrophysiological recordings at the basolateral amygdala 

showed that projections from the ACC were crucial for fear-learning as photoinhibition at the 

ACC reduced basolateral activity. The reduction of basolateral activity, led to reduced fear 

expression during both a cued and context recall of the vicarious stress from the observation of  

footshocks as well as witnessing social defeat in another mouse (Allsop et al., 2018; Jeon et al., 

2010).   
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Hypothalamic-Pituitary-Adrenal (HPA) Axis 
 

A real or perceived threat elicits a cascade of physiological changes by various 

neuroendocrine systems such as the HPA-axis. When activated, various biological and 

behavioural responses assist with coping with the stressor and returning to homeostasis 

(McEwen, 2008; Sapolsky, 2015). When stressors or potentially stressful cues are identified by 

the amygdala via sensory input (e.g. somatosensory, auditory, gustatory, olfactory) from the 

cortex and the thalamus as well as contextual information from the hippocampus, the 

downstream projections modulate behavioural, emotional, autonomic and endocrine 

responses (Sapolsky et al., 2000; Sapolsky, 2015; Smith & Vale, 2006)  

The parvocellular division of the paraventricular nucleus (PVN) of the hypothalamus 

synthesizes and secretes corticotrophin releasing hormone (CRH) which binds to CRH type 1 

receptors in the anterior pituitary gland. This then leads to the secretion of adrenocorticotropic 

hormone (ACTH) into the bloodstream. At the adrenal cortex of the adrenal glands, ACTH binds 

to melanocortin type 2 receptor. This leads to the release of the glucocorticoids like cortisol (or 

corticosterone in rats and mice) which bind to glucocorticoid receptors distributed in key brain 

and body regions involved in metabolism, immunity, behaviour, digestion, cardiovascular 

processes (Sapolsky et al., 2000). This facilitates adaptation to the stressor in addition to the 

return to homeostasis once the stressor has resolved (McEwen, 2008). Thus, cortisol 

antagonizes growth, reproduction and storage of energy and stimulates pathways to shift 

energy stores to respond to the stressor.  

Afterwards, cortisol facilitates negative feedback at the hippocampus, PFC and PVN, to 

suppress the activity CRH neurons, thereby inhibiting the expression, synthesis and release of 
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CRH (Di et al., 2005; Tasker & Herman, 2011). Therefore, CRH signaling at the pituitary gland is 

downregulated, decreasing the synthesis of ACTH. This decreases further production and 

release of glucocorticoids at the adrenal glands – therefore inhibiting further release and 

activation of the HPA-axis, also known as the negative feedback (Tasker & Herman, 2011). 

Importantly, the PFC, hippocampus and amygdala which express glucocorticoid receptors also 

have an inhibitory effect on the HPA-axis (Diorio et al., 1993; Herman & Cullinan, 1997a; Smith 

& Vale, 2006). These systems are activated by direct or by vicarious stressors. 

Vicarious social defeat 
 

The social defeat stress paradigm is a commonly used model of social stress that takes 

advantage of the territorial nature of male rodents like rats and mice. In this paradigm, an 

experimental animal is placed into the cage of a bigger, sexually experienced male conspecific 

(the resident), and can interact for a period of 10-15 minutes. The resident ‘bully’ male usually 

reacts aggressively towards the experimental intruder. Acutely this experience is perceived as 

stressful by the intruder, and repeated exposure to this stressor affects the behavioural 

responses of the intruders who show signs of failure to cope, and these include less time 

exploring in the centre in the OFT, less time in the open arms of the EPM and a decrease in 

social interactions with another animal. Social defeat has been recently used to explore the 

behavioural, physiological and neurobiology of vicarious stress in male and female laboratory 

rodents (Patki et al., 2015). 

To create a vicarious stressor component to this paradigm, a witness animal observes 

the interactions between the intruder and resident from behind a transparent perforated 

barrier. There are variations of vicarious social defeat in duration and frequency of the stressor 
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that have been conducted in both mice and rats and different versions of the treatment of the 

witnesses (Patki et al., 2014, 2015; Sial et al., 2016; Warren et al., 2013, 2014). In a few studies, 

witnesses were also co-housed with the intruder overnight prior to the defeat with the intruder 

or co-housed together in their home cage yet separated by a barrier with the intruder. Other 

models also have multiple witness animals concurrently observe the defeat. Whatever the 

variations, there is evidence to show that the witness animals are impacted by the indirect 

exposure of social defeat and is a model to tease a part the differences between physical 

stressors and emotional stressors (Patki et al., 2014, 2015; Sial et al., 2016; Warren et al., 2013, 

2014). 

Vicarious social defeat leads to long-term elevated levels of corticosterone in the blood 

of witnesses indicating overactivation of the HPA-axis. In addition, the behavioural profile of the 

witnesses is similar to that of animals that experience the defeat directly using tests such as the 

EPM, OFT, social interaction tests and forced swim test (Iñiguez et al., 2018; Kochi et al., 2017; 

Patki et al., 2014, 2015; Warren et al., 2013, 2014). Interestingly, when witnesses were placed 

into the empty cage of a resident bully one month after the original vicarious experience, levels 

of corticosterone increased suggesting that the threatening cues and context from previously 

observing social defeat are conserved and elicit a stress response (Patki et al., 2015; Warren et 

al., 2013). These behavioural alterations were present shortly after the stressor and after one 

month suggesting that vicarious social defeat has long-term effects.  

Furthermore, vicarious social defeat can be used to explore the impact of stressors in 

pregnant females. For example, pregnant female mice that witnessed social defeat inflicted on 

their mating-partners showed learned helplessness and anhedonia (Miao et al., 2018). 
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However, at three-weeks postpartum, these female mice did not have long-term deficits when 

compared to control female mice. In female witness rats (not pregnant) observing social defeat 

between a male intruder and resident showed increased immobility during the forced swim 

test, decreased sucrose preference and increased marble burying after the last social defeat, all 

of which were not present in ovariectomized female rats, therefore showing sex-hormone 

dependent effects of vicarious social defeat (Finnell et al., 2018). 

Observational fear-learning 
 

Vicarious stress and emotional contagion can be studied using observational fear-

learning (contextual or cued) where a witness animal will observe another animal (the 

demonstrator) receive multiple footshocks in an adjacent compartment. The general apparatus 

set-up involves two chambers that are facing each other with a transparent perforated divider 

between both boxes. In one chamber the demonstrator experiences footshocks while the other 

chamber will contain the witness (with no shock delivered). Some studies involve the presence 

of a visual or auditory cue with each inescapable footshock (Pijlman et al., 2002; Pijlman & van 

Ree, 2002) while a majority of studies utilize contextual or cued fear (Gutiérrez-García et al., 

2006; Jeon et al., 2010; Jeon & Shin, 2011; Kim et al., 2012; Sanders et al., 2013). Results from 

these studies show that observing the footshocks is distressing for the witnesses as reflected in 

increased self-grooming, wincing and avoidance have being observed in these animals (Ramsey 

& Van Ree, 1993). Freezing behaviour in witnesses are consistently present in studies regardless 

of variations in the duration and length of the stressor, frequency, and number of shocks, or 

presence of cue. This means that there is a direct connection between the distress state of the 

demonstrator as well as the context, even though these animals did not experience the shocks 
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(Jeon et al., 2010; Jeon & Shin, 2011; Keum et al., 2016; Keum et al., 2018; Kim et al., 2012). In 

addition, increased levels of corticosterone during and shortly after stressor exposure have 

been recorded, however, chronic elevation of corticosterone and stress-induced changes to the 

circadian pattern of corticosterone release is not consistent (Daniels et al., 2008; Ishikawa et al., 

1995). Early studies show that this model of vicarious stress also induces increase in self-

administration of morphine and cocaine (Kuzmin et al., 1996; Ramsey & Van Ree, 1993) and 

increased locomotor activity in the OFT (Pijlman et al., 2002; Van den Berg et al., 1998) 

compared to the demonstrators and controls.  

Most studies, witnesses exhibit emotional contagion yet there are a few studies to 

suggest that past stressor experience in observers influences the magnitude of their response 

to vicarious stressors. Those studies report that witnesses showed fear expression only when 

they had prior exposure to the footshock (24 hours before the vicarious exposure). Vicarious 

fear responses were not observed in shock naïve witnesses (Atsak et al., 2011; Sanders et al., 

2013). The discrepancy in findings between prior and no prior exposure could be due to 

experiment differences in stressor intensity and duration or familiarity between the observer 

and demonstrator. 

Fear-conditioned by proxy 
 

In this model there is a transference of fear-conditioned stress via by proxy between an 

animal that had direct experience (demonstrator) and its cagemate (observer). Unique to this 

model is that the observer never witnesses the demonstrator undergo the actual stressor 

(footshocks). The demonstrator experiences a cued footshock in isolation and then 24 hours 

later is placed in the same conditioning chamber with only the cue presented. The cue elicits a 
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freezing response in the demonstrator which is also seen by the observer in an adjacent 

chamber or in the same chamber. Using this model, data supports the idea of vicarious 

transmission of fear given that observers had greater fear expression 24 hours later when 

placed back in the chamber with the cue presented compared to naïve rats (non-observers). In 

this case, vicarious stress appears to be socially transmitted by watching the demonstrator 

freeze when hearing the cue, rather than witnessing the trauma simultaneously as the 

demonstrator experiences it. In addition, observers who directly interacted with the 

demonstrator in an novel open field as the cued tone was played showed this learned fear 

response (Jones et al., 2018a). Also, when observers are fear-conditioned themselves to lower 

intensity of shocks after watching the demonstrator, they also show enhanced freezing similar 

to a shocked demonstrator (Bruchey et al., 2010; Nomura et al., 2019). Therefore, it is 

hypothesized that the fear response of the demonstrator sensitizes the observer to the 

footshocks which is similar to the findings for pain sensitization in the aforementioned pain 

studies (Langford et al., 2006, 2010). Moreover, even though the observer was not exposed to 

footshocks, when housed with a naïve rat throughout the tests there was no evidence of the 

transference of stress from the observer to the naïve rat in this model (Jones et al., 2018). 

Clearly, there is translational relevance that fear memories and associated stressor responses 

can be acquired without direct traumatic experiences.  

Emotional contagion in vicarious stress 
 

There are multiple factors that facilitate emotional contagion when understanding the 

impact of vicarious stress. Though emotional contagion is an automatic response, factors such 
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as familiarity, available cues, experience, and the intensity of the observed trauma impacts that 

extent to which witnesses exhibit behavioural changes caused by vicarious stress. 

Familiarity 
 

Emotional contagion is influenced by the familiarity between the witness and 

demonstrator animals. This, however, is dependent on the model of emotional stress 

implemented. For example, vicarious social defeat resulted in deficits in social interaction, more 

anxiety and depression-like behaviors, and greater levels of corticosterone after the last defeat 

single-housed witnesses that watched a novel intruder each time, compared to witnesses 

housed with a cagemate who was socially defeated (Patki et al., 2014). This supports the notion 

that there is a social buffering effect in these mice. Due to the robust behavioural and 

endocrine effects from single-housing witnesses, other studies (using both rats and mice) have 

continued to use single-housed animals as witnesses (Finnell et al., 2017, 2018; Li et al., 2018; 

Warren et al., 2013). However, there is also evidence to support that familiarity is key to 

eliciting emotional contagion in pain and footshock models of emotional stress. 

Studies comparing observer responses to a demonstrator that was either a cagemate or 

a stranger showed that familiarity was necessary for hyperalgesia (Langford et al., 2006, 2010; 

Li et al., 2014; Lu et al., 2018) and fear expression (Jeon et al., 2010; Jeon & Shin, 2011; Keum et 

al., 2018; Sanders et al., 2013). Familiarity in mice and rats is established when cagemates are 

co-housed for a minimum of fourteen days and does not require that animals are siblings 

(Langford et al., 2006). Jeon et al. (2010) demonstrated that co-housing witnesses and 

demonstrators (as cagemates) for seven days was insufficient to induce fear expression, but 

there is evidence that co-housing for five weeks led to emotional contagion (Jeon et al., 2010; 
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Jeon & Shin, 2011; Sanders et al., 2013). In addition, the familiarity results in lower 

corticosterone release shortly after stressor exposure which can facilitate emotional contagion 

in both rats and humans (Lü et al., 2017; Martin et al., 2015). 

Prior stressor exposure 
 

Recent studies analyzing vicarious stress using the observational fear-learning model 

show that fear expression can either be attained or enhanced if the observer had prior 

exposure to a footshock. Similarly, animals previously injected with acetic acid, showed 

hyperalgesia when observing another animal being injected with the same compound (Langford 

et al., 2006). In the observational fear-learning, witness rats pre-exposed to a footshock 24 

hours prior to witnessing a demonstrator, showed enhanced fear expression 10 minutes after 

the stressor session when compared naïve witnesses (Atsak et al., 2011). Interestingly, if the 

prior stressor experience was different, such as a forced swim rather than a footshock, followed 

by observing footshocks in another animal, fear expression would be absent. This alludes that 

both the witness and demonstrator must have a similar shared experience of the distressful 

event to elicit emotional stress in the observer (Sanders et al., 2013).  

Sensory Stimuli 
 

Though the dominating sensory input for rodents is olfactory which can be used to 

induce a stress response (Otto et al., 2000), there is strong evidence that emotional contagion is 

strongly dependent on visual stimuli. Blocking the visual input (using an opaque divider) led to 

decreased fear expression, anxiety and depressive like characteristics in observers (Jeon et al., 

2010; Patki et al., 2014, 2015). In addition, exposing animals only to distressful auditory stimuli 

such as recordings of stress calls of shocked animals without the presence of a demonstrator 
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was not effective in inducing hyperalgesia or fear expression (Atsak et al., 2011; Patki et al., 

2015). Particularly in the vicarious social defeat model there is contradicting evidence showing 

that olfactory cues (resident’s fur, urine and bedding) can induce emotional stress in observer 

animals (Laviola et al., 2017; Smith et al., 2016). Other studies, however, failed to show these 

effects (Patki et al., 2015). Thus, it seems that being present and witnessing the traumatic event 

is required for vicarious stress. 

The juvenile period and stress in rats and mice 
 

Like humans, the juvenile period and adolescence are developmental phases marked by 

rapid physiological, neurobiological, and behavioural growth and maturity. These critical 

periods of development in rats and mice are said to occur before adulthood (postnatal day (PD) 

60) and are divided into the early-life phase (PD 1-20), the juvenile period (PD 21-32), and early 

adolescence (PD 33-36) (McCormick & Mathews, 2010; Spear, 2000). Behaviorally, juvenile rats 

and mice demonstrate greater independence and playful and social behaviours (Spear, 2000). 

During this period, the brain undergoes rapid synaptic growth, myelination and neurogenesis in 

regions important for emotional and social learning processes, like the PFC, amygdala and the 

hippocampus before the onset of synaptic pruning that characterizes the prepubertal and early 

pubertal phases (McCormick & Mathews, 2010; Spear, 2000). This therefore suggests that these 

periods could be periods of high vulnerability to the effects of stressors. Importantly, the 

effects of vicarious stress have not be investigated during this period. 

The juvenile HPA-axis response to stressors appears to be more sensitive when 

compared to that of adults. For instance, exposure to acute stressors in juvenile rats results in  

higher and/or prolonged release of ACTH and corticosterone (Foilb et al., 2011; Jankord et al., 



 31 

2011; Klein & Romeo, 2013; Romeo et al., 2006; Watt et al., 2009). In addition, adult rats are 

better at habituating to repeated stressors compared to juvenile rats, who show sustained 

elevated ACTH and corticosterone secretion. These data suggests that the HPA-axis of juvenile 

rats is highly-responsive, and the negative feedback is slower to regulate these responses to 

novel or stressful stimuli (Doremus-Fitzwater et al., 2009; Romeo, 2010; Romeo et al., 2006; 

Vázquez & Akil, 1993).  

Moreover, while the PVN morphology and the number of CRH secretory neurons are 

comparable juvenile and adult rats, there is greater excitatory input to the PVN of juvenile rats 

causing greater activation of the HPA-axis following an acute stressor compared to adults. Even 

under basal conditions there is greater CRH mRNA expression in the PVN in juvenile rats 

compared to adults (Lui et al., 2012; Romeo et al., 2006). Also, the peak of synaptic growth and 

development of various neurotransmitters systems occurs during the juvenile period, therefore 

these systems may be more susceptible to the effects of stressors while development is 

occurring (Spear, 2004). Therefore, the basal levels and activity of these neurotransmitters 

systems differ to that of adults during this critical time. In addition, during the juvenile period, 

regulatory signaling from the PFC, hippocampus and amygdala, which modulate the HPA-axis 

responses to stressors, are relatively weak due to a lack of maturation (Spear, 2004). For 

example, the hippocampus GABAergic signaling is about 50-60% to that of adult rats during PD 

22-24, therefore reduced inhibitory signaling to regulate the response of the HPA-axis (Nurse & 

Lacaille, 1999).  

Another source of regulation of the HPA-axis is the PFC where more ventral regions are 

involved in mounting an appropriate response to a stressor, while dorsal regions are 
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responsible for inhibiting the HPA-axis (Sullivan & Gratton, 2002). This balance of excitatory and 

inhibitory regulation by the PFC is in part mediated by dopamine signaling however substantial 

expression of dopamine receptors 1 and 2 are not seen before PD 45, therefore the PFC does 

not have potent inhibitory signaling in regulating the HPA-axis during the juvenile period 

(Caballero et al., 2016). Therefore this immature HPA-axis is unique to the juvenile period 

because of the lack of maturation of inhibitory signaling to regulate HPA-axis responses to 

stressors (Fernandes et al., 2002; Herman & Cullinan, 1997). 

Short-term behavioural impact of juvenile stress 
 

The short-term impact of juvenile stress in rats have shown variable behavioural 

outcomes that either contrast or parallel to that of the long-term impacts of juvenile stress. 

Using a three day-sub chronic stressor during PD 27-29, Jacobson-Pick and Richter-Levin 

revealed that although juvenile showed few behavioural alterations after stress, but they 

showed more anxiety- and depression-type behaviours in adulthood (Jacobson-Pick & Richter-

Levin, 2010, 2012). Similarly, administration of corticosterone in naïve juveniles resulted in HPA 

hyperactivity and delayed negative feedback once these juveniles reached adulthood, an effect 

not observed in naïve animals (Eiland et al., 2012; Jacobson-Pick & Richter-Levin, 2010). In 

other studies, 24 hours after the last day of a seven day social defeat stressor during the 

juvenile period (PD 28-32) and into early adolescence (PD 33 and 34) led to proactive coping 

behaviours such as less immobility and more climbing behaviour during a forced swim test and 

increased defensive burying (Bingham et al., 2011). However, if the stressor, such as chronic 

social defeat or daily restraint stress, occurred during the juvenile period and also into mid 

adolescence, this resulted in increased immobility in the forced swim test and decreased 
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sucrose preference once these animals reached adulthood (Bourke et al., 2014; Eiland et al., 

2012; Hayashida et al., 2010). 

Long-term behavioural impact of juvenile stress 
 

In humans, intense or chronic stressors such as bullying, or childhood abuse are 

associated with increased susceptibility to and more frequent diagnosis of psychopathologies 

like anxiety and depression in adulthood (Takizawa et al., 2014). Animal models of juvenile 

stressors using social instability (Green et al., 2013; McCormick et al., 2008; McCormick et al., 

2012), restraint stress  (Pinzón‐Parra et al., 2019), chronic variable stress (Wilkin et al., 2012) 

and a sub-chronic three-day stressor (Ali et al., 2018; Horovitz et al., 2012, 2014; Ilin & Richter-

Levin, 2009; Jacobson-Pick & Richter-Levin, 2012; MacKay et al., 2011; Tsoory & Richter-Levin, 

2006) demonstrated that there are long-term consequences and alterations in adult behaviour. 

Such negative effects include reduced exploration in the EPM and OFT, reduced social 

interactions, anhedonia for sucrose and saccharine, learned helplessness and elevated startle 

response. Even with the methodological differences between studies of juvenile stress, many of 

the findings show that stressor exposure during this period has long lasting behavioural effects 

(Green et al., 2013; MacKay et al., 2011, 2014; Maslova et al., 2002; McCormick et al., 2008; 

Pinzón‐Parra et al., 2019; Pohl et al., 2007, 2007; Shtoots et al., 2018; Tsoory & Richter-Levin, 

2006; Weathington et al., 2012).   

Investigating vicarious stress in juvenile and adolescent mice and rats 
 

There is emerging research investigating the differences between traditional physical 

stress and vicarious stress during the juvenile and adolescent period. The few studies 
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conducted identified the behavioural and neurological impairments for physical and emotional 

stress as well as the impact of housing. In a neuropathic model of pain, physically stressed 

(neuropathic pain) and vicariously stressed juvenile mice (PD 32), who were cagemates, both 

exhibited anxiogenic effects on the EPM however only the vicariously stressed mice 

demonstrated learned helplessness in the forced swim test. In addition, there were no 

differences in the stress-induced corticosterone levels (Baptista-de-Souza et al., 2015). 

However, in the vicarious social defeat model, vicarious stress during early-adolescence (post 

PD 35) did not elicit deficits in social interaction when compared to the demonstrator group for 

mice that were both pair or single-housed. (Li et al., 2018). In contrast, another study observed 

a reduction in social interaction for both the vicarious and demonstrator groups in early-

adolescent mice (Warren et al., 2014). In addition, the effects of physical and vicarious stress in 

adolescent animals were influenced by housing conditions. In vicarious social defeat, isolation 

of juvenile observer mice increased social avoidance when compared to the pair-housed 

observer, where this was not evident (Li et al., 2018). Similar results are reflected in studies 

using adult animals (Patki et al., 2014). Yet, male and female juvenile rats (PD 21-27) witnessing 

their own mother go through social defeat did not show anxiety-like behaviour in the EPM and 

OFT when tested as adults, only learned helplessness (Liu et al., 2018). Moreover, a single study 

examined effects of vicarious stress in the brain contrasting vicarious and physical stress and 

observed that vicarious stress decreased expression of markers for neuroplasticity in the 

nucleus accumbens, such as phosphorylated ERK2 and delta FosB (Warren et al., 2014).  

It is clear there is gap in studies evaluating the behavioural changes caused by vicarious 

stress during these developmental periods. Recently vicarious social defeat was conducted to 
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observe the impact during early-life, juvenile and adolescent periods (Warren et al., 2014). A 

few studies that did use younger rats (adolescent) in observational fear-learning models did not 

compare the difference in outcomes with adult animals (Lukkes et al., 2017; Panksepp & Lahvis, 

2016), observe long-term behavioural impacts (Mousavi et al., 2019)  or that age was not a 

factor or focus of their studies (Pijlman & van Ree, 2002; Ramsey & Van Ree, 1993). Keum et al. 

(2018) does mention that inducing emotional stress using observational fear-learning can only 

be done in adult rats and are not conducive in juvenile or adolescent animals. Yet, the 

published data or supplemental data to support this is limited, therefore it is difficult to critique 

and evaluate furthermore. 

Rationale for present thesis 
 

Young children can experience trauma indirectly by watching emotional and physical 

violence occurring to their caregivers, peers, and others. The understanding of this form of 

early-life stress on emotional and neurobiological outcomes in the short- and long-term is 

limited. Therefore, exploring the effects of indirect stress by witnessing trauma during the 

juvenile period in rats would provide important insight in this phenomenon. 

Considering that that the juvenile period is critical and sensitive period of development, 

we hypothesize that vicarious stress experienced during the juvenile period will elicit emotional 

contagion, leading to various short- and long-term effects on the HPA-axis, exploratory, and 

anxiety-like behaviours. To explore this, we did a set of studies using two forms of vicarious 

juvenile stress. Chapter 2 describe the implementation of a novel vicarious stressor model 

during the juvenile period in male rats to determine various behavioural responses (to novel 

stimuli, social interactions, contextual fear expression, and appetitive stimulus) and their HPA-
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responsivity. We also explored the impact of observing trauma being experienced by unfamiliar 

vs familiar conspecific. In Chapter 3, we conducted observational fear-learning in female and 

male rats that were juveniles and adults, to explore the impact of previous stressor exposure on 

vicarious stress, fear expression, and social interactions and to compare age differences in 

responses. 
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Chapter 2 – The long-term impacts of 
vicarious stress during the juvenile period 
in male rats.  
Introduction 
 

Childhood maltreatment, physical and mental abuse, bullying, and neglect are examples 

of traumatic experiences that are linked to anxiety, depression, and PTSD in adulthood (Carr et 

al., 2013; Jaffee, 2017; Schilling et al., 2007). However, the long-term impact of vicarious 

stressors during childhood on the symptomology or diagnoses of these mental health disorders 

are difficult to isolate. Children that witness violence and/or abuse occurring to another adult 

such as a parent, caregiver, or a peer are examples of vicarious stressors early in life. Studies of 

vicarious stress in children report a strong relationship between the type and duration of the 

vicarious stressor experience, and later symptoms of mental illness (Callaghan et al., 2019; 

Franzese et al., 2014; Gollub et al., 2019; McTavish et al., 2016; Tsavoussis et al., 2014; Turner 

et al., 2019). However, to study the effects of vicarious stressors during childhood in adults can 

become difficult due to other stressful experiences directly experienced throughout 

adolescence and into adulthood. The use of preclinical animal models of vicarious stressors 

could potentially provide insights on the long-term effects of vicarious stressors. There are, 

however, only a limited number of studies investigating this type of stressor in developing 

animals. 

In rats and mice, the juvenile period (PD 21- 32) constitutes a developmental stage that 

is often used to model developmental trajectories of human childhood (Romeo et al., 2006, 
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2007). Studies show that, like childhood in humans, this period is a sensitive period of 

development where negative challenges like stressors leave a lasting impact that includes 

altered reactivity of the HPA-axis, and changes in brain regions involved in emotional 

regulation, such as the prefrontal cortex, hippocampus and amygdala (Eiland et al., 2012; 

Jacobson-Pick et al., 2013; Klein & Romeo, 2013). Stressors such as chronic social defeat, social 

stressors, sub-chronic stressors, and chronic variable stress produce abnormal behavioral 

coping responses including decreased exploratory behaviors on the EPM, OFT and social 

interaction (Ali et al., 2018; Isgor et al., 2004; MacKay et al., 2014, 2017; McCormick et al., 

2008). In addition, these stressors also result in dampened reward seeking behaviors as 

reflected by lower rates of responses in operant tasks like the progressive ratio, sucrose 

preference test and increased sensitivity to rewarding stimuli such as cocaine-self 

administration and amphetamine-induced locomotor activity (Eiland et al., 2012; Kabbaj et al., 

2002; Paine et al., 2021; Peleg-Raibstein & Feldon, 2011). 

In the few studies using vicarious stress in juveniles, vicarious social defeat is the 

common stressor model used. These studies require the young rat or mice to observe the social 

defeat of another animal (either their cagemate or a novel animal) once a day for a period of 7-

10 days. There seem to be inconsistent findings in studies using vicarious social defeat in early 

adolescence (right after PD 35) with some studies showing a decrease in social behaviors or no 

change at all compared to control animals (Li et al., 2018; Nakatake et al., 2020; Warren et al., 

2014). Two studies looked at the consequences of juvenile exposure to vicarious social defeat in 

adult animals. The first study involved juvenile rats that witness the social defeat of their 

mother three times per day for a period of seven days (PD 21-27). While these juveniles 
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appeared unaffected in early days following the defeat, as adults they exhibited increased 

immobility in the forced swim test, a measure linked to helplessness (Liu et al., 2018). The 

second study involved adolescent mice (PD 42) observing conspecifics being socially defeated 

over the course of 10 days. When tested 30 days later, mice as witnesses had increased 

immobility in the forced swim test and decreased sucrose preference compared to controls. 

Deficits in social behavior and increased anxiety-like behaviour (time in the closed arms of the 

EPM) were also observed but only in mice that experienced the social defeat but not in those 

that witnessed it (Nakatake et al., 2020). These studies suggest that vicarious social defeat early 

in life may have effects that remain latent and that emerge in early adulthood. 

Another model of vicarious stress that used juvenile mice involved direct interactions 

with another mouse experiencing pain. Here juveniles witnessed others experience pain (as a 

response of sciatic nerve ligation), show decreased exploration on the EPM and increased 

immobility on the forced swim test and tail suspension tests (Baptista-de-Souza et al., 2015). 

There are only a few studies on the effects of vicarious stress using observational fear-learning 

during adolescence. Adolescent rats (PD 40/41) that witness another adolescent rat undergo 

escapable tail shocks, show increased latency to escape from a footshock (a sign of behavioral 

despair) compared to controls (Lukkes et al., 2017). Early studies using adolescent rats (PD 42-

49) that witnessed footshocks to a conspecific over a period of five days showed greater 

locomotor activity in the in the OFT, with no significant difference in motivated behaviours 

(lever presses for food) or immobility in the forced swim test compared to the rats that 

experienced footshocks (Pijlman 2002; Van de Berf 1998). In adolescent mice, fear-learning 

(expressed in terms of amount of time freezing) failed to occur when compared to mice that 
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had direct exposure to the footshock after witnessing footshocks (Panksepp & Lahvis, 2016). 

These studies, however, were conducted on animals going through puberty, and studies looking 

at juvenile rats or mice have not yet been conducted, so it is difficult to determine long-term 

effects of vicarious stress during this sensitive development period. 

 In our lab we have implemented a juvenile sub-chronic stressor that has robust long-

term effects on exploratory behaviours in the EPM, OFT and social interactions with a novel 

animal (Ali et al., 2018; MacKay et al., 2014). Other studies have also shown similar results using 

this stressor (Jacobson-Pick & Richter-Levin, 2010, 2012; Tsoory et al., 2007). We propose that 

this paradigm is a good model to study vicarious stress if juvenile animals witness similar 

animals go through this stress paradigm. To include a witness, we modified this paradigm by 

removing the elevated platform stressor and replacing it with an observational fear-learning 

session as conducted by Pijlman (2002). Each stressor duration was 10 minutes across six days. 

Stressors were applied vicariously during PD 27-32 by maintaining the separation between the 

subject (vicariously stressed rat) and the physically stressed rat. In our present studies we 

included a null-control group with animals that remained in their home cage, and a second set 

of controls that watched a non-stressed animal roam freely in the apparatus. The latter control 

was like that used in observational fear-learning and included all the same contextual cues of 

the vicarious stressor excluding a stressed rat. Importantly, the vicarious social defeat studies 

infer that it can be as a model of PTSD however most of the studies lack the reintroduction of 

the same cues and context shortly after or much later, to observe the presence of fear memory. 

Considering this, we tested for contextual fear memory by placing the witness back into the 

same context where they observed the distress animal, as done by Panksepp & Lahvis (2016). 
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We also included traditional behavioural tests such as EPM, OFT and social interaction to 

evaluate if this model of juvenile vicarious stress produced different responses compared to 

other models of vicarious stress mentioned above.   

 We utilized this modified version of the sub-chronic juvenile stress for two studies: 

Study 1 - Preliminary exploration of vicarious juvenile stressors in male Sprague Dawley rats. 

 Here we hypothesized that single-housed animals would have behavioural deficits in the 

EPM, OFT and show greater fear expression when tested as adults, and that these would be 

comparable to those of rats directly exposed to the stressors. We used the novel object 

exploration to test exploratory behaviours in a changing environment. This test requires the rat 

to engage in approach or avoidance behaviours towards a novel object that is placed after 

habituation in a novel open field (Powell et al., 2004; Wilkinson et al., 2006). This test measures 

exploratory/approach behaviours, like sniffing, approaching and touching the object, it also 

measures novelty seeking (Heyser & Chemero, 2012; Powell et al., 2004; Tanaś & Pisula, 2011). 

Therefore, the animal must be motivated enough to explore the unknown. Stressors during 

periods of development, like maternal separation, social isolation, acute stress during 

adolescence, or a 3-day sub chronic stressor during the juvenile period, led to minimal changes 

in exploration shortly after the stressor (Douglas et al., 2003; Hensleigh et al., 2011; Saul et al., 

2012). In one study, maternal separation led to reduced novel object exploration in adulthood 

(Kember et al., 2012).  

Single-housed rats were studied first given that pair-housed animals show stress 

buffering when witness rats are housed with the intruder in vicarious social defeat. Social-

buffering ameliorated the social deficits that were found in single-housed vicariously stressed 
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mice (Li et al., 2018; Liu et al., 2018; Patki et al., 2014; Sial et al., 2016). In addition, single-

housed adolescent witness mice showed decreased social behaviours similar to the intruders 

(Warren et al., 2013).  

Study 2 – Comparison of the effects of vicarious juvenile stressors in individual and pair-

housed rats.  

Here we compared the effect of familiarity to observe if witnessing cagemates would 

enhance the outcomes of vicarious stress in our model. In adult rats and mice that were 

witnesses in observational fear-learning, familiarity between the physically stressed animal and 

the witness led to greater deficits in behavioural responses and greater fear expression 

(immobility during stressful experience in rats and mice) (Gonzalez-Liencres et al., 2014; Jeon & 

Shin, 2011). To this end, we measured the behavioural and HPA-axis responses of individual and 

pair-housed rats to obtain a better understanding of the effects of co-housing. In addition, we 

included novelty-suppressed feeding and acoustic startle response tests to observe if vicarious 

stress decreased motivation for a palatable food and increased startle responses, respectively. 

Study 1 - Preliminary exploration of vicarious juvenile stressors in male 
Sprague Dawley rats 

Methods 
 

All experimental procedures met the guidelines established by the Canadian Council on 

Animal Care and were approved by the Animal Care Committee of the University of Ottawa 

Institute of Mental Health Research (Protocol ACC-2015-003). Figure 4 depicts the experimental 

timeline. 
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Animals 
 
 Fourteen time-mated pregnant Sprague-Dawley rats were purchased from Charles River 

Laboratories (Ste. Constant, Québec, Canada). They were delivered to the Royal’s Institute of 

Mental Health Research on gestational day 6 and were individually housed in standard plastic 

rat cages (24.5 cm × 37.5 cm × 19 cm) at a room temperature of 22 ± 1°C on a 12 h light-dark 

cycle (lights on at 07:00 h and off at 19:00 h) with extra bedding. All dams were provided ad 

libitum access to chow (3.4 kcal/g, 4.5% fat, 18.1% protein, 57.3% carbohydrate, Charles River 

Rodent Diet 5075, Agribrand Purina Canada, Woodstock, Ontario, Canada) and water. All 

pregnancies successfully reached to term with no evident distress in the dams. 

On the day after birth (PD 1), eighty-four pups were retrieved from the dams and 

randomly assigned so that each dam would be nursing litters of 5-7 pups. Female pups were 

culled due to the studies focus on males and due to space and time limits in laboratory 

capacity. On PD 21, eighty rats were weaned and assigned one of four groups in two cohorts: 

Physical-Stress, Witness-Stress, Witness-NoStress, and HomeCage (see Table 1 for group 

description and sample size). Physical-Stress rats were subjected to all stressors while Witness-

Stress rats were vicariously stressed by observing the Physical-Stress rats. Witness-NoStress rats 

observed a rat that did not experience any of the physical stressors and were considered a 

witness control group. A group of non-stressed rats (n=4) were the rats observed by the 

Witness-NoStress rats and were not included in the tests or analyses. HomeCage rats remained 

in their home cage during the juvenile stressor period and were considered as a second control 

group. All rats were single housed.  
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Rats were tested in two cohorts: Rats in the first cohort (Cohort 1) underwent 

behavioural analyses and rats in the second cohort (Cohort 2) was used to collect blood 

samples to determine corticosterone responses on the first and last day of stressor exposure. 

Both rat cohorts were subjected to an acute mild stressor (air-puff) as adults to determine 

effects of the manipulations on adult corticosterone reactivity. 

 

Table 1: Study 1 group descriptions and visualization.  

Table created with Biorender.com. 

Witness Box Design 
 

Witness groups (Witness-Stress and Witness-NoStress) were placed in a witness box 

that was custom designed and made from acrylic plastic (dimensions: w= 28 cm, h=32 cm, d= 
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25 cm). The top, bottom and two sides were opaque, one side was transparent and always 

faced the camera for recording, and on the opposite side there was no wall. This side had a 

transparent perforated barrier placed against it to allow for olfactory, auditory, and visual cues 

between the animals. The Witnesses observed an animal from the other side of the barrier 

while being inside of the witness box (Figure 2). 

 

Figure 2: Witness box design. An acrylic plastic box with 4 opaque walls and a transparent wall. 
The side with no wall had a plastic transparent barrier placed against it with perforations to 
allow for auditory, visual, and olfactory cues. This was the side that the witness rat viewed 
another rat while still being physically separated. Image created with BioRender.com 

 

Vicarious Juvenile Stressor Model 

We used a modified three-day juvenile stressor procedure as used by our lab previously 

(MacKay et al., 2014) that included a witness rat observing another rat being subjected to the 

physical stressors. These modifications included the following: 

1) Prolonging the stressor period to six days to ensure a robust stressor effect in the 

Witness groups. The stressors occurred during PD 27-32 to accommodate the shorter 

stressor duration on each day compared to the previous methodology, where the 

duration of stressors was variable. 
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2) Footshocks delivered to the Physical-Stress groups were used instead of the elevated 

platform stressor implemented by MacKay et al (2014), to accommodate a witness 

viewing from another chamber. Footshocks have been previously used as a stressor 

during the juvenile period (Tsoory et al., 2007, 2008). 

3) Each stressor was 10 minutes in duration instead of varying durations as done 

previously (MacKay et al., 2014). 

Three mild stressors were delivered once on the designated day during the juvenile period (PD 

27-32, Figure 3). After each session, all components of the apparatus were thoroughly cleaned 

with 70% ethanol and a paper towel. 

Footshock (PD 27 and 32) 

Witness-Stress rats were placed in the witness box adjacent to the fear conditioning 

chambers (w= 28 cm, h=32 cm, d= 25 cm) where the Physical-Stress rats were placed. A 

transparent barrier was placed between both chambers. Witness-Stress rats observed Physical-

Stress rats experience a footshock (1.0 mA) delivered at t =1:00, 1:40, 2:40, 4:00, 4:40, 5:40, 

7:00, 7:40, 8:40, 9:30 minutes. These conditioning chambers (Coulbourn Instruments) had front 

and back walls made of clear acrylic and two side walls and top made of stainless steel. The 

floor was comprised of 16 stainless steel bars (4 mm diameter spaced 1.4 cm apart). The bars 

were connected to Coulbourn Precision Regulated Animal Shockers that delivered a footshock 

through the stainless-steel bars at the predetermined time points. Witness-NoStress rats were 

tested in the same apparatus as the Witness-Stress rats, the only difference being that they 

observed a placeholder rat roam around the fear conditioning chamber in the absence of 

footshocks (Figure 3A).  
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Forced swim (PD 28 and 30) 

The forced swim stressor utilized a Plexiglas cylinder (h=42 cm, d=19 cm, water 

depth=29 cm). Physical-Stress rats were placed in the cylinder container and Witness-Stress rats 

observed from its witness box (adjacent to the cylinder) with a transparent sensory barrier. 

Witness-NoStress rats observed a placeholder rat in a familiar cage and a cylinder container 

filled with water side-by-side. (Figure 3B).   

Restraint (PD 29 and 31) 

Physical-Stress rats were confined in a plastic restraint bag to prevent and/or limit 

movement while Witness-Stress rats observed from the witness box with a transparent sensory 

barrier. Physical-Stress rats were placed in plastic restraining bags that restricted side-to-side 

and forward-backward movement and then placed inside the fear conditioning chamber 

(without the foot-shock metal barred floor). A hole was cut in the restraining bag near the nose 

of the rat to allow the animal to breath. Witness-NoStress rats witnessed a placeholder rat 

roam around the fear conditioning chamber with the plastic restraint bag taped above and out 

of reach (Figure 3C).  
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Figure 3: Vicarious stress during the juvenile period (PD 27-32) for Study 1. Witness-Stress and 
Witness-NoStress rats observed Physical-Stress and placeholder rats respectively from a 
transparent perforated barrier that allowed visual, olfactory, and auditory stimuli. Witness-
Stress rats watched an unfamiliar Physical-Stress rat endure stress for 10 minutes once daily 
between PD 27-32. Witness-NoStress animals observed an unfamiliar placeholder animal roam 
freely in the chamber. Placeholder animals were not subjected to any stressors. HomeCage rats 
remained in their cage in a separate room during this period. Freezing behaviour (fear 
expression) by the Witness-Stress and Witness-NoStress was recorded each day. A) Vicarious 
footshock stressor on PD 27 and 32. B) Vicarious forced swim stressor on PD 28 and 30.  
C) Vicarious restraint stress on PD 29 and 31. Image created with BioRender.com 
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Figure 4: Study 1 Experimental Timeline. A) Timeline of vicarious stress during the juvenile 
period (PD 27-32). Blood was withdrawn to measure corticosterone levels (HPA-axis response) 
on PD 27 and 32 post-footshock. Witness-Stress and Witness-NoStress fear expression 
(freezing) was recorded for the duration of each stressor (10 minutes). B) Timeline of the 
behavioural tests and HPA-axis response to a mild stressor (air-puff) conducted during 
adulthood. Image created with BioRender.com 

 

Fear Expression (PD 27-32) 
 

Fear expression (freezing) behaviour in Sprague-Dawley rats is complete immobility 

(omitting movement from involuntary respiration) and is an innate defensive response to a 

sudden threat. It can also become a conditioned response to cues or contexts associated with a 

fearful memory (Johansen et al., 2011; Maren, 2001). Fear expression of the Witness-Stress and 
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Witness-NoStress was recorded by a camera every day during the vicarious stressor (PD 27-32) 

from the transparent side of the witness box. Fear expression was not scored for the Physical-

Stress group because the experimental set-up prevented a clear view of these rats. Fear 

expression was evaluated for the duration of the procedure (10 minutes) and in one minute 

time blocks within that duration.  

HPA-axis response to vicarious juvenile stressors on PD 27 and PD 32 

Corticosterone was measured using a commercial radioimmunoassay (RIA) as described 

previously (MacKay et al., 2014). The blood samples drawn through tail venipuncture, were 

collected on a 903 Protein Saver filter paper (GE Healthcare Bio-Science Corp, MA, USA), 

allowed to dry at room temperature and then stored at 20°C. Two days prior to the 

radioimmunoassay procedure, blood was eluted from the filter paper by placing one 3 mm 

punch (per time point) of filter paper in a 12 mm x 75 mm culture tube containing 200uL 

Dulbecco’s Phosphate Buffered Saline (Sigma, item D-5773) w/0.1% gelatine, covered with 

parafilm in a fridge at 4°C. On the day of the RIA procedure, culture tubes containing the 

samples were placed on an orbital shaker for 1 hour at room temperature. Corticosterone 

levels were determined from the eluted blood sample using commercial RIA kits as per the 

manufacturer’s instructions. (MP Biomedicals, CA; MacKay et al., 2014). The intra assay 

reliability was 9.25%. 

On PD 27 and PD 32, 20 minutes post the initial footshock administration (at time point 

1:00 minute in the shock schedule) all groups in Cohort 2 had a blood sample withdrawn. On PD 

32, similarly blood was drawn at t=20 minutes as well as at 50 and 120 minutes from the first 

footshock administration. This was to evaluate the HPA-axis negative feedback response.  
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HPA-axis response to a novel acute stressor in adulthood 

The HPA-axis responses to a novel stressor were examined in young adult rats from both 

cohorts between PD 75-76 and 89-90. In this test, rats were exposed to the application of an 

air-puff directed at their face. The air-puff stressor was selected not only for its robust effects in 

activating the HPA-axis, but it has been previously used in our lab to examine sensitization to 

novel stressors in adult rats that were stressed during the juvenile period (Ali et al., 2018; 

MacKay et al., 2014). In addition, other studies that have implemented stressors during 

sensitive periods of development such as adolescence also used a novel stressor in adulthood 

that was not part of the stressor regime in adolescence (Cotella et al., 2019; Weintraub et al., 

2010; Wulsin et al., 2016). In addition, the air-puff stressor was selected instead of restraint 

(which is another commonly used mild stressor) to prevent the possible habituation to the 

stressor as restraint was applied during the juvenile period for Physical-Stress rats (Bourke & 

Neigh, 2011). 

The stressor consisted of five second puffs of air (from an aerosol) can onto the face of 

the rat. Air-puffs were delivered once a minute for five minutes, in the rats’ home cage. Twenty 

minutes after the first air-puff administration, rats were sacrificed by decapitation, and trunk 

blood was collected in tubes containing 10μl EDTA and centrifuged for 10 minutes at 4000 RPM. 

The plasma layer was transferred in a centrifuge tube and stored at −80°C. The plasma 

corticosterone concentrations were determined, in duplicate, by RIA using kits obtained from 

MP Biomedicals (CA).  
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Behavioural testing in adulthood 

All behavioural testing was conducted under low illumination (30-40 lux). Rats were 

habituated to the testing room one hour prior to testing. Behaviour was recorded using a video 

camera mounted above or in front of the testing space. All apparatus were cleaned with 70% 

ethanol and rats returned to their home cage. 

Fear expression (PD 62) 
 

To measure contextual fear memory post-stressor experience in adulthood, Physical-

Stress, Witness-Stress and Witness-NoStress rats returned into the stressor context for 10 

minutes. For Physical-Stress rats, this meant they were placed in the fear conditioning chamber. 

For Witness-Stress and Witness-NoStress, this was the witness box facing an empty fear 

conditioning chamber. Freezing behaviour was observed as described previously above. 

Elevated plus maze (PD 63-64)  
 

Rats were placed in the center facing the closed arm of the EPM. The EPM was elevated 

at 66 cm and had two closed arms that were perpendicular to two open arms (w=10 cm, l=50 

cm). The closed arms consisted of 50 cm walls on all three sides (w=10 cm, l=50 cm). At the 

outset of the test, rats were placed in the center of the apparatus and were filmed for the 

ensuing five minutes. Video recordings were later examined by experimenters naïve to the 

testing groups and they measured the time animals spent in the closed arms, open arms, and 

the center of the apparatus. In addition, the number of entries into the closed arms and open 

arms and head dips were scored were scored as measures of locomotor activity and exploration 

respectively (Walf & Frye, 2007). A head dip is when the rat protrudes their head over the edge 

of an open arm and is thought to reflect exploratory behavior (Carobrez & Bertoglio, 2005). 
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Open field test (PD 65 and 66)  
 

The open field was a four-sided enclosed arena measuring (l=70 cm x w=70 cm x h=30 

cm). At the beginning of each trial, the rats were placed facing a corner of the test box, and 

then videorecorded for 5 minutes. Noldus EthoVision (v.3.1.16) was used by naïve 

experimenters to evaluate locomotor activity and the time spent (seconds) in the periphery and 

center of the arena. Locomotor activity is the distance travelled in cm and is an indicator of 

exploratory behaviour. As rats have an instinct to avoid open and bright spaces, this test was 

included to evaluate if vicarious juvenile stress increased the aversion to explore open spaces. 

Novel object exploration (PD 65 and 66)  
 

Exploration of a novel object involves the interaction of avoidance and approach 

behaviours. Interactions with the object will measure both novelty-seeking and approach 

behaviours for a stimulus (Powell et al., 2004; Thirumal, 2017). 

After the OFT, rats remained in the open field for an additional 25 minutes as a 

habituation period. Afterwards, rats were briefly removed from the open field arena and a 

novel object constructed of Duplo© blocks was placed in the center of the open field and 

behavioural exploration was assessed for 15 minutes. The novel object was visually stimulating, 

with multiple colours and an irregular shape, with a sufficient height (10 cm) and width (7 cm) 

as to avoid rats climbing over or sitting on it. Rats were placed back into the open field facing a 

corner. Latency to approach object (seconds) and interactions with the object (sniffing and 

touching with paws (seconds) were recorded. This test was adapted from Thirumal (2017). 
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Statistical analyses 

All statistical analyses were conducted using IBM’s Statistical Package for Social Sciences 

(IBM SPSS statistics version 23). 

Fear expression (PD 27-32 and PD 62). Time spent freezing was analyzed as the percent 

of time freezing for every minute of the test, and percent of total duration of the test (10 

minutes; Equation 1 in Appendix A). These data were analyzed using repeated measures 

analyses of variance (ANOVAs) with postnatal day as the within-group factor to determine 

differences of percentage of total fear expression across the six days.  

Corticosterone levels (PD 27, 32 and in adulthood). Corticosterone levels from samples 

collected on PD 27 were analysed using one-way ANOVA. For those collected on PD 32, 

repeated measures ANOVA with Time (minutes after stressor) being the within group factor 

was used. Group differences in corticosterone levels between PD 27 and PD 32 on samples 

collected 20 minutes after the stressor was analyzed with a repeated measured ANOVA with 

Day as the within group factor.  

For the EPM data, percentage of time in the closed, open arms, and in the centre, along 

with the number of entries into the closed and open arms and number of head dips were 

analyzed with one-way ANOVAs. Similarly, one-way ANOVAs determined group differences for 

time spent in the periphery, center, and total locomotor activity for the OFT. Finally, one-way 

ANOVAs allowed us to determine group differences for latency to approach novel object, total 

time sniffing the object, touching and total interaction time with novel object in the novel 

object exploration test.  
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An = 0.05 was set as a critical level to attain statistical significance and Least Significant 

Difference (LSD) tests were used for post-hoc comparisons. The F-values specified represent 

that the assumption of sphericity was met. Graphical analyses, Levene’s and Shapiro-Wilk tests 

were used to check for model assumptions (normality and constancy of variance). When 

assumptions were violated, appropriate non-parametric tests were implemented. Data points 

±3 standard deviations from calculated means were considered as outliers and not included in 

statistical analysis (Taylor, 1997). Values represented are means ± standard error mean.  

Results  
 

Witness-Stress rats had greater fear expression than Witness-NoStress rats during the 
vicarious juvenile stressors from PD 27 to PD 32 
 

One-way ANOVA and Kruskal-Wallis tests (used when assumption of normality was 

violated) revealed that Witness-Stress rats observing Physical-Stress rats froze more on each 

day of the stressor compared to Witness-NoStress; PD 27: F(1,37)=23.24, p<0.05, PD 28: 

X2=6.05, p<0.05, PD 29: X2=9.55, p<0.05, PD 30: X2=10.35, p<0.05, PD 31: X2=8.87, p<0.05, PD 

32: X2=18.00, p<0.05 (Figure 5A). Note that HomeCage rats remained in their cage and 

therefore no freezing behavior data were collected from this group. 

Corticosterone levels in Physical-Stress, Witness-Stress and Witness-NoStress groups 
were elevated on the first (PD 27) and last (PD 32) of vicarious juvenile stressors 
 

Twenty minutes after the first footshock, a one-way ANOVA followed by post-hoc LSD 

tests revealed that all groups had higher plasma corticosterone levels compared to the control 

HomeCage rats on the first day (PD 27) of the stressor (F(3, 34)=34.29, p<0.05). HomeCage rats 
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had significantly lower levels of corticosterone compared to all other groups (p<0.05, Figure 

5B).  

On the last day of the stressor paradigm (PD 32), corticosterone responses over the 

course of three timepoints, (20, 50 and 120 minutes) in response to the footshocks, were 

measured to determine group differences in the HPA-axis negative feedback. A Kruskal-Wallis 

test analyzed group differences for each time point. At 20 and at 50 minutes, all groups had 

significantly greater corticosterone levels compared to the HomeCage group (X2=22.07, p<0.05 

and X2=14.87, p<0.05 respectively). At 120 minutes, there were no significant differences in 

corticosterone levels between the groups (X2=2.59, p>0.05, Figure 5C) 

Comparisons of corticosterone levels on PD 27 and 32 at the 20 minute time point (to 

observe habituation) were conducted using repeated-measures ANOVA, with PD as the within 

group factor, and revealed no significant differences between each day for each group 

(F(1,34)=1.27, p>0.05; see Figure 5D).  
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Figure 5: Fear expression and corticosterone levels during vicarious juvenile stress (PD 27-32) A) 
Witness-Stress rats froze more than Witness-NoStress rats during each day of the vicarious 
stressors. HomeCage group remained in their cages during this period. B) On PD 27, all groups 
had greater corticosterone levels than the HomeCage group 20 minutes after the first footshock 
was delivered to the Physical-Stress rats. C) On PD 32, all groups, except the HomeCage groups, 
had greater levels of corticosterone at 20 minutes and 50 minutes after the first footshock was 
delivered to the Physical-Stress rats. D) Corticosterone levels remained the comparable 
between the first (PD 27) and last (PD 32) days of vicarious stress, at the 20-minute sample 

point. *Significantly different (p<0.05), βSignificantly different from HomeCage(p<0.05). Data 

represents % of time spent frozen. 

 

Vicarious stress during the juvenile period did not produce contextual fear memory in 
adulthood (PD 62) 
 

Repeated-measures ANOVA (with Time being the within-group factor) revealed an 

interaction of Time x Group (F(18, 234)=5.42, p<0.05) and LSD post-hoc analyses determined 
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that Physical-Stress rats had greater percentage of time freezing during the test than all other 

groups at 1, 2, 3, 5 and 6 minutes (p<0.05, Figure 6A). For the total percentage of fear 

expression within the 10 minutes, one-way ANOVA revealed that Physical-Stress rats displayed 

greater fear expression compared to all other groups (F(3,26)=6.61, p<0.05, see Figure 6B). 

  

Figure 6: Contextual fear memory in adulthood (PD 62). A) Physical-Stress rats froze the most 
compared to all other groups during the first six minutes when they returned to the stressful 
context. B) Physical-Stress rats cumulatively froze the most compared to all other groups during 
the 10-minute testing period. *Significantly different from all other groups (p<0.05). Data 
represents % of time spent frozen. 

 

Vicarious juvenile stress did not alter exploration on the EPM in adulthood (PD 63-64) 
 

A one-way ANOVA revealed no significant differences between Groups on the 

percentage of time spent in the closed arms, percentage of time spent in the open arms, 

percentage of time spent in the centre, number of entries into the open arm, the number of 

head dips (p>0.05) (see Table 2, see F-values in Appendix A). There were Group differences on 

the number of closed arm entries (F(3, 25)=5.23, p<0.05) where Physical-Stress rats entered the 
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closed arms significantly less compared to all groups (p<0.05).  

 

Table 2: Vicarious juvenile stress did not alter exploration in the EPM test in adulthood (PD 63-
64). 

 HomeCage Witness-NoStress Witness-Stress Physical-Stress 

 

Time in Closed Arms (%) 43.04 ± 4.68 43.51 ± 3.42 47.72 ± 3.39   56.09 ± 6.53 
 

Time in Open Arms (%) 10.57 ± 3.73 8.60 ± 3.03 10.29 ± 3.32    9.26 ± 3.23 
 

Time in Centre (%) 46.16 ± 2.87 47.72 ± 3.30 41.64 ± 3.64 34.51 ± 4.13 

# of Open Arm Entries 2.00 ± 0.73 2.89 ± 0.92 2.60 ± 1.32 1.10 ± 0.53 

# of Closed Arm Entries 7.60 ± 0.62 8.77 ± 0.83 8.90 ± 0.77 *5.40 ± 0.64 

# of Head Dips 2.20 ± 1.21 4.44 ± 1.65 2.40 ± 1.65 1.90 ± 1.22 

*Significantly different from all groups (p<0.05)   

 
 

Vicarious juvenile stress did not alter exploration on the OFT in adulthood (PD 65-66) 
 

A one-way ANOVA revealed that there were no significant Group differences on 

locomotor activity in the centre (F(3,35)=1.34, p>0.05), however there were Group differences 

for locomotor activity in the periphery (F(3, 35)=6.55, p<0.05). Physical- Stress rats had less 

locomotor activity compared to control HomeCage rats and Witness-Stress rats (p<0.05). In 

addition, the Witness-Stress group had greater locomotor activity than the Witness-NoStress 

group (p<0.05).  

One-way ANOVA revealed that there were no significant Group differences on the time 

spent in the centre (F(3,34)=1.40, p>0.05) and in the periphery of the open field (F(3, 35)=1.49, 

p>0.05; see Figure 7). 
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Figure 7: Vicarious stress did not reduce exploration in the open field test. A) Witness-Stress 
rats had more locomotor activity than Physical-Stress and Witness-NoStress rats in the 
periphery of the open field. B) There were no differences between groups in time spent in the 

periphery and in the centre of the open field. *Significantly different from each other (p<0.05).  

 

Vicarious juvenile stress did not alter exploration of a novel object in the novel object 
exploration test in adulthood (PD 65-66) 
 

There were no Group differences on the time spent investigating a novel object, time 

spent in the periphery, latency to approach the object, time spent sniffing, and time spent 

touching the object (see Table 3, see F-values in Appendix A). 

Vicarious juvenile stress did not sensitize HPA-axis response to an air-puff stressor in 
adulthood 
 

A one-way ANOVA determined that there were no Group differences on corticosterone 

levels after an acute air-puff stressor (F(3,75)=0.41, p>0.05; see Table 4). 
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Table 3: Vicarious juvenile stress did not alter the exploration of a novel object. 

 Group 

Time (secs) 

HomeCage Witness-NoStress 

 

 

Witness-Stress Physical-Stress 

 
 
 

Centre with Object 352.40 ± 66.56 382.50 ± 59.69  347.29 ± 56.65 341.78 ± 58.65 
 

Periphery 547.50 ± 66.56 517.40 ± 59.69 552.62 ± 56.65 558.12 ± 58.65 
 

Latency to Approach 31.41 ± 16.63 45.22 ± 20.62 41.70 ± 19.53 51.72 ± 19.72 

Sniffing Object 126.54 ± 14.63 79.47 ± 9.73 106.31 ± 17.59 102.86 ± 16.17 

Touching the Object 39.81 ± 6.20 21.50 ± 8.53 42.91 ± 12.79 25.50 ± 6.26 

 

Table 4: Vicarious juvenile stress did not sensitize the HPA-axis response after an air-puff 
stressor in adulthood. 

Group 
Corticosterone levels 

(ng/sample) 

 
HomeCage 293.48 ± 30.08 

 
Witness-NoStress 318.89 ± 29.66 

 
Witness-Stress 325.66 ± 33.38 

 
Physical-Stress 342.57 ± 35.17 
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Study 2 - Comparison of the effects of vicarious juvenile stressors in 
individual and pair-housed rats. 
 

Methods 
 

All experimental procedures met the guidelines established by the Canadian Council on 

Animal Care and were approved by the Animal Care Committee of the University of Ottawa 

Institute of Mental Health Research (Protocol ACC-2015-003). The experimental timeline is 

described in Figure 8. 

Animals 
 

The same number of time-pregnant Sprague-Dawley rats were obtained as described in 

Study 1. On the day after birth, ninety-one male pups were retrieved from the dams and were 

treated as described in Study 1. On PD 21, seventy-five rats were weaned and assigned to two 

cohorts: the pair-housed cohort and the individual-housed cohort. Each cohort consisted of the 

same groups described in Study 1 and for pair-housed cohort, the groups were paired as 

described in Table 5. Witness-NoStress rats were pair-housed with placeholder juvenile rats 

that were not included in analyses (n=10). For the pair-housed cohort, each pairing was from 

the same litter therefore were well-known by each other. 

Vicarious Juvenile Stressor 
 

For this study, we used the same vicarious stressors during the juvenile period (PD 27-

32) as in Study 1. In this study, however, pair-housed Witness-Stress and Witness-NoStress 

observed their cagemate experiencing the stressors or roam around in the apparatus, 

respectively. 
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Table 5: Study 2 group descriptions and visualization.  

 
Table created in Biorender.com 
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Figure 8: Study 2 Experimental Timeline. A) Vicarious stress during the juvenile period (PD 27-
32). Corticosterone levels were measured on PD 25 (baseline) and PD 27 and 32 post-footshock. 
Witness groups (Witness-Stress and Witness-NoStress) fear expression (freezing) was recorded 
for the duration of each stressor (10 minutes). B) Behavioural tests and HPA-axis response test 
to a mild stressor (air-puff) conducted during adulthood. Image created with BioRender.com 

 

Fear expression on PD 27-32 and on PD 62 
 
This was conducted the same as in Study 1.  
 

HPA-axis response to vicarious juvenile stressors on PD 27 and PD 32 

This was conducted the same as Study 1 except on PD 25 corticosterone in blood from a tail 

nick was measured to evaluate the baseline levels before the stressors for each cohort. 
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HPA-axis response to a novel acute stressor in adulthood 

On PD 76 and 77, a baseline measure of corticosterone levels in blood droplets from a 

tail nick in all rats was taken. Then on PD 78 and 79, a novel acute stressor in the form of air-

puffs to the face were conducted as described in Study 1. Blood droplets were collected at 20 

minutes, 50 minutes, and 120 minutes after the first air-puff stressor and were deposited onto 

903 Protein Saver filter paper (GE Healthcare Bio-Science Corp, MA, USA), allowed to dry at 

room temperature and then stored at 20°C. Blood samples were analyzed using a commercial 

RIA as previously described in Study 1.  

Behavioural testing  

All behavioural testing was conducted under conditions outlined in Study 1.  

Open field test (PD 66-67) 
 

Rats were placed in the center of the open field arena measuring (l=70 cm x w=70 cm x 

h=30 cm) and behavior was monitored for 5 minutes. The arena consisted of a square Plexiglas 

area measuring 60 cm x 60 cm with 30 cm high walls. The latency to enter the centre (seconds), 

the amount of time spent in the center of the arena and distance travelled were recorded and 

analyzed using Noldus EthoVision (v.3.1.16). 

Novelty suppressed feeding test (PD 66-67) 
 
  To reduce neophobia before the onset of the novelty suppressed feeding test, rats were 

given a small piece of cookie dough in their home cage to consume on PD 63 and PD 64. On test 

day, immediately after being tested in the OFT, rats remained in the open field for an additional 

habituation period of 10 minutes and then were removed quickly. A pre-weighed amount of 

cookie dough was placed in the center of the open field and rats were placed back on a corner 
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of the open field and video recorded for an additional 5 minutes. Videos were then analyzed to 

determine the latency to approach (seconds) and the amount of cookie dough eaten (g) during 

the testing period.  

Social interaction test (PD 70-72) 
 

Rats were grouped matched based on their body weight to ensure that there was <10g 

difference between pairs. This was done to prevent anxiety induced by intimidation as an effect 

of significant size differences between matched rats (File, 1980; File et al., 2005). Pair-housed 

rats were individually housed for 2 days prior to the beginning of the social interaction test (PD 

68 and 69) with a handful of familiar bedding placed in their new cage. Therefore, during 

habituation and the test, rat pairs were unfamiliar to each other yet belonged to the same 

cohort and group. Social interaction was conducted over a period of three days consisting of 

habituation on the first two days and the last day being testing. On day 1 of habituation, paired 

rats within each cohort were placed in the arena for five minutes to familiarize with each other. 

On day 2 of habituation, each rat was individually placed in the arena for three minutes to 

acclimatize to the environment. On test day, paired rats were placed in the arena and the 

behaviors of both rats were video recorded for seven minutes. Videos were carefully examined 

to determine the total time spent grooming and engaging in social interactions (sniffing, 

following, climbing over and under, allogrooming, playfighting and anogenital sniffing). Table 6 

describes these social behaviours. 
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Table 6: Description of the social interaction behaviours adapted from (Schweinfurth, 2020). 

 

Social Interaction Behaviour Description 

Sniffing 
Nose touching any part of the body or in very 

close proximity to the other animal. 

Following 
Walking or running behind the other animal 
with their head and nose pointed towards 

them. 

Climbing over/under 
Actively climbing over or under the body of 
the conspecific animal as a form of contact. 

Allogrooming 
Gentle licking and nibbling of a conspecifics 

fur and body parts. 

Playfighting 
Boxing or attacking the nape of the other 
animal. Not for the purpose of aggression. 

Anogenital sniffing 
Sniffing and/or licking the genital area of 
another animal for recognition purposes. 

 

Acoustic startle response (PD 82 and 83)  
 

An acoustic startle procedure described previously by Thirumal (2017) was used. Briefly, 

rats were placed in a transparent plastic cylinder holder (diameter=9 cm, l=20 cm) with two 

openings that were closed on both sides with a clear plastic sliding door. The holder with the 

rat was positioned inside a soundproof box (w=28.5 cm, l=30.5 cm, h=28.5 cm) and connected 

to a piezoelectric accelerometer (San Diego Instruments Inc., San Diego, CA, USA) with the door 

closed and no illumination. A high-frequency loudspeaker inside the chamber produced both 

continuous background noise and acoustic stimuli. After 5 minutes of habituation, 50ms bursts 

of auditory stimuli at 90 decibels (dB), 105 dB, and 120 dB were delivered randomly 30 times 

every 30 seconds. The maximum amplitudes of acoustic startle responses (ASR) were converted 

to voltages and transferred to a computer using SR-LAB software (San Diego Instruments). 
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Statistical analyses 

All statistical analyses were conducted using IBM’s Statistical Package for Social Sciences 

(IBM SPSS statistics version 23). Please refer to Study 1 for the statistical analysis of fear 

expression behaviour.  

The OFT data were analyzed using a two-way ANOVA (Housing x Group) determined 

group differences for percentage of time spent in the centre, latency to enter the centre as well 

as locomotor activity. Similarly, the data from the novelty-suppressed feeding test were 

analyzed with a two-way ANOVA (Housing x Group) to determine differences in the latency to 

approach food and consumption of cookie dough. Data from the social interaction test were 

also analyzed using two-way ANOVAs (Housing x Group). Differences in corticosterone 

concentrations on PD 25, 27, 32, 78 and 79 were analyzed with repeated measures ANOVAs 

with Time (minutes), as the within group factor. Comparison for corticosterone levels at t=20, 

50 and 120 minutes between PD 27 and 32 was evaluated with a repeated measured ANOVA 

with Day as the within group factor and Housing as the between group factor. A two-way 

ANOVA (Housing x Group) was used to analyze group differences for the acoustic startle 

response (Vmax) at 90, 105 and 120db. 

Results 
 

Witness-Stress rats had greater fear expression during the vicarious juvenile stressors 
from PD 27 to PD 32 regardless of housing 
 

Repeated measures ANOVA (Day x Housing x Group) revealed a significant Day x Group 

interaction effect (F(5, 175)=5.91, p<0.05) where regardless of housing conditions, Witness-

Stress rats had greater fear expression than Witness-NoStress rats. Individual-housed rats in the 
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Witness-Stress group had greater fear expression than rats in the Witness-NoStress on all days. 

(p<0.05). Similarly, pair-housed Witness-Stress rats had greater fear expression than pair-

housed Witness-NoStress rats on all days except on PD 27 (p<0.05, see Figure 9).   

 
Figure 9: Fear expression in Witness-Stress and Witness-NoStress during vicarious stress in the 
juvenile period (PD 27-32). A) Individual-housed B) Pair-housed *Significantly different from 
Witness-NoStress (p<0.05).  

 

Corticosterone levels in Physical-Stress, Witness-Stress and Witness-NoStress groups 
were elevated during the first (PD 27) and last (PD 32) of the juvenile stressor 
 

Blood samples collected on PD 27 were analyzed using a repeated measures ANOVA 

(Time x Housing x Group) analysed corticosterone levels at three time points (baseline, 20, 50 

and 120 minutes after the first footshock) to compare levels between groups and housing 

conditions. There were differences in corticosterone levels between groups for each cohort 

(F(9, 192)=7.17, p<0.05). For both the individual-housed rats and pair-housed rats, at 20 and 50 

minutes, all groups had greater levels of corticosterone compared to HomeCage (p<0.05, Figure 

10A and 10B respectively).  
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A second repeated measures ANOVA (Time x Housing x Group) revealed group 

differences in corticosterone concentrations from samples collected on PD 32 (the last day of 

the stressor (F(6, 130)=10.38, p<0.05). At 20 minutes, individual-housed all groups had greater 

levels of corticosterone compared to the HomeCage group (p<0.05, Figure 10C). At 50 minutes, 

individual-housed Physical-Stress and Witness-NoStress rats had greater levels of 

corticosterone compared to HomeCage group (p<0.05, Figure 10C). For pair-housed all groups 

had levels of corticosterone that were greater than the HomeCage group at 20 minutes 

(p<0.05). Also at 20 minutes, pair-housed Witness-NoStress had lower levels of corticosterone 

than Witness-Stress and Physical-Stress (p<0.05, Figure 10D).  

Finally, comparisons of corticosterone levels between PD 27 and 32 at each timepoint 

were made to observe if habituation (a decline in corticosterone levels) to the stressors 

occurred on the final day (PD 32, Figure 11). Repeated measures ANOVA (Day x Group) revealed 

significant differences in corticosterone levels at the 20 minute mark between PD 27 and PD 32 

(F(1, 64)=6.84, p<0.05) where individual-housed HomeCage rats had greater corticosterone 

levels on PD 27 than on PD 32 (p<0.05). In addition, there were differences at the 50 minute 

timepoint (1, 65)=43.90, p<0.05). In both housing cohorts, Physical-Stress and Witness-Stress 

had lower corticosterone levels on PD 32 than on PD 27 (p<0.05). This was also observed for the 

individual-housed Witness-NoStress group only (p<0.05). 

 There were no differences in corticosterone levels between the housing cohorts for PD 

27 and PD 32 and when comparing PD 27 vs PD 32 for timepoint 120 minutes for each housing 

cohort (F-values in Appendix B). 
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Figure 10: Time course of the corticosterone levels on PD 27 and 32 in individual-housed (A and 
C) and pair-housed (B and D) cohorts. *All groups significantly different from HomeCage 

(p<0.05), βPhysical-Stress and Witness-NoStress significantly different from HomeCage (p<0.05) 
αWitness-NoStress significantly different from Witness-Stress (p<0.05). 
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Figure 11: Comparison of corticosterone levels at 20 and 50 minutes (post-footshock) between 
PD 27 and PD 32. A) Individual-housed HomeCage rats had lower levels of corticosterone on PD 
32 at 20 minutes B) Habituation to the stressors was not evident for pair-housed rats at 20 
minutes C) At 50 minutes, individual-housed Physical-Stress, Witness-Stress and Witness-
NoStress corticosterone levels were lower on PD 32. D) At 50 minutes, pair-housed Physical-
Stress and Witness-Stress were lower on PD 32. *Significant difference between PD 27 and PD 
32 in the same group (p<0.05) 

 

Vicarious stress during the juvenile period did not produce contextual fear memory in 
adulthood (PD 62) 
 

For total fear expression, there were significant Group differences in each housing 

cohort (F(2, 47)=142.76, p<0.05). In the individual-housed and pair-housed cohorts, Physical-

Stress rats had longer freezing times than all other groups (p<0.05). There was an effect of 
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Housing (F(1, 47)=47.94, p<0.05) such that pair-housed Physical-Stress rats froze more than 

individual-housed Physical-Stress rats (see Figure 12A).  

When observing fear expression in one minute bins, repeated measures ANOVA 

revealed a Time x Group interaction effect (F(18, 207)=12.83, p<0.05) for the individual-housed 

cohort. Individual-housed Physical-Stress rats had showed more freezing than individual-

housed Witness-Stress from 1-5 minutes (p<0.05). In the pair-housed cohort, a repeated 

measures ANOVA revealed a significant Time x Group interaction effect (F(18, 216)=7.90, 

p<0.05), where for the first 8 minutes Physical-Stress rats had greater froze for longer than 

Witness-Stress (see Figure 12B and C). Repeated measures ANOVA revealed an interaction of 

Time x Group x Housing (F(18, 423)=2.01, P<0.05) where pair-housed Physical-Stress rats had 

greater fear in expression in the first 8 minutes than individual-housed Physical-Stress rats 

(p<0.05).   
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Figure 12: Contextual fear memory in adulthood (PD 62). A) Physical-Stress group froze the 
most than all groups in both housing cohorts. Pair-housed Physical-Stress group froze more 
than individual-housed Physical-Stress group. Time course of fear expression in B) individual-
and C) pair-housed cohorts, respectively. Physical-Stress group had greater fear expression over 
the course of 10 minutes compared to Witness-Stress group for both cohorts. Pair-housed 
Physical-Stress rats had greater fear expression in the first 8 minutes than individual-housed 

Physical-Stress rats *Significantly different from all groups (p<0.05), αSignificant Housing effect 

(p<0.05). Data represents % of time spent frozen. 

 

Exposure to a novel environment as a juvenile, regardless of vicarious stress or direct 
stressor exposure, led to less time in the centre of the open field in adulthood (PD 66-67) 
 

A one-way ANOVA unveiled significant differences between groups for rats housed 

alone and for rats housed with a cagemate for locomotor activity. Witness-Stress and Witness-

NoStress rats housed alone had significantly less locomotor activity compared to similarly 
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housed HomeCage rats (F(3, 63)=10.98, p<0.05, see Figure 13A). In the pair-housed group of 

rats, HomeCage control rats had greater locomotor activity in the centre compared to all 

groups (p<0.05). Pair-housed Witness-NoStress had less locomotor activity in the centre 

compared to pair-housed Witness-Stress (p<0.05). (p<0.05, see Figure 13B).  

There were significant differences between groups for rats housed alone and for rats 

housed with a cagemate (F(3, 63)=7.61, p<0.05) for percentage of time spent in the centre of 

the open field (see Figure 13B). All groups spent less time in the centre compared to the 

HomeCage group regardless of being housed alone or with a cagemate (p<0.05).  

There was a Group x Housing interaction for latency to enter the centre (F(3, 58)=5.61, 

p<0.05). Individual-housed Physical-Stress and Witness-Stress had a shorter latency to enter the 

centre compared to their pair-housed counterparts (p<0.05). Pair-housed Physical-Stress rats 

had greater latency to enter the centre compared to pair-housed HomeCage rats (p<0.05, see 

Figure 13C).  

There were no significant differences between groups for locomotor activity in the 

periphery for each housing cohort and no main effect of Housing for locomotor activity and 

time spent in the periphery and centre (F values in Appendix B). 
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Figure 13: Open-field test in adulthood. A) Locomotor activity in the centre was greater in the 
HomeCage group in each Housing cohort. B) HomeCage groups spent more time in the centre 
than the rest of the groups *Significantly different from HomeCage (p<0.05); βSignificantly 
different from Witness-Stress αSignificant difference between housing conditions (p<0.05). 

 

Vicarious juvenile stress did not alter novelty-suppressed feeding in adulthood (PD 66-67) 
 

There was a main effect of Housing (F(1, 62)=4.94, p<0.05) where individual-housed 

Physical-Stress and HomeCage groups had greater latency to approach the cookie dough than 

their pair-housed counterparts (p<0.05, see Table 7). There were, however, no other group 

differences for cookie dough consumed, number of approaches to the cookie dough and 

latency to approach the cookie dough. There were no main effects of Housing for cookie dough 

consumed, approaches to the cookie dough or latency to approach the cookie dough (F-values 

in Appendix B) 
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Table 7: Novelty-suppressed feeding results.  

 Group Individual-housed Pair-housed 
Significant 

comparisons 
(p<0.05) 

Cookie dough 
consumed (g) 

HomeCage 1.95 ± 0.67 1.69 ± 0.30  

Witness-NoStress 1.53 ± 0.22 1.96 ± 0.47  

Witness-Stress 1.38 ± 0.18 2.9 ± 0.55  

Physical-Stress 2.06 ± 0.23 1.76 ± 0.27  

Approaches toward 
cookie dough (g) 

HomeCage 16.17 ± 1.66 16.63 ± 0.80  

Witness-NoStress 15.44 ± 0.71 13.20 ± 1.05  

Witness-Stress 16.71 ± 1.23 13.9 ± 1.44  

Physical-Stress 14.6 ± 1.13 13.7 ± 0.84  

Latency to 
approach (g) 

HomeCage 86.77 ± 39.57 36.11 ± 4.72 Individual > Pair 
Witness-NoStress 39.13 ± 6.94 43.39 ± 6.11  

Witness-Stress 42.64 ± 11.36 41.24 ± 7.86  
Physical-Stress 71.7 ± 14.32 35.49 ± 10.07 Individual > Pair 

 
 

Social interaction test (PD 72) 
 

There were main effects of Housing on several social behaviours (Table 8). For sniffing 

(F(1, 59)=16.68, p<0.05) individual-housed Witness-Stress, Witness-NoStress and HomeCage 

groups sniffed more than their pair-housed counterparts (p<0.05, see Figure 14A). For 

over/under (F(1, 59)= 29.34, p<0.05) individual-housed Physical-Stress, Witness-Stress and 

Witness-NoStress spent more time than their pair-housed counterparts (p<0.05, see Figure 

14B). For allogrooming (X2=4.49, p<0.05), individual-housed Physical-Stress allogroomed more 

than their pair-housed counterpart (Table 8). For anogenital sniffing (F(1, 59)=13.91, p<0.05), 

individual-housed Witness-Stress spent more time anogenital sniffing than pair-housed 

Witness-Stress (p<0.05, Table 8).  

There was a main effect of Housing for total time spent social interaction (F(1, 

59)=31.06, p<0.05) where individual-housed Physical-Stress, Witness-Stress, and Witness-

NoStress had greater total time spent social interacting than their pair-housed counterparts 
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 (p<0.05, see Figure 14C).  

 There were no significant differences between the groups for each cohort for sniffing 

over/under, following, allogrooming, playfighting, anogenital sniffing, grooming and total social 

interaction behaviours (Table 8). There were no main effects of Housing for following, 

playfighting and grooming (F-values in Table 3 in Appendix B) 

 

Table 8: Social interaction behaviours for each group in the individual- and pair-housed cohorts.  

 

Behaviour (secs) Group 
Individual-

housed 
Pair-housed 

Significant 
comparisons 

(p<0.05) 

Following 

HomeCage 7.83 ± 1.47 4.74 ± 1.17  

Witness-NoStress 10.24 ± 2.15 6.64 ± 1.54  

Witness-Stress 11.31 ± 2.95 12.17 ± 2.85  

Physical-Stress 9.31 ± 1.62 11.92 ± 2.36  

Playfighting 

HomeCage 0.48 ± 0.33 1.73 ± 1.11  

Witness-NoStress 1.33 ± 0.73 0.85 ± 0.66  

Witness-Stress 0.40 ± 0.26 0.32 ± 0.18  

Physical-Stress 1.64 ± 0.63 0.18 ± 0.12 Individual > Pair 

Anogenital sniffing 

HomeCage 7.20 ± 1.87 4.30 ± 1.11  

Witness-NoStress 5.35 ± 0.67 2.23 ± 0.58  

Witness-Stress 7.45 ± 1.98 2.98 ± 0.58 Individual > Pair 

Physical-Stress 6.11 ± 1.75 3.90 ± 0.83  

Grooming 

HomeCage 11.52 ± 3.16 8.09 ± 1.86  

Witness-NoStress 6.35 ± 1.75 9.22 ± 1.02  

Witness-Stress 9.50 ± 1.59 13.39 ± 2.86  

Physical-Stress 7.58 ± 2.06 10.20 ± 2.41  

Allogrooming 

HomeCage 9.81 ± 6.08 5.42 ± 2.26  
Witness-NoStress 8.85 ± 2.01 6.44 ± 2.47  

Witness-Stress 10.39 ± 4.22 3.68 ± 0.77  
Physical-Stress 10.70 ± 2.98 4.27 ± 1.48 Individual > Pair 
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Figure 14: Social interaction behaviours for group in individual- and pair-housed cohorts. A) 
Sniffing B) Over/Under and C) Total social interaction *Significant difference between housing 
conditions (p<0.05) 
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Acoustic Startle Response 
 

Data analyses demonstrated that there were significant differences between groups in 

acoustic startle responses at 90db but not at louder tones (F(3, 61)=3.08, p<0.05, see Table 9). 

For the individual-housed cohort, Witness-Stress had a lower startle response than Witness-

NoStress (p<0.05). In the pair-housed condition, rats that experienced shocks as juveniles 

showed a greater startle response than rats that witnessed their cagemates being shocked 

(p<0.05). There was no main effect of Housing for 90db, 105db and 120db and no group 

differences for 105db and 120db (F-values in Appendix B). 

 
Table 9: Acoustic startle response in adult rats. Vicarious stress during the juvenile period did 
not alter acoustic startle responses.  
 

Acoustic Volume Group 
Vmax 

Individual-housed Pair-housed 

90db 

HomeCage 29.79 ± 4.19 25.20 ± 4.57 

Witness-NoStress 40.33 ± 6.10 25.03 ± 3.29 

Witness-Stress 19.80 ± 1.08* 22.44 ± 1.85 

Physical-Stress 32.23 ± 4.27 36.60 ± 6.93+ 

105db 

HomeCage 259.08 ± 31.55 133.23 ± 24.97 

Witness-NoStress 247.24 ± 56.93 177.11 ± 17.31 

Witness-Stress 178.91 ± 30.46 210.47 ± 30.47 

Physical-Stress 185.71 ± 24.12 236.04 ± 66.57 

120db 

HomeCage 369.83 ± 50.66 372.90 ± 56.96 

Witness-NoStress 493.75 ± 91.48 457.86 ± 71.66 

Witness-Stress 458.94 ± 118.50 445.31 ± 57.01 

Physical-Stress  483.61 ± 65.16 366.80 ± 43.10 

*Significantly different from Witness-NoStress in the same housing cohort 
 +Significantly different from Witness-Stress in same housing cohort 
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Corticosterone levels after an air-puff stressor in adulthood 
 

A repeated measures (Time x Group x Housing) was used to analyze corticosterone 

levels after an air-puff at 20, 50 and 120 mins (within group factor). Though corticosterone 

levels increased in all groups in both cohorts at 20 and 50 minutes (F(3, 195)=111.91, p<0.05), 

there were no differences between groups for each cohort (F(9, 195)=.048, p>0.05). However, 

there was a main effect of Housing (F(3, 195)=4.20, p<0.05). Individual-housed Physical-Stress 

had greater corticosterone levels than pair-housed Physical-Stress at all timepoints (p<0.05). 

Individual-housed Witness-Stress had lower levels of corticosterone at baseline than pair-

housed Witness-Stress (p<0.05). At 20 minutes, individual-housed HomeCage had greater 

corticosterone levels than pair-housed HomeCage (p<0.05) and at 120 minutes, individual-

housed Witness-NoStress had lower levels of corticosterone than pair-housed Witness-

NoStress (p<0.05, see Table 10).  
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Table 10: Corticosterone levels after an air-puff stressor in adulthood at 20, 50 and 120 
minutes.  

Timepoint Group Individual-housed Pair-housed 
Significant 

Comparisons 
(p<0.05) 

Baseline 

HomeCage 857.43 ± 115.96 592.54 ± 117.97  

Witness-NoStress 596.55 ± 149.48 536.08 ± 128.84  

Witness-Stress 502.67 ± 117.08 945.42 ± 198.24 Individual < Pair 

Physical-Stress 999.75 ± 192.16 362.28 ± 51.07 Individual > Pair 

20 minutes 

HomeCage 3647.25 ± 758.08 2320.97 ± 376.65 Individual > Pair 

Witness-NoStress 3325.09 ± 343.79 3005.73 ± 332.96  

Witness-Stress 2915.16 ± 335.07 3087.53 ± 283.69  

Physical-Stress 3331.33 ± 472.97 2158.67 ± 245.82 Individual > Pair 

50 minutes 

HomeCage 3647.25 ± 758.08 2320.97 ± 376.65  

Witness-NoStress 3255.92 ± 540.32 3012.14 ± 537.25  

Witness-Stress 3178.16 ± 560.60 2648.44 ± 280.53  

Physical-Stress 4083.72 ± 824.71 2206.99 ± 310.66 Individual > Pair 

120 minutes 

HomeCage 961.26 ± 131.09 876.95 ± 201.71  

Witness-NoStress 624.09 ± 90.88 1315.71 ± 302.56 Individual < Pair 

Witness-Stress 1083.90 ± 156.18 1233.09 ± 213.27  

Physical-Stress 1356.40 ± 364.69 878.33 ± 209.68 Individual > Pair 

 

Discussion 
 

The objectives of Study 1 and Study 2 were to study the effects of vicarious stress on 

behaviour and HPA-axis activity of male rats during exposure to direct or vicarious stressors in 

the juvenile period and to examine if these stressors would have effects that lasted into 

adulthood. The results show that vicarious stress during the juvenile period increased fear 

expression, while observing an unfamiliar or familiar rat being stressed, confirming emotional 

contagion, yet there were minimal enduring effects on behaviour in early adulthood.  

During the juvenile period, witnessing direct stress occurring to another animal 

activated the HPA-axis causing elevated corticosterone levels. Importantly, we measured 

corticosterone at subsequent time points to evaluate the negative feedback in the Witness-
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Stress rats. At the 20-minute time point, corticosterone levels were elevated in individual-

housed rats (Study 1 and Study 2) and in pair-housed rats (in Study 2) at comparable levels, 

suggesting that social isolation (from individual housing) and social housing (from pair-housing) 

did not impact HPA-axis reactivity. These observations are in line with previous studies using 

vicarious chronic social defeat (Patki et al 2014; Sial et al, Finnell et al, Carnevali et al 2017, 

Kochi et al 2017), and observational fear-learning (Gutiérrez-García et al., 2006) measuring 

corticosterone at similar timepoints (15-20 minutes). Importantly, the surge of corticosterone 

at the 20 minutes timepoint remained the same between the first and last day of the juvenile 

vicarious stress (PD 27 and PD 32 respectively) in Witness-Stress and Physical-Stress groups but 

were at lower levels on PD 32 (compared to PD 27) at 50 minutes. Therefore, habituation to the 

stressors did occur whether it was directly or vicariously experienced.   

 We predicted that the rise in corticosterone levels would be unique to only watching an 

animal in distress, yet on the contrary, we observed similar activation of the HPA-axis in 

Witness-NoStress animals. Acting as controls, Witness-NoStress rats only observed another rat 

roam freely yet had similar levels of corticosterone at 20 minutes and other subsequent 

timepoints compared to Witness-Stress rats in both housing conditions. This elevated level of 

corticosterone seen in Witness-NoStress rats could be attributed to a heightened sense of 

awareness induced by a change in environments (moving from their cage to the witness box) 

and the novelty of the witness box (Armario et al., 1983; Muir & Pfister, 1987). Importantly, 

these data also suggest that transportation of the animals to the testing environment activates 

the HPA axis almost to the same extent as witnessing or experiencing the stress paradigm. 
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 Even though both Witness-Stress and Witness-NoStress rats had elevated levels of 

corticosterone, Witness-Stress rats showed longer freezing times while observing another rat 

experience three different types of stress and this was not observed in Witness-NoStress rats 

who only observed freely roaming rats. This was expected as this fear expression is a result of 

emotional contagion. When watching the Physical-Stress rats freeze immediately after a 

footshock, Witness-Stress rats’ emotional state becomes aroused and reflects the emotional 

state of their distressed peer. As a result, Witness-Stress rats start to freeze. It is also thought 

emotional contagion through observation facilitates an animal to learn the appropriate 

response to an aversive event if in the future they encounter it or to avoid it all together 

(Andraka et al., 2021; Hernandez-Lallement et al., 2020). One argument against emotional 

contagion causing the freezing is that it is the cues (ultrasonic vocalizations, pheromones, scent 

from urination and defecation) that are eliciting a stress and freezing response in the Witness-

Stress rats, rather that the observation of the distressed Physical-Stress animal (Saito et al., 

2016). Yet this can be refuted as studies using vicarious social defeat have proven that opaque 

barriers between the witness and the directly-stress mouse or rat can prevent behavioural and 

neuroendocrine deficits. Taking away the ability to smell and hear and still observing a 

distressed animal does not mitigate emotional contagion (Patki et al., 2014, 2015; Sial et al., 

2016; Warren et al., 2013). Therefore, the elevated levels of corticosterone and the freezing in 

Witness-Stress rats is a response to seeing their peer experience and behaviourally (freezing) 

respond to an aversive stimulus, thus verifying that emotional contagion is developed in 

juvenile rats. 
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In our studies, the Witness-Stress group’s fear expression was observed for 20% of the 

duration of each stress session and this was independent of familiarity with the Physical-Stress. 

Though this expression is considered low, it coincides with observational fear-learning studies 

which observe similar levels of fear expression in adult rats and mice (Atsak et al., 2011; 

Gonzalez-Liencres et al., 2014; Jeon & Shin, 2011; Kim et al., 2012). One reason for the lower 

levels of fear expression in Witness-Stress rats is that there could be some stress-buffering from 

being in the presence of another animal, thus preventing higher levels of freezing. Another 

reason is that emotional contagion does not elicit a behavioural response to the same extent of 

physically experiencing stress. Thus, it could be argued that vicarious stress is a less potent 

stressor experience for the witness leading to a dampened behavioural response. Evolutionarily 

speaking, this reduced behavioural response can prime the animal for future stressors that are 

like those they witnessed their peer experienced. In addition, fear expression was consistent for 

not only the footshock stressors, but as well for the forced swim and restraint. Therefore, fear 

expression can be induced for a variety of stressors that are witnessed as seen in our studies. It 

is pertinent that future research in vicarious stress incorporate measuring this behaviour for 

other types of observed stressors. 

Adult animals who are familiar to one another because they are siblings, or because 

they are co-housed for two weeks or more, or because they are mating pairs, show enhanced 

emotional responses when observing their partner being exposed to noxious stimuli compared 

to those witnessing a unfamiliar animal experience the same stimuli (Agee et al., 2019; 

Gonzalez-Liencres et al., 2014; Jeon & Shin, 2011; Keum et al., 2016). In the current study, 

familiarity was not a factor in juvenile rats. Fear expression in juveniles was not enhanced by 
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familiarity. This was unexpected since these pair-housed juvenile rats were siblings from the 

same dam and social transmission of fear is enhanced between a witness and a demonstrator 

(synonymous to Physical-Stress) that are of kin (Agee et al., 2019). It is possible that additional 

cues with the context are required for better emotional contagion between familiar animals. 

Cued responses right before delivering a shock to a demonstrator, such as a tone or light, act as 

alarm signals for the demonstrator and for the witness. The witness learns to associate the 

demonstrator’s behaviour (freezing) to the cue and thereby also freezes to the cue and freezes 

more if their demonstrator is of kin or is familiar (Agee et al., 2019; Bruchey et al., 2010; 

Monfils & Agee, 2019). Though these studies used adult rats, it is possible that juveniles also 

require additional cues to enhance fear expression when observing their cagemate experience 

footshocks. Alternatively, juveniles may experience the vicarious experience equally regardless 

of whether they are familiar with the animal being stressed or not. 

In addition, social isolation did not further impact fear expression levels during the 

stressor period in Witness-Stress juveniles. Socially isolated adolescent rats (from three weeks 

post-weaning (PD 21)) had less fear expression during the observation of a unfamiliar rat being 

shocked than adolescent rats that were socially housed and who were still observing an 

unfamiliar rat being shocked (Yusufishaq & Rosenkranz, 2013). It was suggested that socially 

housed rats had greater orienting behaviours during the stressor, such as spending more time 

near the barrier or orienting the body towards the demonstrator receiving footshocks more 

than socially isolated rats. Due to our experimental setup, we could not measure these 

orienting behaviours in our Witness-Stress rats however we did not see a difference in fear 

expression in our single-housed Witness-Stress rats compared to rats that were housed with 
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cagemates. Hence, housing conditions in our studies and possibly in juvenile rats do not further 

enhance fear expression during vicarious stress. 

Another important factor that could have mitigated the effect of familiarity between 

juvenile Witness-Stress and Physical-Stress is social salience. First and foremost, juvenile and 

adult rats socialize differently. Juveniles engage in more social ‘playful’ behaviours like 

playfighting and project more vocalizations whereas adult rats may take longer to initiate social 

contacts with an unfamiliar rat and engage in less playful behaviours (Burke et al., 2017; 

Douglas et al., 2004; Ikemoto & Panksepp, 1992; Knutson et al., 1998; Lukas & Wöhr, 2015; 

Thor & Holloway, 1984; Vanderschuren et al., 1997; Varlinskaya & Spear, 2008). In the current 

studies, the juvenile rats were separated by a barrier during the stressors and thus physical 

social contact was limited. Considering that juvenile rats are inherently more social, non-visual 

social cues like scent and vocalizations may have greater salience between two juvenile rats, 

compared to two adult rats, during the stressor period and familiarity is not important. Thus 

witnessing trauma to another juvenile animal that was vocalizing distress calls (though not 

recorded here) may be extremely distressful, diminishing any effect that familiarity may have 

during this developmental period (Wöhr & Schwarting, 2013; Yee et al., 2012). It is also unclear 

if distress vocal calls emitted during vicarious stress contributes to emotional contagion since in 

adult male rats freezing behaviour is either uncorrelated or positively correlated with number 

of distress calls (Fendt et al., 2021; Jones & Monfils, 2016). Future studies should examine the 

role of vocalizations during the stress sessions to determine if these vocalizations have a 

stronger effect in enhancing vicarious stress responses in juvenile rats than in adult rats. 



 88 

Once these rats became young adults, they were placed back into the context 

associated with juvenile stressors and fear expression was measured to evaluate if fear memory 

was retained after vicarious juvenile stress. In our study, vicarious stress during the juvenile 

period did not seem to produce fear memory when Witness-Stress rats returned to the witness 

box in adulthood. In addition, familiarity between the pair-housed Witness-Stress and Physical-

Stress rats did not enhance fear memory once rats reached adulthood. This is in contrast with 

results from an observational fear-learning study, where adult witness rats froze as much as the 

directly stressed rats (their cagemate) 21 days after the last stress session for more than 50% of 

the testing duration (10 minutes) when placed back in the context (Yu et al., 2015). In Yu et al.’s 

study, the rats were single-housed thus the effect of familiarity with the shocked animals was 

not tested. We did not observe this long-term effect in juvenile rats as vicarious stress may not 

be a strong enough stressor to produce long-term contextual fear memory that would persist 

into adulthood. It is also possible juvenile rats may not be able perceive the distress of their 

peer to the same extent as adult rats, minimizing long-term impacts. To elicit a stronger and 

long-lasting fear memory, juvenile witnesses may need to first encounter an aversive stimulus 

and then later witness their peer encounter the same aversive situation. Past experience in 

juvenile witnesses could facilitate stronger emotional contagion because of a shared experience 

and could strengthen the fear memory to last in adulthood. This has been observed in adult 

male and female mice (Atsak et al., 2011; Church, 1959; Sanders et al., 2013; Zheng et al., 

2020). In addition, contextual fear memory could have been observed if tested in adolescence 

rather than in adulthood as similarly seen in directly shocked early-adolescent rats (Esmorís-

Arranz et al., 2008).  
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It is important to highlight that contextual fear expression was observed in the Physical-

Stress rats and when being pair-housed with a Witness-Stress rats led to further enhanced fear 

expression compared to the individual-housed Physical-stress rats. Thus, familiarity enhances 

the stressful experience during the juvenile period but only for the Physical-Stress rats. It is 

possible that during the juvenile stressor period, the fear expression by their cagemate 

Witness-Stress, although low, along with other stress cues like ultrasonic vocalizations, 

pheromones and urination caused further distress in the Physical-Stress rats (Gutiérrez-García 

et al., 2006). Chronic exposure to the distress of their own cagemate during the juvenile period 

may evoke cues that become associated with the context, leading to a stronger fear memory. 

Presently, there are no vicarious stress and emotional contagion studies that observe the 

impact of housing in the directly stressed animal as the focus is mainly on the witness animal. 

Therefore, familiarity for Physical-Stress rats is important in enhancing fear memory due to the 

social housing contributing to social transmission of fear.  

Alternatively, lower levels of contextual fear expression in the individual-housed 

Physical-Stress rats could be attributed to social isolation. During the stressors in the juvenile 

period, the only source of socialization (since being weaned) for the Physical-Stress rats were 

the Witness-Stress rats, though only through a transparent barrier. This could have led to stress 

buffering due to the presence of another rat, even if unfamiliar. In young rats, social isolation 

increases social behaviours like sniffing and proximity to another animal and a preference for 

social opportunities (Ikemoto & Panksepp, 1992; Shoji & Mizoguchi, 2011). In the current 

studies, such interactions were impeded by the transparent barrier between the Physical-Stress 

and Witness-Stress rats. Yet, the barrier did not prevent other forms of social information from 
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transmitting like olfactory cues, vocal calls, and visual cues, all of which can provide information 

about the emotional status of a conspecific (Kikusui et al., 2006; Kiyokawa et al., 2009; Oliveira 

& Faustino, 2017). Thus the mere presence, scent, visualization and vocalizations, could have 

provided enough social-buffering to mitigate the strength of the fearful memories associated 

with the context in socially isolated animals (Kikusui et al., 2006). 

We predicted that vicarious stress during the juvenile period would result in long-term 

deficits in exploratory behaviours. Rats and mice have a natural tendency to avoid novel 

environments in order to reduce risks and threats however this is conflicted with the 

requirement to explore for food, mating opportunities, kinship and safety and can be 

experimental studied using OFT, EPM and social interaction tests (Sousa et al., 2006). Our data, 

however, showed that juvenile vicarious stress was not sufficient to alter exploratory 

behaviours in areas of increasing risk in the OFT and EPM behavioral tests. Vicarious stress did 

affect locomotor activity, another component of exploration. Our data in Study 1 indicate that 

rats witnessing trauma, compared to direct trauma, increased locomotor activity as measured 

by entries to different arms in the EPM or by distance travelled in the OFT (compared to rats 

with direct trauma and that witnessed no trauma). This implies that witnessing trauma does not 

affect exploration when areas are perceived to be safer. However, in Study 2 this observation in 

the Witness-Stress groups was not replicated in individual- and pair-housing conditions. 

Instead, there was a decrease in locomotor activity in the centre of the OFT in both housing 

conditions. There were no differences in locomotor activity in the periphery of the open field. 

Even within these two studies that were conducted using the same methodology we see 
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inconsistent observations, suggesting that the OFT and EPM may not be appropriate tests to 

study exploratory/anxiety-like behaviours. 

There seems to be inconsistent exploratory behaviours using the OFT in juvenile rats. 

For vicarious social defeat, there were no changes after one month of the witness session and 

with observational fear-learning studies there was greater locomotor activity in the centre of 

the open field after 5 days (Pijlman & van Ree, 2002). We implemented the OFT 30 days after 

the last juvenile stressor, our data (decreased locomotor activity) corroborates more with 

vicarious social defeat and that it seems that the short-term effects of observational fear-

learning during the juvenile period are the opposite of the long-term effects which is what we 

observed.  

In addition, we predicted that like previous studies using juvenile stressors, rats 

witnessing other rats being stressed would also show deficits in social behaviors as adults. Our 

results show that our model of vicarious stress during the juvenile period was not sufficient to 

produce changes in adult social behaviors such as decreased social interaction as seen in other 

juvenile stressors such as the three-day stressor, social isolation, and chronic variable stress (Ali 

et al., 2018; Cordero et al., 2013; Lukkes et al., 2009; MacKay et al., 2014; Toth et al., 2008; 

Tzanoulinou et al., 2014).  

The acoustic startle response is a reflex that is observed in rats and humans alike 

following an unexpected acoustic stimulus. Humans with social anxiety, generalized anxiety 

disorder and PTSD have a sensitized startle response (Butler et al., 1990; Kaviani et al., 2004; 

Larson et al., 2007) and rats and mice have shown a parallel response after stressors such as 

single-prolonged stress, restraint and social defeat (Conti & Printz, 2003; van Erp & Miczek, 
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2001). Specific to vicarious stress using observational fear-learning, witness rats had a greater 

startle response compared to rats that did not observed a stressed animal and ones that 

remained in their home cage (Knapska et al., 2006). Results from the present study, however, 

showed that juvenile rats that experienced stressed directly or by witnessing did not show 

increased startle responses at the loudest volumes (105 and 120db). Individual-housed 

Witness-Stress rats had a lower startle response than Witness-NoStress rats, and that paired-

housed Witness-Stress rats had a lower startle response compared to Physical-Stress rats but 

only at the 90db level. In the case of the pair-housed dyad, familiarity with the Physical-Stress 

rat could have buffered the sensitivity to an abrupt loud sound.  In both cases, witnessing stress 

led to reduced sensitivity to unexpected acoustic stimuli that are mild however this sensitivity is 

lost for higher volumes, possibly due to a ceiling effect.  

Finally, we tested to see if vicarious juvenile stress would sensitize the HPA-axis when 

experiencing an acute stress during adulthood. We did not observe an effect of vicarious or 

direct stressor exposure for HPA-axis reactivity to air-puff stressor in adulthood and that the 

negative feedback response did not differ between groups. Though only a few vicarious stressor 

studies observe either a blunted HPA-axis response to an acute stressor or similar 

corticosterone levels to controls in witnesses, yet these were conducted in adult animals with 

no juvenile stress (Daniels et al., 2008; Pijlman & van Ree, 2002).  

Overall, it is evident that the effects of vicarious stress during the juvenile period are 

apparent during the exposure time, as rats are witnessing a distressed rat and familiarity does 

not have a strong effect in Witness-Stress rats. Familiarity is argued to enhance emotional 

contagion but also enhance indicators of stress (fear expression, HPA-axis activity). Various of 
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studies find that familiarity between a witness and another animal enhances pain sensitivity, 

fear expression and corticosterone levels in the witness (Carrillo et al., 2015; Jeon & Shin, 2011; 

Kikusui et al., 2006; Sial et al., 2016). When it comes to stress-buffering, one study evaluating 

helping behaviours in rats, rats would help a familiar rat out of a container faster than an 

unfamiliar rat (Bartal et al., 2011; Ben-Ami Bartal et al., 2014; Mason, 2021). However, in our 

present studies we did not see a robust stressor effect of familiarity during the stressor period 

and no stress-buffering effect either (in the form of reduced fear expression during the stress 

session).  

Moreover, vicarious stress during the juvenile period overall was not sufficient in 

eliciting long-term deficits on a variety of exploratory behaviours and contextual fear memory 

in Witness-Stress rats. One consideration to make is that these rats were from time pregnant 

females that were transferred to the facilities. Careful consideration was made to reduce any 

impact to the fetuses by having them transferred earlier in the pregnancy within less than 24 

hours to the vivarium. Once arrived, the pregnant females were placed in a novel cage with 

some of their previous bedding (mixed with new bedding) and left to rest undisturbed till birth.  

Maternal stress occurring for long periods of time at different stages of pregnancy can lead to 

social, exploratory, and learning deficits as well as greater stressor sensitivity in offspring 

(Abramova et al., 2021; Jafari et al., 2017; Peters, 1988). Even though, one cannot deny that 

stress may have been experienced during utero therefore possibly altering the baseline state of 

all these animals. 

All in all, this model of vicarious stress during the juvenile period elicited greater fear 

expression in Witness-Stress rats and this was paired with the elevation of corticosterone levels 
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shortly after observing distress in an unfamiliar or familiar rat. However, there were minimal 

long-term effects in Witnesses for exploratory behaviour and HPA-axis activity in adulthood. 

Therefore, vicarious stress during the juvenile period is impactful as it is happening and perhaps 

changes to exploratory behaviours could be exhibited in adolescence rather than in adulthood. 
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Chapter 3 –Observational fear-learning in 
juvenile and adult rats 
 

Introduction 
 

When individuals share similar experiences, their ability to recognize and understand 

each other’s feelings and perspectives allow to empathize and support each other. Even 

simulations of particular experiences, like poverty, refugee camps, disability and dementia can 

lead to a stronger empathic responses, better perspective-taking and greater compassion 

(Nickols & Nielsen, 2011; Schutte & Stilinović, 2017, 2017; Wijma et al., 2018). Experiencing 

traumatic events heightens attention to emotional and environmental cues to possible future 

encounters with similar stressful events. This experience, however, may aid pivoting this 

attention for the emotional cues of others going through similar trauma, thus facilitating 

greater empathy. This phenomenon is akin to the situation when reading stories of fear and 

loss; participants that had similar experiences to the protagonist, had higher empathy scores, 

due to higher sensitivity to cues and feelings demonstrated in the stories (Eklund et al., 2009).  

Like adults, children can also empathize more with other peers with similar experiences. 

Preschoolers who were told they failed a game showed greater sadness and similar facial 

expressions when watching videos of a child losing in a similar game (Barnett, 1984). Even 

exercises that require perspective-taking (like in acting classes) can enhance cognitive empathy 

(Theory of Mind) in elementary-school and high-school students (Goldstein & Winner, 2012). 

Importantly, adults who experienced childhood trauma that involved death and parental 

upheaval had higher scores on the Interpersonal Reactivity Index empathy test for perspective 
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taking and empathetic concern (Greenberg et al., 2018). However, studying the effects of past 

trauma, especially during critical periods of development, is complex as variations of severity, 

type and chronicity of the trauma, for instance, can effect executive functioning, emotional 

recognition leading to the development of mood disorder; all of which can negatively affect 

components of empathy  (Levy et al., 2019; Motsan et al., 2021).  

Fear-learning include paradigms used to investigate fear memory in PTSD in both 

humans and animals. Once trauma is experienced, a memory of the context and cues 

associated with that trauma is formed, and this memory can be generalized to future 

environments that have similar characteristics. These cues can then evoke emotional distress 

and an array of devasting behavioural responses, such as freezing, panic attacks, hyper-arousal 

increased startle response and anxiety (Murkar et al., 2019; Yehuda et al., 2015). Vicarious 

stress is sometimes referred to as secondary trauma stress or vicarious traumatization and is 

commonly studied in healthcare professionals, first responders and other helping professionals 

who are constantly exposed to the pain and distress of others. Secondary trauma stress leads to 

lower severity of PTSD symptoms, such as re-experiencing the trauma, fear, and hyper-arousal. 

Having had prior traumatic exposure increases the risk of developing secondary trauma stress 

as well. The integration of another individual’s distress creates a memory in the witness (or 

listener depending on the profession) that can be remembered in the future when 

encountering cues that remind them of the vicarious trauma (Gil & Weinberg, 2015; Lerias & 

Byrne, 2003; MacRitchie & Leibowitz, 2010; Sabin-Farrell & Turpin, 2003; Waegemakers Schiff & 

Lane, 2019; Yehuda et al., 2015). Using fear-learning in animals can provide preliminary 
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evidence of how past experiences can influence the effects of vicarious stress behaviourally (Gil 

& Weinberg, 2015).    

Investigating effects of past stressor experiences on vicarious stress can potentially be 

done through animal models using rodents such as mice and rat. Observational fear-learning is 

used to study if prior stressor experience of a shock enhances emotional contagion during 

vicarious stress. This is where witnesses receive a series of footshocks (paired with a cue or 

context) prior to observing a conspecific get stressed with footshocks. Studies that incorporate 

past shock experience in both female and male rats demonstrate that ‘experienced’ witnesses 

emit more distress ultrasonic vocalizations and higher levels of freezing during vicarious stress 

than witnesses with no prior stressor experience. Importantly, there were no differences in 

levels of freezing in male and female witnesses (Atsak et al., 2011; Burgos-Robles et al., 2019; 

Carrillo et al., 2015; Zheng et al., 2020). This indicates that prior experience with a stressor 

increases emotional contagion for the witnesses.  

In observational fear-learning studies in rats and mice, fear memories caused by  

vicarious stress constitute an understudied topic, and limited sources of data show that adult 

rats that witness their cagemate experience shocks froze as much as a directly stressed rat 21 

days after vicarious stress when placed back in the context (Yu et al., 2015). This was, however, 

conducted in adult rats and excluded the factor of prior stressor exposure. Since the juvenile 

period is a sensitive period of development and considering our results in Study 1 and 2 (where 

there were few effects caused by vicarious stressor exposure), we decided to evaluate if prior 

experience of stress would lead to higher levels of freezing and if robust fear memory could be 

observed in juvenile rats witnessing their cagemate experience the same stressor, later in life.   
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Now, a mitigating factor of stress and in this context, vicarious stress in both humans 

and in animals, is social support. The symptoms and development of secondary trauma stress in 

helping professions and healthcare professions can be mitigated by social support provided by 

family, friends and the workplace (Darrow, 2007; Ludick & Figley, 2017). In rat and mice studies, 

observing social interactions when a stressed animal is reunited with its non-stressed cagemate 

reveal more exploratory and touching behaviours (like sniffing and allogrooming) and these 

interactions also decrease HPA-activity, fear memory and self-grooming in the stressed 

cagemate (Burkett et al., 2016; Hennessy et al., 2009; Kiyokawa et al., 2004, 2016; Loewen et 

al., 2020; Mikosz et al., 2015). Considering that some observational fear-learning studies have 

co-housed the witness and their cagemate (who was directly stressed), it is important to 

determine if there are changes in social behaviours immediately after vicarious stress, when 

rats are re-united. Specifically, it would be important to assess whether this can mitigate the 

effects of witnessed and direct stress, and the role that past stressor experience in witnesses 

may have in these social behaviours. Since juvenile rats engage in more social behaviours 

compared to adults, it would be important to discern how vicarious and past stressors can 

affect social behaviours that are known to be stress mitigating. It can be predicted that the 

immediate reunion of the juvenile witness with their stressed cagemate may reduce the long-

term effects of vicarious stress.  

 The focus of this chapter is to investigate if juvenile rats require personal experiences 

that are similar to those of their peers in order for stronger emotional contagion and persistent 

long-term behavioural impacts and comparing their behaviours in adult rats. Considering that 

observational fear-learning using footshocks and past experience in adults produces consistent 
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emotional contagion response during vicarious stress (freezing), in this chapter, this same 

model of vicarious stress was implemented in juvenile rats.  

We hypothesized that emotional contagion is enhanced in juvenile rats with past 

stressor experience while observing their cagemate undergo a series of footshocks. For this 

investigation, we compared emotional contagion between these two age cohorts (juveniles and 

adults) in male and female rats (Study 3 and Study 4 respectively) and examined if prior stressor 

exposure would enhance short- and long-term contextual fear memory, acoustic startle 

responses and social interactions. In addition, we predict that witnesses with no stressor 

experience (both juvenile and adults) would increase social interactions with the cagemate 

after vicarious stress to mitigate the effects of stress through social comfort, however, this 

would be greater in juvenile rats.  

Study 3 –Vicarious stress using observational fear-learning: Investigating 
age differences in female Sprague-Dawley rats 

Methods 
 

Animals 
 
Sixteen timed-pregnant rats were obtained from Charles River Laboratories (Québec, Canada) 

and were individually housed in standard plastic rat cages (24.5 cm × 37.5 cm × 19 cm) at a 

room temperature of 22 ± 1°C on a 12 h light-dark cycle (lights on at 07:00 h and off at 19:00 h) 

with extra bedding and were provided ad libitum access to chow (3.4 kcal/g, 4.5% fat, 18.1% 

protein, 57.3% carbohydrate, Charles River Rodent Diet 5075, Agribrand Purina Canada, 

Woodstock, Ontario, Canada) and water. Two days after birth, 86 female pups were collected 

and randomly distributed to dams that nursed 5-6 pups. On PD 21, rats were weaned and 
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assigned in their respective groups (Table 11) and were pair-housed with another rat of the 

same sex that was nursed by the same dam to ensure familiarity.  

All adult females (n=76) were obtained from Charles River Laboratories (Québec, 

Canada and pair-housed in the same conditions as the pregnant rats described above, except 

with the extra bedding. Rats were pair-housed for two weeks to  ensure familiarity between 

rats (Jones et al., 2018b) and were grouped according to Table 11. Daily vaginal smears were 

obtained for two weeks prior to the beginning of the stressor to confirm estrous cyclicity. Cycle 

length for all females averaged 5.35 ± 0.08 days.  

Experimental Design 

The experimental groups were as depicted in Table 11. The witnesses were NoStress 

(these were the control animals), Naïve, Experienced and Context and paired with their 

cagemate, whom they watched from the witness box. Three days before the start of the 

vicarious stressor procedure, rats were habituated to the experimental rooms for two hours. 

Briefly, on Day 1 – Witness Experience (PD 27 for the juvenile cohort), rats in the Experienced 

and Context witness groups received a footshock, where NoStress and Naïve witnesses did not. 

On Day 2 – Vicarious Stress (PD 28 for the juvenile cohort), Naïve and Experienced witnesses 

observed their cagemate receive footshocks while Context and NoStress witnesses watched 

their cagemate roam freely (Figure 15). Context witnesses were included to observe the effect 

of contextual fear memory from previous footshock experience. The experiment was designed 

as a 2 x 2 x 2 design, vicarious Stress (no stress and stress) as one factor, Past Shock (no 

footshock experience and footshock experience) as the second factor and the third being Age 

(juveniles and adults).
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Table 11: Group description and visualization for female juvenile and adult cohorts. On Day 1/PD 27, Experienced and Context 
Witness groups experienced footshocks. On Day 2/PD 28, Witness groups observed their cagemate experience footshocks or no 
footshock. Colour scheme: White = NoStress, Red=Naïve, Blue=Experienced, Yellow=Context 

 

Witness 
Groups  

Day 1 Witness 
Experience 
(Juveniles - 

PD 27) 

Day 2 Vicarious Stress 
(Juveniles -PD 28)  

Witness Exposure Description 
Sample size (n) 

Females 
Witness Cagemate 

NoStress 

  
     

 
 

 
     

No past footshock experience 
Did not witness cagemate receive any 

footshocks *Control 

 Juvenile: 10 
Adult: 8 

Naïve  

 
    

 
 

 
     No past footshock experience 

Witnessed cagemate receive footshocks 
Juvenile: 11 

Adult: 10 

Experienced  

 
    

 
 

 
     Past footshock experience 

Witnessed cagemate receive footshocks 
Juvenile:  11 

Adult:10 

Context  

 
    

 
 

 
      

Past footshock experience 
Did not witness cagemate receive any 

footshocks 
*To observe the effect of contextual fear 

 

Juvenile: 11 
Adult:10 
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Figure 15: Experimental design and timeline for observational fear-learning in adult and 
juvenile female rats. All rats were habituated to the procedure room for two hours three days 
prior to Day 1. Witness groups observed their cagemate. On Day 1- Witness Experience (on PD 
27 for juveniles). Experienced and Context Witnesses received footshocks for 10 minutes while 
NoStress and Naïve Witnesses did not. On Day 2 – Vicarious Stress (PD 28 for juveniles). Naïve 
and Experienced Witnesses observed their cagemate experience footshocks for 10 minutes. 
NoStress and Context witnesses observed their cagemate roam freely in the fear conditioning 
chamber. Fear expression was recorded on Day 2. Social interaction with their cagemate was 
recorded after the vicarious stress session on Day 2. Behavioural testing after vicarious stressor 
consisted of contextual fear expression, social interaction test and acoustic startle response. 
Colour scheme: White = NoStress, Red=Naïve, Blue=Experienced, Yellow=Context 
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Observational fear learning – vicarious footshock stressor 
 

Habituation: Rats were habituated to the experimental room for two hours, as 

previously recommended 3 days prior to experimental Day 1 (Carrillo et al., 2015).  

Day 1 (PD 27) - Witnesses Experience: Experienced and Context witness rats were 

placed alone in the fear-conditioning chambers (Coulbourn Instruments, as described in 

Chapter 2) with the house lights illuminated in an otherwise dark testing room. The shock 

schedule consisted of a habituation period of two minutes followed by 1.0 mA footshocks (for a 

total of 10 shocks) delivered at the following time points after the rats were placed in the 

apparatus: 2:40, 3:40, 4:00, 4:40, 5:40, 6:00, 8:00, 9:00, 9:40, and 11:30 minutes. There were no 

additional cues associated with the shocks aside from the context (no light/smell/sound cue 

played prior to footshock). NoStress and Naïve Witness groups were placed in the conditioning 

chamber however no footshock were delivered while these animals were in the box. After the 

12-minute period, rats were removed and returned to their home cage, and the apparatus was 

cleaned thoroughly with 70% ethanol (Figure 15). 

Day 2 (PD 28) – Vicarious Stress: Cagemates of the Naïve and Experienced witness groups were 

placed in the fear conditioning chamber and endured the same shock procedure described the 

day before. No footshocks were administered to the cagemates of the NoStress and Context 

witness groups. Witnesses were placed in an acrylic witness box (same as in Studies 1 and 2) 

facing the fear-conditioning chamber containing their cagemate, with a transparent plastic 

divider between the two chambers, as described previously. All rats were removed and 

returned to their home cage after the 12-minute stress period was completed and their social 
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behavior was recorded as described below. The footshock chambers, shock grid, transparent 

barrier and the witness box were all wiped with 70% ethanol (Figure 15). 

Behaviour during Day 2 - Vicarious Stress 
 

Fear expression  
 

Fear expression (freezing in seconds) of all the rats in the Witness groups was recorded 

using a video camera for 12 minutes as earlier described in Chapter 2. Fear expression of their 

cagemate was not recorded due to the experimental set-up that prevented a clear view of the 

cagemate in the footshock chambers.  

Social interaction with cagemate 
 

Following vicarious stressor exposure, witnesses were reunited with their cagemates in 

their home cage in an adjacent experimental room under low illumination. Social interactions 

between Witnesses and their cagemates was recorded for 10 minutes. Animals were returned 

to their home cage and left undisturbed. Total time (in seconds) spent engaged in social 

interactions, the individual social behaviours (sniffing, following, climbing over and under, 

allogrooming, play fighting and anogenital sniffing) and grooming behaviours were scored as 

described previously in Chapter 2 – Study 2. 

Behaviour tests post-vicarious stressor 
 

All behavioural tests were conducted under low illumination (30-40 lux). Rats were 

habituated to the testing room one hour prior to testing. Behaviour was recorded by a video 

camera mounted above or in front of the testing space. Apparatuses were cleaned with 70% 

ethanol between each session.  
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Fear Expression 24 hours after Day 2/PD 28 and on Day 7/PD 33  
 

Fear expression in all Witness groups and their cagemates were recorded for 12 minutes 

as described previously in Chapter 2. Afterwards, rats were removed and returned to their 

home cage. 

Social interaction test (Day 8-9/PD 34-35) 
 

Social interaction tests were conducted as described in Study 2 with some 

modifications. Rats were individually housed for 24 hours prior to the beginning of the social 

interaction test with a handful of familiar bedding placed in their new cage. Social interaction 

was conducted over a period of two days. On the first day (PD 34 for juveniles) rats were 

habituated to the novel open field and their age and weight-matched counterparts for 3 

minutes. On test day (PD 35 for juveniles), matched rats were placed in the arena and the 

behaviors of both rats were observed for seven minutes. Total time spent engaged in social 

interaction (sniffing, following, climbing over and under, allogrooming, playfighting and 

anogenital sniffing), and grooming were quantified.  

Acoustic Startle (Day 10/PD 36) 
 

On PD 36, acoustic startle responses in rats were conducted and recorded using the 

same method as described in Study 2. 

Statistical Analyses 
 

Three-way ANOVA with vicarious Stress (no stress and stress), Past Shock (no footshock 

experience and footshock experience) and Age (Juveniles and Adults – to evaluate age 

differences) as factors was used to determine differences in total fear expression (expressed as 

a percentage of freezing over the total testing period) on the day of Vicarious Stress Day, 24 
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hours later, and on the 7th day. On Vicarious Stress Day, repeated measures ANOVA (with Time 

as the within-group factor) analyzed percentage time freezing across 12 minutes. The social 

interaction test on Vicarious Stress Day with the cagemate and with a novel animal and 

acoustic startle (Vmax for 90, 105 and 120db) were also analyzed using three-way ANOVAs.  

An = 0.05 was chosen as a critical level to attain statistical significance and Least 

Significant Difference (LSD) tests were used for post-hoc comparisons. The F-values specified 

represent that the assumption of sphericity was met. Graphical analyses, Levene’s and Shapiro-

Wilk tests were used to check for model assumptions (normality and constancy of variance). 

When assumptions were violated, appropriate non-parametric tests were implemented. Data 

points ±3 standard deviations from calculated means were considered as outliers and not 

included in statistical analysis (Taylor, 1997). Values are represented as means ± standard error 

of the mean.  

Results  
 

Experienced juvenile and adult female rats froze the most while observing a distressed 
cagemate 
 

Total fear expression was determined by three-way ANOVA revealing a main effect of 

Stress (F(1,71)=22.89, p<0.05), Past Shock (F(1,71)=78.06, p<0.05), an interaction of Age x Stress 

(F(1,71)=4.55, p<0.05), Stress x Past Shock (F(1,71)=16.84, p<0.05) and Age x Stress x Past Shock 

((F(1,71)=5.11, p<0.05). First, Experienced rats in both age groups froze more than Context and 

Naïve rats (p<0.05). Adult Context rats froze more than juvenile Context rats (p<0.05, see Figure 

16A). There was no main effect of Age and no interaction of Age x Past Shock (for F-values see 

Appendix C). 
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Figure 16: Fear expression on Vicarious Stress Day for juvenile and adult female rats. A) Past 
footshock exposure increased total fear expression in both age groups. B and C) Experienced 
females had greater levels of fear expression. C) In adult females, contextual fear memory also 
increased fear expression. *Significantly different from Context in same age cohort (p<0.05), 
βSignificantly different from Naïve of same age cohort (p<0.05), Significantly different from 

NoStress of same age cohort (p<0.05). εSignificant Age effect in the same group. Data 
represents % of time spent frozen. 

 
When observing levels of freezing from 1- 12 minutes during vicarious stress, repeated 

measures ANOVA revealed a main effect of Stress (F(11,781)=6.64, P<0.05), a main effect of 

Past Shock (F(11, 781)=7.34, p<0.05) and an interaction of Stress x Past Shock F(11,781)=5.89, 

p<0.05). For female juveniles, Experienced rats froze more while observing their cagemate 

β β 



 108 

experience footshocks from 2-12 minutes compared to Context (p<0.05) and from 1-12 minutes 

when compared to Naïve rats (p<0.05, Figure 16B). For adult females, Experienced rats froze 

more than Context rats from 2-5 minutes (p<0.05) and more than Naïve rats from 2-12 minutes 

(p<0.05). Contextual fear memory was present in Context rats (they only observed their 

cagemate roam freely) who showed greater freezing than NoStress rats from 1-9 minutes and 

11-12 minutes (see Figure 16C). There was no main effect of Age and no interaction of Age x 

Stress, Age x Past Shock and Age x Stress x Past Shock (see F-values in Appendix C).  

Context of past shock experience led to greater contextual fear memory 24 hours after 
vicarious stress. 
 

Three-way ANOVA revealed a main effect of Age (F(1,71)=8.22, p<0.05), a main effect of 

Past Shock (F(1,71)=29.76, p<0.05) and an interaction of Age x Past Shock (F(1,71)=4.37, 

p<0.05). First, juvenile Context group had greater fear expression than the juvenile NoStress 

group (p<0.05). In adult females, past shock experience in Experienced and Context groups led 

to greater fear expression than Naïve and NoStress groups respectively (p<0.05). When 

comparing ages, Experienced adults had greater fear expression than Experienced juveniles 

(p<0.05, Figure 17A). There was no main effect of Stress, and no interactions of Age x Stress, 

Stress x Past Shock and Age x Stress x Past Shock (see F-values in Appendix C). 

Context of past shock experience led to greater fear expression 5 days after vicarious 
stress in both age cohorts. 
 

A Kruskall-Wallis analysis determined that past shock experience led to greater fear 

expression after 6 days (X2(3)=16.54, p<0.05), therefore, Experienced and Context juveniles had 

greater fear expression than Naïve and NoStress (who had no past shock experience) 

respectively (p<0.05, Figure 17B). The same observation was made for adult females  
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(X2(3)=9.51, p<0.05, Figure 17B). There were no Age differences for each group (see F-values in 

Appendix C). 

 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 17: Contextual fear memory A) 24 hours and B) 5 days after Vicarious Stress 
Significantly different from NoStress of same age (p<0.05), Significantly effect of past shock 
(p<0.05),*Significantly different from  juveniles in the same witness group (p<0.05). Data 
represents % of time spent frozen.
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Immediately after vicarious stress, adult females interacted with their cagemate more 
than juvenile females 
 

There was a main effect of Age for total social interaction (F(1,71)=125.78, p<0.05), 

sniffing (F(1,71)=128.62, p<0.05), over/under (F(1,71)=102.58, p<0.05), allogrooming (F(1, 

71)=14.08, p<0.05), playfighting (F(1, 71)=5.50, p<0.05), and grooming (F(1, 71)=113.53, 

p<0.05). For these behaviours, adult females spent more time engaging in these behaviours 

than juvenile females (p<0.05). There were no main effects of Stress, Past Shock, and no 

interactions of Stress x Past Shock, Age x Stress, Age x Past Shock, and Age x Stress x Past Shock 

(see F-values in Appendix C). 

For following, there was a main effect of Age (F(1, 71)=102.58, p<0.05), such that adult 

females spent more time following their cagemate than juveniles regardless of vicarious 

stressor exposure and experience. The interaction of Age x Past Shock did not reach significance 

(F(1,71)=3.84, p=0.054, partial η2=0.05). There were no main effects of Stress, Past Shock, and 

no interactions of Stress x Past Shock, Age x Stress and Stress x Past Shock x Age (see F-values in 

Appendix C).  

For anogenital sniffing, there was a main effect of Age (F(1,71)=114.84, p<0.05) and a 

Stress x Past Shock interaction (F(1,71)=4.98, p<0.05) and a Age x Stress x Past Shock interaction 

(F(1,71)=3.95, p<0.05). Simple effects post-hoc revealed that Context adult females spent less 

time engaging in anogenital sniffing compared to NoStress adult females (p<0.05). Overall, 

juvenile females did less anogenital sniffing compared to adult females (p<0.05). There were no 

main effects of Stress, Past Shock, and no interaction of Age x Stress (see F-values in Appendix 

C). 
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Table 12: Social interaction behaviours with cagemates immediately after the vicarious stressor 
procedure in female juvenile and adult rats.  

Behaviours 
(secs) 

Group Juvenile Adult 
Significant 

comparisons 
(p<0.05) 

Total Social 
Interaction 

NoStress 27.14 ± 4.57 93.84 ± 13.13 Juvenile < Adult 

Naïve 25.16 ± 2.76 82.80 ± 8.18 Juvenile < Adult 

Experienced 24.26 ± 2.70 97.86 ± 9.59 Juvenile < Adult 

Context 25.79 ± 3.15 74.73 ± 9.43 Juvenile < Adult 

Sniffing 

NoStress 14.21 ± 1.87 47.86 ± 4.45 Juvenile < Adult 

Naïve 13.32 ± 1.58 48.09 ± 5.48 Juvenile < Adult 

Experienced 14.70 ± 1.37 49.24 ± 5.97 Juvenile < Adult 

Context 13.23 ± 1.69 43.85 ± 6.65 Juvenile < Adult 

Over/Under 

NoStress 1.00 ± 0.66 29.10 ± 7.31 Juvenile < Adult 

Naïve 0.95 ± 0.25 21.39 ± 2.47 Juvenile < Adult 

Experienced 0.77 ± 0.27 31.14 ± 6.07 Juvenile < Adult 

Context 0.76 ± 0.26 21.49 ± 4.07 Juvenile < Adult 

Following 

NoStress 2.34 ± 0.61 1.38 ± 0.39 Juvenile < Adult 

Naïve 2.44 ± 0.85 0.75 ± 0.31 Juvenile < Adult 

Experienced 2.03 ± 0.59 0.55 ± 0.16 Juvenile < Adult 

Context 4.59 ± 0.96 1.65 ± 0.59 Juvenile > Adult 

Allogrooming 

NoStress 8.51 ± 3.06 2.50 ± 1.09 Juvenile < Adult 

Naïve 7.08 ± 1.35 0.94 ± 0.33 Juvenile < Adult 

Experienced 5.06 ± 1.46 3.74 ± 1.58 Juvenile < Adult 

Context 5.05 ± 1.09 1.71 ± 0.56 Juvenile < Adult 

Playfighting 

NoStress 0.45 ± 0.29 0.00 ± 0.00 Juvenile < Adult 

Naïve 0.88 ± 0.52 0.00 ± 0.00 Juvenile < Adult 

Experienced 0.83 ± 0.47 0.00 ± 0.00 Juvenile < Adult 

Context 1.83 ± 1.34 0.00 ± 0.00 Juvenile < Adult 

Anogenital 
sniffing 

NoStress 0.50 ± 0.50 13.00 ± 2.71 
Adult NoStress > 

Adult Context 
Juvenile < Adult 

Naïve 0.01 ± 0.01 10.73 ± 2.09 Juvenile < Adult 

Experience 0.00 ± 0.00 13.19 ± 1.60 Juvenile < Adult 

Context 0.00 ± 0.00 6.93 ± 2.01 
Adult Context < 
Adult NoStress 
Juvenile < Adult 

Grooming 

NoStress 0.12 ± 0.12 42.19 ± 4.76 Juvenile < Adult 

Naïve 0.49 ± 0.30 30.2 ± 5.58 Juvenile < Adult 

Experience 0.87 ± 0.81 41.72 ± 10.78 Juvenile < Adult 

Context 0.34 ± 0.23 49.38 ± 7.75 Juvenile < Adult 
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Social interaction test for juvenile and adult female rats 
 

For total social interaction, there was a main effect of Age (F(1, 65)=52.89, p<0.05) and 

an interaction of Stress x Past Shock (F(1,65)=4.05, p<0.05), Age x Stress (F(1, 65)=11.58, 

p<0.05), and an Age x Past Shock (F (1. 65)=6.55, p<0.05). Context juvenile females had 

decreased social interaction than NoStress juvenile females (p<0.05). In Experienced adult 

females, who had past shock experience and vicarious stress, there was more interaction than 

Context adult females, who only had past shock experience (p<0.05). All juvenile female groups 

interacted more than adult female groups except for the Experienced group, where there were 

no differences in total social interacting time (p<0.05, Figure 18A). There were no main effect of 

Stress and Past Shock and no interaction of Age x Stress x Past Shock (see F-values in Appendix 

C).  

For sniffing, there were a main effects of Past Shock (F(1, 65)=4.90. p<0.05), Age (F(1, 

65)=283.14, p<0.05), and interactions of Age x Stress (F(1, 65)=7.28, p<0.05), and Age x Past 

Shock (F(1, 65)=10.99, p<0.05). Juvenile females sniffed more than adult females (p<0.05). 

Juvenile groups with past shock experience (Experienced and Context) sniffed less than groups 

with no past shock experience (Naïve and NoStress respectively, p<0.05). This was not observed 

for adult females (p>0.05, Figure 18B). Though Experienced juvenile females sniffed less than 

Naïve juvenile females this did not reach significance (p=0.08). There was no main effect of 

Stress and no interactions of Stress x Past Shock, and Age x Past Shock x Stress (Appendix C-

Table 6).  

For Over/Under behaviours, there was a main effect of Stress (F(1, 65)=10.46, p<0.05) 

and a Age x Stress interaction (F(1, 65)=10.88, p<0.05). In adult females, Experienced and Naive 
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groups who witnessed their distressed cagemate did less over/under than adult females 

belonging to Context and NoStress adult females respectively (these groups did not witness 

their cagemate in distress, p<0.05). Naïve and Experienced juvenile females did less over/under 

than Naïve and Experienced adult females respectively (p<0.05, Figure 18C). There were no 

main effects of Past Shock and Age and no interactions of Stress x Past Shock, Age x Past Shock, 

Age x Stress x Past Shock (see F-values in Appendix C). 

For following, there was an interaction of Stress x Past Shock (F(1, 65)=4.54, p<0.05) and 

an interaction of Stress x Age (F(1, 65)=15.79, p<0.05). Naïve juvenile females did less following 

than NoStress juvenile females (p<0.05). Experienced adult females followed more than 

Context adult females (p<0.05). Naïve and Experienced juvenile females (groups that witnessed 

distressed cagemates) followed less than their adult counterpart (p<0.05, Figure 18D). There 

were no main effects of Stress, Past Shock, Age and no interactions of Past Shock x Age and Age 

x Stress x Past Shock (see F-values in Appendix C). 

For allogrooming, there was a main effect of Past Shock (F(1, 65)=5.06, p<0.05), such 

that Experienced and Context groups of both age groups had increased allogrooming compared 

to NoStress and Naïve groups respectively (p<0.05, Table 13). There were no main effects of 

Stress, Age and no interactions of Stress x Past Shock, Age x Stress, Age x Past Shock, and Age x 

Stress x Past Shock (see F-values in Appendix C). 

For playfighting, there was a main effect of Age (F(1, 65)=8.50, p<0.05) such that 

juvenile females playfought more than adult females (Table 13). The were no main effects of 

Past Shock and Stress and no interactions of Stress x Past Shock, Age x Stress, Age x Past Shock, 

and Age x Stress x Past Shock (see F-values in Appendix C). 
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 For anogenital sniffing, there were no main effects of Stress, Past Shock, Age, and no 

interactions of Stress x Past Shock and Age x Past Shock, and Age x Stress x Past Shock (see F-

values in Appendix C). Finally, for grooming, there was a main effect of Age (F(1, 65)=7.57, 

p<0.05) where juvenile females groomed more that adult females (Table 13). There were no 

main effects of Stress and Past Shock, and no interaction of Stress x Past Shock, Age x Stress, 

Age x Past Shock, and Age x Stress x Past Shock (see F-values in Appendix C). 

Acoustic startle response was greater in juvenile female rats than in adult female rats at 
90db and 120db 
 

There was a main effect of Age for 90db (F(1, 69)=54.96, p<0.05) and 120db (F(1, 

69)=7.11, p<0.05) in which juvenile females had greater startle response than female adults 

(Table 14). There were no main effects of Stress and Past Shock, and no interactions of Stress x 

Past Shock, Age x Stress, Age x Past Shock, and Age x Stress x Past Shock (Appendix C-Table 7). 

For 105db there no main effects of Age, Stress, Past Shock. There were also no interactions of 

Stress x Past Shock, Age x Stress, Age x Past Shock, and Age x Stress x Past Shock (see F-values in 

Appendix C). 
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Figure 18: Social interaction behaviours with a novel rat A) Juveniles had greater total social interaction than adults except for the 
Experienced group, where there were no age differences. B) Juvenile females sniffed more than adults. C) Vicarious stress in 
Experienced and Naïve adults led to more over/under behaviours than Context and NoStress respectively. D) Following was less in 
juvenile rats that were vicariously stressed than their adult counterparts. *Significant age effect between same groups 

(p<0.05), Significantly different to each other (p<0.05) Significant Past Shock effect (p<0.05); εSignificant Stress effect (p<0.05).
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Table 13: Social interaction test for juvenile and adult female rats  

Behaviours 
(secs) 

Group Juvenile Adult 
Significant 

comparisons 
(p<0.05) 

Allogrooming 

NoStress 3.35 ± 1.03 3.2 ± 0.82  

Naïve 1.58 ± 0.82 2.97 ± 0.94  

Experienced 3.47 ± 1.02 4.74 ± 0.87 
For both ages 

Experience > Naive 

Context  4.84 ± 1.38 4.4 ± 0.80 
For both ages 

Context > NoStress 

Playfighting 

NoStress 12.13 ± 4.21 1.84 ± 0.78 Juvenile > Adult 

Naïve 10.04 ± 4.61 2.81 ± 1.20 Juvenile > Adult 

Experienced 6.89 ± 4.24 2.82 ± 0.88 Juvenile > Adult 

Context 2.11 ± 0.88 1.08 ± 0.50 Juvenile > Adult 

Anogenital 
Sniffing 

NoStress 9.74 ± 2.98 6.71 ± 1.16  

Naïve 6.29 ± 2.06 4.25 ± 1.05  

Experienced 10.31 ± 2.84 6.51 ± 1.21  

Context 6.25 ± 1.82 8.37 ± 1.69  

Grooming 

NoStress 11.13 ± 3.43 3.74 ± 1.08 Juvenile > Adult 

Naïve 9.34 ± 2.85 8.98 ± 1.98 Juvenile > Adult 

Experienced 13.72 ± 3.60 8.18 ± 1.83 Juvenile > Adult 

Context 16.16 ± 2.98 9.13 ± 1.53 Juvenile > Adult 

 

Table 14: Acoustic startle response in juvenile and adult females rats.  

Acoustic 
Sound 

Group 
Vmax Significant 

comparisons 
(p<0.05) 

Juvenile Adult 

90db 

NoStress 52.35 ± 6.41 26.00 ± 4.24 Juvenile > Adult 

Naïve 50.94 ± 8.95 18.18 ± 1.31 Juvenile > Adult 

Experienced 43.54 ± 3.22 18.50 ± 1.72 Juvenile > Adult 

Context 44.32 ± 5.11 19.09 ± 1.78 Juvenile > Adult 

105db 

NoStress 100.85 ± 14.28 93.54 ± 22.40  

Naïve 131.24 ±19.66 98.88 ± 23.50  

Experienced 128.72 ± 24.80 110.75 ± 23.62  

Context 136.36 ± 30.04 105.55 ± 38.27  

120db 

NoStress 368.49 ± 45.83 284.49 ± 52.52 Juvenile > Adult 

Naïve 367.77 ± 47.81 287.04 ± 55.53 Juvenile > Adult 

Experienced 390.31 ± 36.33 277.17 ± 40.52 Juvenile > Adult 

Context 375.28 ± 73.25 266.18 ± 37.53 Juvenile > Adult 
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Study 4 –Vicarious stress using observational fear-learning: Investigating 
age differences in male Sprague-Dawley rats 
 

Methods 
 

In this study all the male adult (n=76) and juvenile rats (n=66) were handled and 

grouped using the same methodology and experimental design as described in Study 3. Male 

rats were gently handled for two weeks prior to the start of the stress. Statistical analyses were 

conducted as the same as Study 3. Groups and sample size are described in Table 15. 

Results  
 

Prior footshock exposure increased total fear expression on vicarious stress day. 
Experienced rats froze the most while watching their cagemate in distress. 
 

Three-way ANOVA revealed a main effect of Stress (F(1, 71)=24.89, p<0.05), Past Shock 

(F(1, 71)=110.77, p<0.05) and Age (F(1, 71)=33.16, p<0.05) and an interaction of  Age x Past 

Shock interaction (F(1, 71)=19.82, p<0.05), and Stress x Past Shock (F(1, 71)=15.77, p<0.05). 

Firstly, Experienced rats that had prior stressor experience and witnessed their distressed 

cagemate had greater fear expression than Context and Naïve groups (p<0.05). When 

comparing the age differences for Experience groups, juveniles froze less than their adult 

counterparts (p<0.05). Context adult males had greater fear expression than NoStress adult 

males (p<0.05). Past shock experience led to greater fear expression regardless of vicarious 

stressors (see Figure 19A).  There were no interactions of Age x Stress and Age x Stress x Past 

Shock (Appendix D for F-values).
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Table 15: Group description and visualization for male juvenile and adult cohorts. On Day 1 or PD 27, Experienced and Context 
Witness groups experienced footshocks. On Day 2 or PD 28, Witness groups observed their cagemate experience footshocks or no 
footshock. Colour scheme: White = NoStress, Red=Naïve, Blue=Experienced, Yellow=Context 

Witness 
Groups  

Day 1 Witness 
Experience 
(Juveniles - 

PD 27) 

Day 2 Vicarious Stress 
(Juveniles -PD 28)  

Witness Exposure Description 
Sample size (n) 

Males 
Witness Cagemate 

NoStress 

  
     

 
 

 
     

No past footshock experience 
Did not witness cagemate receive any 

footshocks *Control 

 Juvenile: 10 
Adult: 8 

Naïve  

 
    

 
 

 
     No past footshock experience 

Witnessed cagemate receive footshocks 
Juvenile: 10 

Adult:10 

Experienced  

 
    

 
 

 
     Past footshock experience 

Witnessed cagemate receive footshocks 
Juvenile: 11 

Adult:10 

Context  

 
    

 
 

 
      

Past footshock experience 
Did not witness cagemate receive any 

footshocks 
*To observe the effect of contextual fear 

 

Juvenile: 10 
Adult:10 
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Repeated measures ANOVA revealed a main effect of Stress (F(11, 781)=2.50, p<0.05), 

Experience (F(11, 781)=12.87, p<0.05) and Age (F(11, 781)=2.40, p<0.05) and interactions of 

Stress x Experience (F(11, 781)=2.87, p<0.05, see Figure 19). In both juvenile and adult male 

rats, rats with prior stressor exposure (Experienced rats) froze more while witnessing their 

cagemate receive shocks compared to Context rats who did not observe this (p<0.05). For 

Experienced juveniles, this occurred at the 2-8 minutes and at the 10th and 11th minute 

timepoints, while for adult Experienced rats, this occurred from 4-9 minutes and at the 11th and 

12th minute timepoints. Experienced juveniles froze more than Naïve juveniles from 1-8 

minutes and at the 11th and 12th minute (p<0.05) while Experience adults froze more than Naïve 

adults during the whole 12 minutes (p<0.05). Past shock experience was enough to cause 

freezing in the absence of a stressed cagemate in Context rats in both age groups compared to 

NoStress rats, however in juveniles this only occurred at 2 and 3 minutes (p<0.05) while in 

adults it was from 1-8 minutes and at the 10th and 11th minute timepoints (p<0.05). No other 

significant effects were detected (Appendix D for F-values). 

Total fear expression 24 hours after Vicarious Stress Day: Experienced adult males had 
greater fear expression than Experienced juvenile males 
 

A three-way ANOVA revealed a main effect of Past Shock (F(1, 71)=36.45, p<0.05), Age 

(F(1, 71)=16.39, p<0.05) and an interaction of Age x Past Shock (F(1, 71)=15.68, p<0.05). 

Experienced and Context adult males, who had past shock experience, had greater fear 

expression than Naïve and NoStress adult males, (who had no past shock experience, p<0.05). 

Experienced juvenile males had lower fear expression than Experienced adult males (p<0.05, 
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Figure 20A). There was no main effect of Stress, and no interaction of Age x Stress, and Age x 

Stress x Past Shock (Appendix D for F-values). 

Total fear expression 5 days after Vicarious Stress Day: Contextual fear memory led to 
increased freezing not vicarious stress.  
 

A three-way ANOVA revealed a main effect of Past Shock (F(1, 71)=33.18, p<0.05), Age 

(F(1, 71)=4.24, p<0.05) and an interaction of Age x Past Shock (F(1, 71)=4.88, p<0.05). Adult 

males with Past Shock (Experience and Context) had greater fear expression than adult males 

with no Past Shock (NoStress and Naïve) (p<0.05). Context juvenile males froze more than 

NoStress juvenile males (p>0.05). Experienced juveniles had less fear expression than 

Experienced adults (p<0.05, Figure 20B). There was no main effect of Stress and no interactions 

of Stress x Past Shock, Age x Stress, and Age x Stress x Past Shock (Appendix D for F-values) 
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Figure 19: Fear expression on Vicarious Stress Day for juvenile and adult male rats. A)  Prior 
footshock exposure and vicarious stress increased total fear expression in both age groups. B) 
Prior footshock exposure increased fear expression when witnessing their distressed cagemate 
in juvenile males. C) Prior footshock exposure increased fear expression when witnessing their 
distressed cagemate in adult males. Contextual fear memory increased fear expression. 

*Significant age difference between the same groups (p<0.05). Context significantly different 

from NoStress from the same age group (p<0.05). Experienced significantly different from 

Naïve of the same age group (p<0.05), Experienced significantly different from Context 

(p<0.05) Significantly different from Naïve and Context from the same age group (p<0.05). 
Data represents % of time spent frozen. 
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Figure 20: Contextual fear memory A) 24 hours and B) 5 days after Vicarious Stress. In adult 
groups, prior stressor experience led to increased fear expression when placed back in the 

context and froze more than their juvenile counterparts. Significantly different to adult 
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counterpart (p<0.05), *Significant effect of Past Shock (p<0.05). Data represents % of time 
spent frozen.  

Immediately after vicarious stress, adult males interacted with their cagemate more than 
juvenile males 
 

Results are summarized in Table 16. There were significant main effects of Age for total 

social interaction (F(1, 70)=164.30, p<0.05), sniffing F(1, 70)=104.88, p<0.05), over/under (F(1, 

70)=120.98, p<0.05), anogenital sniffing (F(1, 70)=20.63, p<0.05), and grooming (F(1, 70)=45.25, 

p<0.05). Juvenile males spent less time engaging in these behaviours than adult males (p<0.05). 

For these behaviours there were no main effect of Stress, Past Shock, and no interactions of 

Stress x Past Shock, Age x Stress, Age x Past Shock, and Age x Stress x Past Shock (Appendix D 

for F-values). For following and allogrooming, there were no main effects of Age, Stress, Past 

Shock. There were no interactions of Stress x Past Shock, Age x Stress, Age x Past Shock, and 

Age x Stress x Past Shock (Appendix D for F-values). For playfighting, there was a main effect of 

Age (F(1, 70)=4.27, p<0.05) and the main effect of Stress did not reach statistical significance 

(F(1, 70)=3.77, p=0.06). There was an interaction of Age x Past Shock (F(1, 70)=4.48, p<0.05) 

and an Age x Stress x Past Shock (F(1, 70)=6.26, p<0.05). Past shock experience in Context adult 

males led to less playfighting than NoStress adult rats that had no prior shock experience 

(p<0.05). NoStress juveniles did less fighting than the NoStress adults (p<0.05, Figure 21). There 

was no main effect of Experience, and no interactions of Stress x Experience and Age x Stress 

(Appendix D for F-values).  
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Table 16: Social interaction behaviours with cagemates immediately after the vicarious stressor 
procedure in male juvenile and adult rats. 

Behaviours 
(secs) 

 Juvenile Adult 
Significant 

comparisons 
(p<0.05) 

Total Social 
Interaction 

NoStress 27.21 ± 3.43 92.31 ± 15.70 Juvenile < Adult 

Naïve 19.15 ± 1.19 84.76 ± 7.37 Juvenile < Adult 

Experience 20.80 ± 2.70 96.86 ± 7.65 Juvenile < Adult 

Context 27.50 ± 4.09 78.44 ± 8.41 Juvenile < Adult 

Sniffing 

NoStress 14.85 ± 2.23 28.61 ± 2.59 Juvenile < Adult 

Naïve 9.30 ± 1.25 31.62 ± 3.03 Juvenile < Adult 

Experience 10.41 ± 1.69 32.45 ± 2.74 Juvenile < Adult 

Context 14.77 ± 2.63 39.03 ± 4.71 Juvenile < Adult 

Over/Under 

NoStress 0.31 ± 0.14 36.98 ± 9.30 Juvenile < Adult 

Naïve 0.1 ± 0.10 43.64 ± 7.15 Juvenile < Adult 

Experience 0.26 ± 0.12 2.62 ± 0.82 Juvenile < Adult 

Context 0.34 ± 0.17 27.32 ± 5.02 Juvenile < Adult 

Following 

NoStress 2.19 ± 0.52 2.59 ± 0.75  

Naïve 1.72 ± 0.62 2.62 ± 0.82  

Experience 6.78 ± 1.96 1.37 ± 0.46  

Context 1.59 ± 0.72 2.51 ± 0.65  

Allogrooming 

NoStress 8.67 ± 2.13 14.39 ± 5.49  

Naïve 6.78 ± 1.96 10.83 ± 2.54  

Experience 7.83 ± 2.41 15.40 ± 3.90  

Context 8.13 ± 1.59 6.29 ± 1.60  

Anogenital 
sniffing 

NoStress 0.42 ± 0.25 3.66 ± 1.77 Juvenile < Adult 

Naïve 0.09 ± 0.08 3.45 ± 1.08 Juvenile < Adult 

Experience 0.34 ± 0.34 2.26 ± 0.65 Juvenile < Adult 

Context 0.00 ± 0.00 2.19 ± 1.21 Juvenile < Adult 

Grooming 

NoStress 0.39 ± 0.39 14.81 ± 4.43 Juvenile < Adult 

Naïve 0.00 ± 0.00 23.59 ± 8.74 Juvenile < Adult 

Experience 0.00 ± 0.00 19.62 ± 4.06 Juvenile < Adult 

Context 0.00 ± 0.00 25.52 ± 6.13 Juvenile < Adult 
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Figure 21: NoStress adults playfought more than their juvenile counterparts and Context adults, 

when reunited after vicarious stress. *Significantly different (p<0.05),α Significant age effect 
(p<0.05) 
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Juvenile males were more social than adult males in the social interaction test 
 

There was a main effect of Age for total social interaction (F(1, 68)=45.49, p<0.05), 

sniffing (F(1, 68)=184.97, p<0.00), over/under (F(1, 68)=6.47, p<0.05), allogrooming (F(1, 

68)=5.63, p<0.05), anogenital sniffing (F(1, 68)=63.1, p<0.05). Juvenile male rats spent more 

time engaging in these behaviours than adult males (p<0.05). For over/under, adult male rats 

did more sniffing than juvenile male rats (p<0.05). There were no main effects of Stress, and 

Past Shock, and no interactions of Stress x Past Shock, Age x Stress, Age x Past Shock, and Age x 

Stress x Past Shock for these behaviours (see Appendix D for F-values).  

For following and playfighting, there were no main effects of Age, Stress, and Past 

Shock, and no interactions of Stress x Past Shock, Age x Stress, Age x Past Shock, and Age x 

Stress x Past Shock (see Appendix D for F-values). For grooming, there was only a main effect of 

Age (F(1, 68)=5.70, p<0.05) and an interaction Past Shock x Age (F(1, 68)=5.76, p<0.05). 

Experience adult males did less grooming than Naïve adult males (p<0.05). In addition, Naïve 

juvenile rats groomed less than Naïve adult counterpart (p<0.05). There were no main effects of 

Stress, and Past Shock, and no interactions of Stress x Past Shock, Age x Stress, and Age x Stress 

x Past Shock (see Appendix D for F-values). 
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Table 17: Social interaction test for juvenile and adult male rats. 

Behaviours 
(secs) 

 Juvenile Adult 
Significant 

comparisons 
(p<0.05) 

Total Social 
Interaction 

NoStress 97.77 ± 9.17 69.61 ± 11.47 Juvenile > Adult 

Naïve 98.50 ± 8.29 57.29 ± 6.82 Juvenile > Adult 

Experienced 95.35 ± 10.13 50.66 ± 5.44 Juvenile > Adult 

Context 94.19 ± 6.92 48.36 ± 6.70 Juvenile > Adult 

Sniffing 

NoStress 45.92 ± 4.37 13.79 ± 3.25 Juvenile > Adult 

Naïve 49.81 ± 5.24 13.67 ± 2.35 Juvenile > Adult 

Experienced 43.88 ± 3.97 11.17 ± 1.32 Juvenile > Adult 

Context 45.86 ± 1.84 13.10 ± 3.63 Juvenile > Adult 

Over/Under 

NoStress 17.38 ± 2.08 26.88 ± 4.89 Juvenile < Adult 

Naïve 17.73 ± 1.79 18.21 ± 2.27 Juvenile < Adult 

Experienced 14.60 ± 2.97 21.46 ± 2.59 Juvenile < Adult 

Context 15.58 ± 2.12 19.28 ± 3.76 Juvenile < Adult 

Following 

NoStress 11.80 ± 2.36 14.18 ± 4.02  

Naïve 9.89 ± 2.83 12.94 ± 3.12  

Experienced 11.62 ± 2.63 7.59 ± 1.95  

Context 11.77 ± 2.77 8.94 ± 2.35  

Allogrooming 

NoStress 10.84 ± 2.78 9.78 ± 5.25 Juvenile > Adult 

Naïve 9.72 ± 1.47 6.06 ± 1.37 Juvenile > Adult 

Experienced 10.29 ± 2.99 3.37 ± 1.78 Juvenile > Adult 

Context 10.68 ± 2.10 4.46 ± 2.30 Juvenile > Adult 

Playfighting 

NoStress 0.81 ± 0.59 5.00 ± 3.34  

Naïve 0.00 ± 0.00 6.41 ± 2.40  

Experienced 6.96 ± 3.07 7.07 ± 2.74  

Context 1.60 ± 1.08 2.59 ± 1.41  

Anogenital 
sniffing 

NoStress 11.02 ± 2.20 0.46 ± 0.33 Juvenile > Adult 

Naïve 11.34 ± 2.87 0.00 ± 0.00 Juvenile > Adult 

Experienced 7.90 ± 1.81 0.37 ± 0.18 Juvenile > Adult 

Context 8.7 ± 2.13 0.29 ± 0.27 Juvenile > Adult 

Grooming 

NoStress 7.33 ± 1.59 13.70 ± 2.43  

Naïve 6.52 ± 1.09 16.40 ± 4.40 
Adult Naïve > 

Adult Experience; 
Juvenile < Adult 

Experienced 6.05 ± 1.63 8.31 ± 1.42 
Adult Experience < 

Adult Naïve 

 Context 10.21 ± 2.16 7.91 ± 2.65  
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Experience adult males had greater startle response at 120db  
 

There was only a main effect of Age for 90db (F(1, 70)=32.33, p<0.05) and 105db (F(1, 

71)=4.85, p<0.05). For 90db, juvenile males startled more compared to adults and for 105db, 

juvenile males startled less compared to adults. There was no main effect of Stress, Past Shock 

and interactions of Stress x Past Shock, Age x Stress, Age x Past Shock, and Age x Stress x Past 

Shock (see Appendix D for F-values).  

For 120db, there was an interaction of Age x Past Shock (F(1, 71)=6.82, p<0.05) and Age 

x Stress x Past Shock (F(1, 71)=4.57, p<0.05). Experience adult males had a greater startle 

response than Context and Naïve adult (p<0.05). There were no main effects of Stress, Past 

Shock and interactions of Stress x Past Shock and Age x Stress (see Appendix D for F-values). 

 

Table 18: Acoustic startle response test for juvenile and adult males rats. 

Acoustic 
Volume 

Group 
Vmax Significant 

comparisons 
(p<0.05) 

Juvenile  Adult 

90db 

NoStress 58.00 ± 4.36 32.60 ± 6.29 Juvenile > Adult 

Naïve 54.89 ± 12.18 21.49 ± 1.72 Juvenile > Adult 

Experienced 48.98 ± 4.04 33.15 ± 4.37 Juvenile > Adult 

Context 47.00 ± 5.00 26.24 ± 2.56 Juvenile > Adult 

105db 

NoStress 145.31 ± 19.96 198.46 ± 49.69 Juvenile < Adult 

Naïve 134.52 ± 15.47 167.05 ± 22.47 Juvenile < Adult 

Experienced 139.16 ± 21.86 206.10 ± 29.28 Juvenile < Adult 

Context 176.27 ± 18.63 191.14 ± 28.90 Juvenile < Adult 

120db 

NoStress 379.11 ± 33.67 382.45 ± 24.99  

Naïve 442.86 ± 39.50 325.78 ± 33.32 
Adult Naïve < Adult 

Experience 

Experienced 363.60 ± 28.65 528.18 ± 60.41 
Adult Experience > 

Adult Context & 
Naive 

Context 373.42 ± 55.01 404.83 ± 43.20 
Adult Context < 

Adult Experience 
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Discussion 
 

In this chapter, we examined if prior experience with a stressor would enhance the 

effects of vicarious exposure to the same stressor (observational fear-learning) on emotional 

contagion in juvenile rats, and if this would have long-term consequences evident in early 

adolescence. Our results showed that prior stressor experience is required for emotional 

contagion during vicarious stress in juvenile rats, as juvenile rats with prior stressor experience 

exhibited more freezing than their Naïve counterparts. Thus, juveniles are sensitive to the 

emotional states of their peers, but only if they have had first-hand experience. A similar 

response was also observed for the adults. These data corroborate those of previous studies 

where similar experiment were conducted in adult rats and we extend these findings to juvenile 

rats. For example, Church (1959) showed that past shock exposure to vicariously stressed rats 

resulted in greater fear expression during the vicarious stress procedure than responses 

observed in naïve witnesses. This was observed using different footshock durations and 

strengths, in experiments with rats or mice (Atsak et al., 2011; Carrillo et al., 2015; Cruz et al., 

2020; Sakaguchi et al., 2018; Sanders et al., 2013; Zheng et al., 2020). Similar results were 

obtained in experiments where animals were first exposed painful stimulation first and then 

observed other animals in pain (Carrillo et al., 2019). 

There are two contentions as to why fear expression during vicarious stress was only 

present in the Experienced juveniles. First, one could suggest that Experienced rats are 

sensitized to the secondary stressor (vicarious stress) because of their past stress experience 

(footshocks). Alternatively, it is possible that the juveniles have greater sensitivity to the 

affective states of their own sibling cagemates when aversive experiences are similar. 
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As discussed previously, juveniles seem to be vulnerable to the effects of stressors as 

this period has been proposed a window of vulnerability to stressors. During this time, the HPA-

axis has delayed negative feedback response that maintains elevated corticosterone levels. In 

addition, the neurocircuitry involved in emotional regulation including regions within the PFC, 

like the ACC, are still developing and remain immature (Spear, 2000). Thus, footshocks 

experienced during fear-conditioning in juveniles likely lead to greater freezing because of 

these reasons (Barnett, 1984; Hefner & Holmes, 2007; Stone & Quartermain, 1997). Also, 

juvenile stress leads to greater sensitization to stressors experienced in adulthood (Albrecht et 

al., 2017; Ali et al., 2018; MacKay et al., 2014). Indeed, juveniles with past shock experience 

may be primed to future stressors producing a sensitized behavioural response (freezing) when 

watching their cagemate get footshocks as shown in our data.  

There are a few studies showing that prior stressors alter the response to a secondary 

stressor in the short-term. For example, juvenile rats exposed to a 15-day social instability 

stressor starting on PD 30, showed less freezing during the administration of footshocks 

compared to control juveniles (Morrissey et al., 2011). Similarly, mice exposed to daily restraint 

for 7 days starting on PD 21 showed a reduction of freezing during fear-conditioning, suggesting 

short-term resilience (Ito et al., 2015). The results from these experiments contrast those of our 

study and this could be attributed to various factors including differences in the stressor type 

and duration of exposure and age of the juveniles used. In addition, the stressors in the current 

study were strictly reserved during the juvenile period and were not repetitive or extending 

into mid-adolescence.  
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In addition, the secondary stressor that we used was one with a strong emotional 

content (observing a distressed cagemate that was also a sibling), and that excluded a physical 

component. Thus non-contact emotional social cues from the cagemate like facial expression, 

distressed vocalizations and stress pheromones are likely to become more salient to 

Experienced juveniles, especially since the juvenile and adolescent periods are marked by 

increased social motivation (Douglas et al., 2004; Knutson et al., 1998; Panksepp & Lahvis, 

2007; Vanderschuren et al., 1997; Varlinskaya & Spear, 2008). Social exchanges during the 

juvenile period including the exchange of social information facilitates learning about food-

preferences and cues that predict fearful stimuli (Fernández-Vidal & Molina, 2004; Galef & 

Stein, 1985; Kiyokawa et al., 2005; Panksepp & Lahvis, 2007). Considering that the Experienced 

juveniles were primed for future stressors and their age makes them socially sensitive, it is not 

surprising that observing their cagemate getting shocked and emitting stressful cues (urine and 

defection, vocalizations, immobility, and facial expressions) led to greater fear expression in the 

witnesses. The Naïve group and the Context group lacked the priming or the social stress signals 

(from their cagemate) respectively. Thus, observing a distressed animal requires both priming 

and social attention for juvenile rats.  

During vicarious stress, age differences were evident in the male cohort such that the 

Experienced adult males froze more than Experienced juvenile males, and only the adult 

Context rats, froze while in the witness box. The group of rats that were presented with the 

context in which they were stressed was included to observe how much the footshock 

conditioning context (seen from behind the transparent barrier) would contribute to fear 

expression during the vicarious stressor. Therefore, the freezing in the Experienced adults was 
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at least partially attributed to additional fear memory associated with the context. While we 

expected that some contextual fear memory would be expressed, we also expected stressor 

experienced rats to show greater fear expression while observing a distressed cagemate. One 

would suspect that this is because of memory retrieval of their own shock experience as well as 

listening and watching their cagemate experience the same footshocks. Yet, Context adult male 

and female rats (rats that had past shock experience and exposed to the context only) 

demonstrated fear expression that was comparable to the Experienced rats. Though both the 

adult Experienced and Context witnesses were physically placed in a different context (the 

witness box) than where they were shocked, both groups show evidence of generalized fear. 

That is other cues associated with the footshocks, such as the experimental room, were 

generalized to the witness box, causing freezing. Examples of fear generalization were seen in 

fear-conditioned male and female rats that were placed in novel environments with a familiar 

auditory cue associated with the footshocks. These rats froze when the cue (a tone) was played, 

even in the presence of another animal (Bruchey et al., 2010; Jones et al., 2014, 2018a). Yet, 

there is evidence that the presence of an unstressed cagemate (like that of the Context group) 

can also lead to stress-buffering demonstrated by decreased fear expression, decreased cFOS in 

the PVN and corticosterone levels in the fear-conditioned animal (Kiyokawa, Hiroshima, et al., 

2014; Kiyokawa, Honda, et al., 2014).  This, however, was not the case in our study. The fear 

expression that was observed in adult Context groups was opposite to the findings of Sanders 

et al. (2013), where no fear expression was present in rats exposed to the context in which they 

had been previously stressed. All in all, it is difficult to discern the extent that the context of 

past footshocks contributed to the fear expression seen in stressor Experienced adults. Our 
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data would suggest that, however, that watching a peer in the same footshock context behind 

the transparent barrier (regardless of footshock administration) can be as stressful as watching 

a distressed cagemate.  

In our juvenile cohorts, previous footshock experience did not elicit fear expression in 

the Context group, perhaps reflecting a reduced ability to form strong fear memories or fear 

generalization. This is quite interesting, as during the last part of the juvenile period (PD 28) the 

cortico-BLA circuits that regulate fear are not fully matured (Ferrara et al., 2021). It is possible 

that the GABAergic tone in the BLA is stronger during the juvenile period than in adolescence 

and adults leading to decreased contextual fear memory when there is prior stressor exposure 

such as social instability stress and footshocks. As rats enter adolescence, the PFC-amygdala 

circuitry matures and leads to the development and persistence of fear memory that is also 

observed in adulthood (Ferrara et al., 2021; McCormick et al., 2013; Morrissey et al., 2011; 

Pattwell et al., 2012; Zhang & Rosenkranz, 2016). It is also proposed that there is short-term 

resilience after juvenile stressor that elicits profiles that are opposite to those of adults 

(Albrecht et al., 2017; Jacobson-Pick & Richter-Levin, 2010; Sadler & Bailey, 2016). Yet, it is 

important to note that there is contrary evidence that contextual fear expression and fear 

generalization is greater in juveniles than in adults, and this can be attributed different 

methodologies, thus further research is required to understand the short-term sensitivity to 

fear-conditioning in juveniles (Hunter, 2014; Ito et al., 2009).  

Stress-buffering through social interactions was not observed immediately after a 

stressor experience. We hypothesized that exposure to vicarious stress in Naïve and 

Experienced groups would increase social interactions as a form of social support. These 



 134 

behaviours are defined as non-aggressive physical contact such as sniffing, allogrooming, 

over/under, and more time spent together. While we expected to see more of these behaviors 

after stress, overall, there were very few differences in these behaviours. This is in contrast to 

previous work showing that  where vicarious stressors were followed by more allogrooming 

and licking behaviours towards the distressed cagemate (Li et al., 2018; Luo et al., 2020; Smith 

et al., 2021). Rats with past experience of being injected with bee venom displayed more of 

these behaviors that could be construed as consolation behaviours towards a distressed 

cagemate (Barroso et al., 2019; Luo et al., 2020). In addition, in experiments with male and 

female mice, female witness mice spent less time allogrooming than male witness (Du et al., 

2020). Similar to our results, one study observed similar levels of social interactions in male and 

female rats that witnessed others getting stressed as observed in control rats (Mikosz et al., 

2015). A reason that no effects of vicarious stress was observed could be because of the length 

of the test. We measured social interaction for 10 minutes whereas other studies observed for 

interactions for 30 or 60 minutes (Barroso et al., 2019; Luo et al., 2020; Smith et al., 2021).  

Importantly, when comparing the effect of age, unexpectedly, juveniles (regardless of 

group or biological sex) interacted less with their cagemate than adults. This contrasts results 

from studies showing more play behavior in juveniles than adults. Alternatively, time spent with 

a cagemate following exposure to a direct or vicarious stressor may not lead to social 

investigation immediately but perhaps more if the duration to interact was recorded for longer.  

Past stressor experience and vicarious juvenile stress did not lead to more pronounced 

behavioural changes in the contextual fear memory test, social interaction test and acoustic 

startle response. There were minimal differences in behaviours that were a result of vicarious 
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stress and/or previous stressor experience. In these experiments, we shortened the time 

between the stressors and behavioural test to adolescence to observe the presence of an 

effect, since in Chapter 2, there were also minimal behavioural changes caused by vicarious 

juvenile stress in adulthood.  

For the contextual fear memory test 24 hours and 5 days after Vicarious Stress Day, only 

the Experienced and Context groups of both age cohorts showed contextual fear memory, as 

shown by greater levels of freezing, thus demonstrating that past stressor experience led to a 

fear memory. In contrast to our findings, previous work showed contextual fear memory in 

adolescent male and female mice 24 hours after observing footshocks being delivered to other 

mice, with no past stressor experience (Panksepp & Lahvis, 2016). Even re-introduction to a 

resident’s cage after vicarious social defeat stress led to HPA-axis activation and greater 

expression of CRF in the amygdala (Finnell et al., 2017). Furthermore, adults had a stronger fear 

memory than juveniles in both female and males. The reduced freezing (signifying a weaker 

fear memory) to the context could be attributed to a faster extinction in juveniles as they 

continually return to the witness box that is absent of a direct stressor. This is in line with 

previous research comparing extinction between juvenile and adult males with a conditioned 

tone instead and was attributed to reduced long-term potentiation in the prefrontal-cortex 

(Schayek & Maroun, 2015). This is overall evidence that observational fear-learning in both 

juvenile and adult rats does not elicit strong fear memories of witnessing the traumatic event.  

We may have observed greater freezing if the cagemates of rats that first experienced 

the stressor were placed in the fear-conditioning chamber (without footshocks) at the same 

time. If this was done, it is hypothesized that prior experience with the footshock would 
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produce freezing in the test box due to fear memory in the cagemates, and this could act as an 

alarm signal for the witnesses. Therefore, the witness box and their cagemate’s freezing could 

facilitate the display of a robust fear memory of vicarious stress in witnesses with prior stress 

experience. Evidence for the cagemate’s behaviours influencing witnesses’ fear expression was 

shown when cagemates’ freezing during vicarious stress was positively correlated to witness 

freezing (Atsak et al., 2011; Hernandez-Lallement et al., 2020). Also, tones that were paired 

with a shock elicited freezing in cagemates while witnesses paralleled the same behavioural 

response, even though the witnesses had never observed footshocks being delivered to their 

cagemates (Bruchey et al., 2010). There is transfer of distress from the cagemate to the witness 

during vicarious stress that could still occur in the absence of the actual physical stressor. This 

should be explored in future studies.  

A major limitation in our studies is that we did not compare sex differences in 

behavioural responses for each age cohort since the hypothesis was centered on age 

differences. However, from observing the data we can see the possibility of sex differences 

being present for fear expression during vicarious stress. In the juvenile cohort, females with 

prior stress experience displayed about 20% greater fear expression than males with similar 

experience, whereas the reverse was observed in adult animals. These observations contrast 

those of others that show no sex differences in the expression of fear when animals with prior 

exposure to shocks witnessed others being shocked (Han et al., 2020; Sanders et al., 2013). This 

lack of sex differences were also observed in studies where animals without prior stress history 

observed others get stressed (Hernandez-Lallement et al., 2022; Mikosz et al., 2015; Panksepp 

& Lahvis, 2016). The differences in the juvenile cohorts could be attributed to the social 
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relationship with their cagemate, as juvenile males initiate and engage in more playful 

behaviours than juvenile females due to differences in circulating sex hormones (Bell, 2018). 

Juvenile females do engage in more affiliative interactions, like allogrooming and cuddling. 

Differences in these social behaviours could affect how much Experienced juvenile females can 

relate to the stressful experience of their sibling cagemate compared to juvenile males with 

prior stress history.  

 In conclusion, the present study is the first to demonstrate that past stressor experience 

in juveniles is integral for empathy during vicarious stress. Thus, juveniles must be able to relate 

to their peer’s current emotional state in aversive environments. Importantly, juveniles do not 

rely on the context of their past trauma to evoke empathy, but rather past trauma sensitizes 

their empathic response to the distress of others.   
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Chapter 4 General Discussion 
 

The present studies evaluated the behaviour and endocrine effects of vicarious stress 

during the juvenile period. In Chapter 2, we used a modified juvenile stressor regime previously 

used in our lab to examine effects of stress during the juvenile period to incorporate a vicarious 

stressor in the model. The juvenile stressors consisted of observing footshocks, a forced swim 

and restraint to an unfamiliar rat (Study 1) or a familiar sibling cagemate (Study 2). We 

hypothesized that observing these stressors would result in behavioral and physiological 

responses in rats comparable to those observed in animals that were stressed. Our results 

showed that at least some behavioral responses that reflect fear are observed in rats that were 

vicariously exposed during the juvenile period. These rats also showed elevated levels of 

corticosterone after vicarious stress as well. However, vicarious stress did not lead to long 

lasting expression of fear or other behavioral or physiological consequences of witnessing 

others being stressed.  

In the Chapter 3, we implemented observational fear-learning in juvenile and adult rats 

of both sexes and introduced a factor of past stressor experience in witnesses. In humans, it is 

easier to empathize with one another if there are shared experiences, especially if these are 

similar traumatic events. To emulate this, we included a group of juvenile rats that were 

exposed to a footshock and then witnessed their cagemate receive a footshock the following 

day. We hypothesized that this footshock experience would enhance emotional contagion in 

juvenile rats, as it does in adults. In line with our hypothesis, emotional contagion was observed 

in juveniles if they had experienced the footshock in the past compared to those that had not. 
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Also, we observed that male juvenile rats showed less emotional contagion compared to adult 

counterparts. The effects of vicarious stress and past experience during the juvenile period did 

not lead to any major long-term changes when comparing age.  

The comparison between juvenile and adult witnesses were made in Chapter 3, to 

demonstrate that there are differences in the expression of emotional contagion in juvenile 

versus adult rats. This was evident in male but not female rats. In the males, juveniles froze 

significantly less than adult males. These results suggest that there are differences in the 

underlying brain circuitry that governs this behaviour and that this may mature earlier in 

females than in males. This might involve the ACC, an integral structure for emotional 

contagion. Deactivation and lesions to the ACC significantly reduce fear expression in animals 

observing a distressed conspecific (Keum et al., 2018). Similarly, other regions like the amygdala 

and the mediodorsal thalamus provide bidirectional projections that are responsible for 

processing affective processing, fear learning and memory (Allsop et al., 2018; Ito et al., 2015; 

Twining et al., 2017; Zheng et al., 2020). The development of the ACC is thought to occur 

between PD 11 AND PD 45 with much of the pre-synaptic and post-synaptic growth occurring in 

late adolescence. In addition, dendritic spine densities increase in both male and female rats 

before the onset of puberty (between PD 20-35) although it is unclear if there are sex 

differences in the patterns of development of these structures and their connections (Koss et 

al., 2014; Pinto et al., 2013). In general, development of the ACC between the sexes is 

understudied. What is known is that synaptic pruning occurs earlier in development and that 

white matter volume reaches adult levels at PD 35 in females which coincides with increase in 

ovarian hormones (Drzewiecki et al., 2016; Koss et al., 2014; Willing & Juraska, 2015).  Our data 
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suggests a sex difference where these structures mature faster in females than in males, 

however further investigation is required as we did not design the experiment to study sex 

differences. 

Using the observational fear-learning model in Chapter 3, we demonstrate that past 

stressor experience is important for emotional contagion in juvenile rats. In adult rats, the fear 

memory associated with previous footshock exposure was generalized to the witness box (a 

completely different context) during vicarious stress. Juvenile rats with past stressor experience 

are more sensitive to the aversive events that are occurring to their peers leading to more 

robust emotional contagion. The purpose of this mirrored response can be associated with the 

reminder that they had a similar stressful experience, the sensitivity to the distressful cues 

being expressed by their peer and as a protective mechanism to freeze as to not endanger 

themselves once again.  

In Chapter 2, we provided a profile of the HPA-axis response of stressed witnesses to 

demonstrate that the HPA-axis response is like that of the directly stressed animals. Though the 

non-stressed witnesses did have elevated levels of corticosterone like those of stressed 

witnesses, only stressed witnesses showed fear expression, indicating that they were in distress 

from observing and being in the presence of a distressed animal. Therefore, we demonstrated 

that corticosterone levels must be interpreted with caution and highlight the need of 

behavioural data to validate if witness animals are indeed stressed by the task or by the 

handling itself. Although we observed the acute effect of vicarious stress on increasing 

corticosterone concentrations, an earlier study found differences in corticosterone levels during 

the light and dark phase after vicarious stress. In that study, corticosterone levels were taken 
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after the fifth day of vicarious stress (witnessing footshocks) and showed that witnesses had 

lower levels than directly stressed rats at four, eight and twelve hours than physical stressed 

rats. Non-stressed witnesses had the lowest levels, demonstrating that witnessing distress is as 

a mild stressor compared to direct physical stress (Ishikawa et al., 1995). It was expected a 

similar profile would have been observed if measured acutely for our studies in Chapter 2, thus 

perhaps a longer sampling time would tease out differences. 

 Importantly, there is some evidence that a reduction of glucocorticoid signalling may 

facilitate emotional contagion for a stranger. Inhibition of glucocorticoid synthesis as well as 

antagonism of the glucocorticoid and mineralocorticoid receptor in witness mice expressed 

greater pain sensitivity like that seen in familiar dyads and when in the presence of an 

unfamiliar mouse injected with painful acetic acid. Also, pre-treatment with a glucocorticoid 

synthesis inhibitor before observing a stranger in pain also increased empathy and pain 

sensitivity in human witnesses. This suggests that a witness must be less stressed 

(physiologically) to relate to a stranger (Martin et al., 2015). This observation is quite interesting 

as other studies in humans have shown that high levels of cortisol led to increased emotional 

and cognitive empathy (Smeets et al., 2009; Wolf et al., 2015) or no change in empathic abilities 

(Duesenberg et al., 2016).  

Unique to our study is that we tested animals for effects of stressors during the juvenile 

period that would last into adulthood (Chapter 2) and in early adolescence (Chapter 3). There is 

only one study that observed a long-term effect that occurred between five to nine days after 

the last vicarious stressor session, a similar time frame to the experiments in Studies 3 and 4. 

After 5 consecutive days of observational fear learning, young witness rats (PD 42-49) had 
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greater locomotor activity in the small OFT five days after the stressor compared to controls yet 

this activity decreased on day nine (Pijlman et al., 2002). It is difficult to compare the present 

research results to this study as different stressors, time points and behaviours were 

implemented. In addition, the controls in the study were not appropriate as rats were simply 

placed in the footshock chamber with no shock delivered, whereas our controls were placed in 

the witness box to observe a freely roaming rat. In sum, the present investigation provides 

evidence that there are minimal long-term behavioural effects caused by vicarious stress during 

the juvenile period. It would be important for future studies to utilize resources to study the 

various factors that impact emotional contagion during vicarious stress.  

 One of the major issues in our study is that our juvenile animals were in utero (on 

gestational day 5 or 6) when they were transported to our facilities. The stress of being 

transported endured by the pregnant females may potentially have led to neurobiological 

disturbances to the development of fetuses and therefore is a major confound for interpreting 

our results. Though great care taken to provide comfort to the pregnant females and that all 

pregnancies (except one) were successful and that the dams provided adequate maternal care 

to the pups, future experiments should be conducted with in-house mating and birthing of the 

rats, rather than outsourcing. Also, the integration of ultrasonic vocalization detection during 

the stressor was not used due to the experimental set-up constraints. Vocalizations could 

provide rich information on the affective states between a witness and their cagemate during 

vicarious stress. Vocalizations have been recorded between witness and cagemates and there 

are mixed observations. One study found that a decrease in vocalizations during vicarious stress 

as a result of stress buffering in male rats  (Wöhr & Schwarting, 2008) whereas another study 
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using female rats found greater vocalizations between Experienced witnesses and their 

cagemate (Atsak et al., 2011). Interestingly, one study that conducted a vicarious stressor 

model called fear-conditioning-by-proxy, found that ‘receiver’ rats that had footshocks in the 

past displayed emotional contagion (freezing) to the distress calls emitted by their cagemate 

(‘sender’) who froze to a tone they were fear-conditioned to. Though the number of calls 

emitted by cagemates were the same with receivers with and without past experience, only 

emotional contagion was present experienced receivers (Kim et al., 2010). It is as if the distress 

calls from the sender, during the tone, provided an alarm of ‘impending danger’ (footshock) to 

receivers. Receivers would then recognize their cagemates’ state of fear and similarly respond 

because of their previous experience with danger. However, past experience could have primed 

for cues that act as alarm signals (Knapska et al., 2006). This study validates our fear expression 

data in Experienced groups in both sex and ages and provides evidence that ultrasonic 

vocalizations do contribute to emotional contagion.  

Additionally, recording the fear response during vicarious stress in the cagemates was 

not conducted in our studies. There is evidence of a relationship between the freezing of the 

cagemates and witnesses, such that observers (of both sexes) who froze more also had 

cagemates that had higher levels of freezing while being shocked, suggesting that emotional 

contagion and parallel behaviours are stronger if the cagemate presents more fear related 

behaviours (Han et al., 2019, 2020). However, this was not observed by Atsak et al. (2011), 

though the same stressor methodology was implemented. Analyses of the behaviour of the 

cagemate could provide information on the individual differences of the witnesses and their 
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level of emotional contagion in juvenile rats. It would also strengthen the evidence that 

juveniles are more sensitive to the social behaviours of other peers and conspecific.  

 Future directions should focus on the different factors that are required for emotional 

contagion in juvenile rats during vicarious stress. One of these factors must be understanding 

the influence of hormones that are involved in social behaviours and stress using a witness 

model and surprisingly there is still a gap in preclinical studies. Oxytocin is an excellent 

candidate to study as its shown to increase helping behaviours in rodent empathy studies 

involving an animal ‘saving’ a trapped conspecific  (Bartal et al., 2011; Bartal et al., 2016). In 

adult mice, intranasal oxytocin increases emotional contagion for an unfamiliar mouse, 

however the role of oxytocin in the ACC has shown to be independent (Pisansky et al., 2017; 

Sakaguchi et al., 2018; Zoratto et al., 2018). Unfortunately, there are few studies investigating 

the role of oxytocin for vicarious stress using a similar witness model (witness animal watching 

from a barrier). Juveniles have a strong social disposition compared to adults that is modulated 

by oxytocin and that oxytocin also plays a role in fear acquisition, expression and memory in 

both juveniles and in adults (Kritman et al., 2017). Importantly, oxytocin at the PFC of juvenile 

rats facilitates fear extinction when another animal is present, thus can influence stress 

buffering (by the presence of a conspecific) and fear memory (Maroun et al., 2020). The role of 

oxytocin in this type of stress buffering could change in Experienced juvenile witnesses, who do 

not show extinction of fear and instead freeze in the presence of their shocked cagemate. 

Oxytocin may play a role in facilitating emotional contagion in juveniles and its role integrating 

past experiences during vicarious stress. 
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 As a reflection, our preclinical study emphasizes the relevance of studying the effects of 

vicarious stress as it occurs in juvenile rats. There is much work that is required in the current 

literature to study why past stressor experience plays a strong role in emotional contagion 

during this sensitive period of development. It could also provide a translational avenue to 

understand how empathy during vicarious stress such as secondary traumatic stress is different 

in children than in adults and is influenced by experience. Perhaps the ways in which juvenile 

rats and mice integrate their past experience to enhance emotional contagion is fundamental 

for children as their empathy for others develop, specifically during trauma. It is also possible 

that children’s experience can act as cues to better facilitate empathy however individual 

factors like genetics, socioeconomic background, family dynamics (to name a few) can influence 

the outcomes of past experience and vicarious stress. These outcomes that can either produce 

resilience or susceptibility when they become older. Our preclinical study shows weak long-

term effects of vicarious stress, however our model of vicarious stress may not be conducive for 

this.  

In conclusion, our investigation confirms that juvenile rats that witness their peers 

experience traumatic events is distressing and that they incorporate their past trauma 

experiences to empathize with another. These findings are integral for the future of 

understanding emotional contagion during this developmental period which is sparce in the 

current literature.  
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Appendix A 
 
Equation 1 
 

(
𝑇𝑖𝑚𝑒 𝑓𝑟𝑒𝑒𝑧𝑖𝑛𝑔 (𝑠𝑒𝑐𝑠)

𝐷𝑢𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑡𝑒𝑠𝑡 𝑜𝑟 1 𝑚𝑖𝑛 𝑡𝑖𝑚𝑒 𝑏𝑙𝑜𝑐𝑘 ⁄ ) 𝑥 100%

= % 𝐹𝑒𝑎𝑟 𝐸𝑥𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛 

Equation to determine percentage of fear expression for a time block. Time blocks were either 
the duration of the stressor or testing period (10 minutes) or 60 second time blocks when 
determining percentage fear expression for each minute over the testing period. 

 

Study 1 Results – not significant 
 
 
Table 1: F-values for EPM on PD 62-64 

Behaviour F-value p value 

percentage of time spent in the closed 
arms 

F(3,35)=1.54 

p>0.05 

percentage of time spent in the open 
arms 

F(3,35)=0.07 

percentage of time spent in the centre F(3,35)=1.26 

number of entries into the open arm F(3,35)=1.18 

number of head dips F(3,35)=.962 

 
Table 2: F-values for the novel object exploration test on PD 65-66  

Behaviour F-value p value 
Centre with Object F(3,36)=0.90 

p>0.05 

Periphery F(3,36)=0.90 
Latency to Approach X2=2.78 

Sniffing Object F(3,36)=1.69 
Touching the Object F(3,36)=1.41 
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Table 3: Corticosterone levels for each group in Cohort 1 and Cohort 2 were not significantly 
different from one another 

Group t-value P value 
Mean corticosterone (ng) 

 ± standard deviation 

  

p>0.05 
 

Cohort 1 Cohort 2 

Physical Stress t(18)=1.07 305.02 ± 144.49 380.12 ± 168.01 

Witness-Stress t(18)=0.91 295.16 ± 150.00 356.16 ± 149.93 

Witness-NoStress t(17)=027 285.09 ± 134.61 301.87 ± 141.17 

HomeCage t(18)=027 302.78 ± 129.00 336.79 ± 134.89 
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Appendix B 
 

Study 2 Results – not significant  
 
Table 1: F-values for corticosterone levels at specific timepoints during vicarious juvenile stress 
 

Timepoint F-value p value 

PD 27 housing main effect F(9,192)=0.89 
p>0.05 

PD 32 housing main effect F(9,130)=0.96 

Corticosterone levels @ 120mins PD 27 
vs PD 32 

F(1,65)=3.27 p=0.08 

 
Table 2: F-values for OFT  

Behaviour F-value p value 

Locomotor activity in the periphery for 
each group 

F(3,63)=2.19 
p=0.09 

Housing main effect for locomotor 
activity in the periphery 

F(3,63)=0.29 

p>0.05 

Housing main effect for locomotor 
activity in the centre 

F(1,63)=0.15 

Housing main effect for time spent in 
the periphery 

F(1,63)=0.01 

Housing main effect for time spent in 
the centre 

F(1,63)=.01 

 
Table 3: F-values for novelty-suppressed feeding test 
 

Behaviour F-value p value 

Cookie dough consumed for each group F(3,57)=0.42 

p>0.05 

Approaches towards cookie dough for 
each group 

F(1,62)=2.90 

Latency to approach the cookie dough 
for each group 

F(3,62)=0.99 

Housing main effect for cookie dough 
consumed 

F(1,57)=1.59 

Housing main effect for approaches 
towards cookie dough 

F(1,62)=2.90 p=0.09 
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Table 4: F-values for the social interaction test 

Behaviour F-value p value 

Sniffing for each group F(3,59)=0.63 

p>0.05 

Over/under for each group F(3,59)=0.59 

Following for each group F(3,59)=2.25 

Allogrooming for each group F(3,59)=0.02 

Playfighting for each group F(3,59)=0.72 

Anogenital sniffing for each group F(3,59)=0.95 

Grooming for each group F(3,59)=1.09 

Total social interaction for each group F(3,59)=0.27 

Housing main effect for following F(1,59)=0.26 

Housing main effect for playfighting F(1,59)=0.22 

Housing main effect for grooming F(1,59)=0.93 

 
Table 5: F-values for acoustic startle response 

Behaviour F-value p value 

Housing main effect for 90db F(1, 61)=0.90 

p>0.05 

105db for each group F(3, 59)=0.10 

Housing main effect for 105db F(3, 59)=0.92 

120db for each group F(3,59)=0.63 

Housing main effect for 120db F(3, 59)=0.55 
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Appendix C 
 

Study 3 Results – not significant  
 
Table 1: F-values for total fear expression during vicarious stress 

Factors and Interactions F-value p value 

Age main effect F(1,71)=1.89 
p>0.05 

Age x Past Shock F(1, 71)=1.33  

 
Table 2: F-values for fear expression across 12 minutes during vicarious stress 

Factors and Interactions F-value p value 

Age main effect F(1, 781)=0.55 

p>0.05 Age x Stress F(1, 781)=1.15 

Age x Past Shock F(1, 781)=0.73 

Age x Stress x Past Shock F(1, 781)=1.08  

 
Table 3: F-values for total fear expression 24 hours vicarious stress 

Factors and Interactions F-value p value 

Age x Stress F(1,71)=0.76 

p>0.05 Stress x Past Shock F(1,71)=0.00 

Age x Stress x Past Shock F(1,71)=0.31 

 
Table 4: F-values for total fear expression 6 days after vicarious stress- comparing juvenile and 
adult female rats 

Group F-value p value 

NoStress X2(1)=0.00 

p>0.05 
Naïve  X2(1)=0.00 

Experience X2(1)=0.09 

Context X2(1)=0.63 

 
Table 5: F-values for social interaction behaviours between witnesses and their cagemates 
immediately after vicarious stress 

Behaviour Factors and Interactions F-value p value 

Total 

Stress main effect F(1,71)=0.18 

p>0.05 

Past Shock main effect F(1,71)=0.10 

Stress x Past Shock F(1,71)=2.87 

Age x Stress  F(1,71)=0.58 

Age x Past Shock F(1,71)=0.01 

Age x Stress x Past Shock F(1,71)=2.72 

Sniffing Stress main effect F(1,71)=0.28 p>0.05 
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Age main effect F(1,71)=3.84 
p=0.054, partial 

η2=0.05 

Past Shock main effect F(1,71)=0.04 

p>0.05 

Stress x Past Shock F(1,71)=0.41 

Age x Stress  F(1, 71)=0.18 

Age x Past Shock F(1, 71)=0.41 

Age x Stress x Past Shock F(1, 71)=0.06 

Over/Under 

Stress main effect F(1, 71)=0.04 
p>0.05 

Past Shock main effect F(1, 71)=0.04 

Stress x Past Shock F(1, 71)=3.13 
p=0.08 

partial η2=0.04 

Age x Stress  F(1, 71)=0.04 p>0.05 

Age x Past Shock F(1,71)= 0.07 
p=0.08 

partial η2=0.04 

Age x Stress x Past Shock F(1, 71)=3.10 
p=0.08 

partial η2=0.04 

Following 

Stress main effect F(1, 71)=1.71 
p>0.05 

Past Shock main effect F(1, 71)=0.01 

Stress x Past Shock F(1, 71)=2.94 
p=0.09 

partial η2=0.04 

Age x Stress  F(1, 71)=1.93 
p>0.05 

Age x Stress x Past Shock F(1, 71)=1.42 

Allogrooming 

Stress main effect F(1, 71)=0.70 

 

Past Shock main effect F(1, 71)=0.61 

Stress x Past Shock F(1, 71)=1.33 

Age x Stress  F(1, 71)=0.11 

Age x Past Shock F(1,71)= 0.61 

Age x Stress x Past Shock F(1, 71)=0.70 

Anogenital Sniffing 

Stress main effect F(1, 71)=0.75 

p>0.05 Past Shock main effect F(1,71)=1.04 

Age x Stress  F(1,71)=1.23 

Grooming 

Stress main effect F(1, 71)=1.53 

p>0.05 

Past Shock main effect F(1, 71)=1.62 

Stress x Past Shock F(1, 71)=0.09 

Age x Stress  F(1, 71)=1.83 

Age x Past Shock F(1,71)= 1.43 

Age x Stress x Past Shock F(1, 71)=0.08 
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Table 6: F-values for social interaction test in adult and juvenile female rats 

Behaviour Factors F-value p value 

Total 

Stress main effect F(1, 65)=0.35 

p>0.05 Past Shock main effect F(1, 65)=0.71  

Age x Stress x Past Shock F(1, 65)=0.47 

Sniffing 

Stress main effect F(1, 65)=0.09 

p>0.05 Stress x Past Shock F(1, 65)=0.00 

Age x Stress x Past Shock F(1, 65)=0.56 

Over/Under 

Stress main effect F(1, 65)=1.70 

p>0.05 

Age main effect F(1, 65)=2.38 

Stress x Past Shock F(1, 65)=0.79 

Age x Past Shock F(1, 65)=0.01 

Age x Stress x Past Shock F(1, 65)=0.92 

Following 

Stress main effect F(1, 65)=0.47 
p>0.05 

Past Shock main effect F(1, 65)=0.28 

Age main effect F(1, 65)=3.04 
p=0.09 

partial η2=0.18 

Age x Past Shock F(1, 65)=0.71 
p>0.05 

Age x Stress x Past Shock F(1, 65)=0.05 

Allogrooming 

Stress main effect F(1, 65)=1.16 

p>0.05 

Age main effect F(1, 65)=0.53 

Stress x Past Shock F(1, 65)=0.12 

Age x Stress  F(1, 65)=1.31 

Age x Past Shock F(1, 65)=0.02 

Age x Stress x Past Shock F(1, 65)=0.00 

Playfighting 

Past Shock main effect      F(1, 65)=3.22 
p=0.08 

partial η2=0.05 

Stress main effect F(1, 65)=0.49 

p>0.05 

Stress x Past Shock F(1, 65)=0.97 

Age x Stress F(1, 65)=0.00 

Age x Past Shock F(1, 65)=2.56 

Age x Stress x Past Shock F(1, 65)=0.62 

Anogenital Sniffing 

Stress main effect F(1, 65)=0.43 

p>0.05 

Past Shock main effect F(1, 65)=0.62 

Age main effect F(1, 65)=1.42 

Stress x Past Shock F(1, 65)=2.05 

Age x Stress F(1, 65)=0.76 

Age x Past Shock F(1, 65)=0.36 

Age x Stress x Past Shock F(1, 65)=1.49 

Grooming Stress main effect F(1, 65)=0.00 p>0.05 
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Past Shock main effect F(1, 65)=3.60 
p=0.06, partial 

η2=0.05 

Stress x Past Shock F(1, 65)=0.86 

p>0.05 
Age x Stress F(1, 65)=1.33 

Age x Past Shock F(1, 65)=0.42 

Age x Stress x Past Shock F(1, 65)=0.56 

 
Table 7: F-values for acoustic startle response for juvenile and adult females 

Acoustic Sound Factors F-value p value 

90db 

Stress main effect F(1, 69)=0.51 

p>0.05 

Past Shock main effect F(1, 69)=2.22 

Stress x Past Shock F(1, 69)=0.28 

Age x Stress F(1, 69)=0.18 

Age x Past Shock F(1, 69)=0.36 

Age x Stress x Past Shock F(1, 69)=0.20 

105db 

Age main effect F(1, 69)=1.49 

p>0.05 

Stress main effect F(1, 69)=0.21 

Past Shock main effect F(1, 69)=0.62 

Stress x Past Shock F(1, 69)=0.28 

Age x Stress F(1, 69)=0.03 

Age x Past Shock F(1, 69)=0.90 

Age x Stress x Past Shock F(1, 69)=0.27 

120db 

Stress main effect F(1, 69)=0.04 

p>0.05 

Past Shock main effect F(1, 69)=0.00 

Stress x Past Shock F(1, 69)=0.03 

Age x Stress F(1, 69)=0.00 

Age x Past Shock F(1, 69)=0.16 

Age x Stress x Past Shock F(1, 69)=0.00 
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Appendix D 
Study 4 Results – not significant 
 
Table 1: F-values for total fear expression 

Factors F-value p value 

Age x Stress F(1, 71)=0.37 

p>0.05 Age x Past Shock F(1, 71)=1.33,  

Age x Stress x Past Shock F(1, 71)=0.07 

 
Table 2: F-values for juvenile fear expression across 12 minutes 

Factors F-value p value 

Stress main effect F(11, 407)=1.51 
p>0.05 

Stress x Past Shock F(11, 407)=1.46 

 
Table 3: F-values for adult fear expression across 12 minutes 

Factors F-value p value 

Stress main effect F(1,374)=2.11 p=0.07 

Age x Past Shock F(1, 71)=1.33,  p>0.05 

 
Table 4: F-values for total fear expression after 24 hours 

Factors F-value p value 

Stress main effect F(1, 71)=0.62 

p>0.05 Age x Stress F(1, 71)=0.56 

Age x Stress x Past Shock F(1, 71)=1.14 

 
Table 5: F-values for total fear expression 6 days after Vicarious Stress Day 

Factors F-value p value 

Stress main effect F(1, 71)=0.04 

p>0.05 
Stress x Past Shock F(1, 71)=0.86 

Age x Stress F(1, 71)=0.33 

Age x Stress x Past Shock F(1, 71)=1.11 

 
Table 6: F-values for social interaction behaviours between cagemates 

Behaviour Factors F-value p value 

Total 

Stress main effect F(1, 70)=0.04 

p>0.05 
Past Shock main effect F(1, 70)=0.00 

Stress x Past Shock F(1, 70)=1.85 

Age x Stress  F(1, 70)=1.63 
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Age x Past Shock F(1, 70)=0.03 

Age x Stress x Past Shock F(1, 71)=1.50 

Sniffing 

Stress main effect F(1, 70)=2.81 p=0.09 

Past Shock main effect F(1, 70)=2.33 

p>0.05 

Stress x Past Shock F(1, 70)=1.09 

Age x Stress  F(1, 70)=0.62 

Age x Past Shock F(1, 70)=1.62 

Age x Stress x Past Shock F(1, 71)=1.80 

Over/Under 

Stress main effect F(1, 70)=1.09 

p>0.05 

Past Shock main effect F(1, 70)=0.00 

Stress x Past Shock F(1, 70)=2.20 

Age x Stress  F(1, 70)=1.19 

Age x Past Shock F(1, 70)=0.00 

Age x Stress x Past Shock F(1, 71)=2.14 

Following 

Age main effect F(1, 70)=0.74 

p>0.05 

Stress main effect F(1, 70)=0.42 

Past Shock main effect F(1, 70)=1.23 

Stress x Past Shock F(1, 70)=0.17 

Age x Stress  F(1, 70)=0.26 

Age x Past Shock F(1, 70)=0.07 

Age x Stress x Past Shock F(1, 71)=0.66 

Allogrooming 

Age main effect F(1, 70)=3.71 

p>0.05 Stress main effect F(1, 70)=0.68 

Past Shock main effect F(1, 70)=0.14 

Stress x Past Shock F(1, 70)=3.14 p=0.08 

Age x Stress  F(1, 70)=0.93 

p>0.05 Age x Past Shock F(1, 70)=0.25 

Age x Stress x Past Shock F(1, 71)=1.89 

Playfighting 

Stress main effect F(1, 70)=3.77 p=0.06  

Past Shock main effect F(1, 70)=1.71 

p>0.05 Stress x Past Shock F(1, 70)=0.563 

Age x Stress  F(1, 70)=0.20 

Anogenital Sniffing 

Stress main effect F(1, 70)=0.00 

p>0.05 

Past Shock main effect F(1, 70)=1.44 

Stress x Past Shock F(1, 70)=0.16 

Age x Stress  F(1, 70)=0.00 

Age x Past Shock F(1, 70)=1.12 

Age x Stress x Past Shock F(1, 71)=0.03 

Grooming 

Stress main effect F(1, 70)=0.04 

p>0.05 
Past Shock main effect F(1, 70)=0.26 

Stress x Past Shock F(1, 70)=1.34 

Age x Stress  F(1, 70)=0.07 
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Age x Past Shock F(1, 70)=0.33 

Age x Stress x Past Shock F(1, 71)=1.49 

 
Table 7: F-values for social interaction test 

Behaviour Factors F-value p value 

Total 

Stress main effect F(1, 68)=0.12 

p>0.05 

Past Shock main effect F(1, 68)=2.13 

Stress x Past Shock F(1, 68)=0.40 

Age x Stress F(1, 68)=0.25 

Age x Past Shock F(1, 68)=0.80 

Age x Stress x Past Shock F(1, 68)=0.36 

Sniffing 

Stress main effect F(1, 68)=0.00 

p>0.05 

Past Shock main effect F(1, 68)=0.87 

Stress x Past Shock F(1, 68)=0.61 

Age x Stress F(1, 68)=0.16 

Age x Past Shock F(1, 68)=0.08 

Age x Stress x Past Shock F(1, 68)=0.17 

Over/Under 

Stress main effect F(1, 68)=0.78 

p>0.05 

Past Shock main effect F(1, 68)=1.32 

Stress x Past Shock F(1, 68)=1.39 

Age x Stress F(1, 68)=0.53 

Age x Past Shock F(1, 68)=0.01 

Age x Stress x Past Shock F(1, 68)=2.28 

Following 

Age main effect F(1, 68)=0.03 

p>0.05 

Stress main effect F(1, 68)=0.35 

Past Shock main effect F(1, 68)=1.27 

Stress x Past Shock F(1, 68)=0.04 

Age x Stress F(1, 68)=0.00 

Age x Past Shock F(1, 68)=2.43 

Age x Stress x Past Shock F(1, 68)=0.06 

Allogrooming 

Stress main effect F(1, 68)=0.70 

 p>0.05 

Past Shock main effect F(1, 68)=1.02 

Stress x Past Shock F(1, 68)=0.20 

Age x Stress F(1, 68)=0.19 

Age x Past Shock F(1, 68)=1.25 

Age x Stress x Past Shock F(1, 68)=0.06 

Playfighting 

Age main effect F(1, 68)=3.52 p=0.06 

Stress main effect F(1, 68)=2.81 p=0.09 

Past Shock main effect F(1, 68)=0.93 

p>0.05 
Stress x Past Shock F(1, 68)=2.20 

Age x Stress F(1, 68)=0.05 

Age x Past Shock F(1, 68)=2.32 
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Age x Stress x Past Shock F(1, 68)=0.25 

Anogenital Sniffing 

Stress main effect F(1, 68)=0.03 

p>0.05 

Past Shock main effect F(1, 68)=1.37 

Stress x Past Shock F(1, 68)=0.02 

Age x Stress F(1, 68)=0.00 

Age x Past Shock F(1, 68)=1.57 

Age x Stress x Past Shock F(1, 68)=0.12 

Grooming 

Stress main effect F(1, 68)=0.08 p>0.05 

Past Shock main effect F(1, 68)=2.85 p=0.09 

Stress x Past Shock F(1, 68)=0.69 

p>0.05 Age x Stress F(1, 68)=1.41 

Age x Stress x Past Shock F(1, 68)=0.02 

 
Table 8: Acoustic Startle Response F-values  

Acoustic Sound Factors F-value p value 

90db 

Stress main effect F(1, 70)=0.10 

p>0.05 

Past Shock main effect F(1, 70)=0.48 

Stress x Past Shock F(1, 70)=1.90 

Age x Stress F(1, 70)=0.33 

Age x Past Shock F(1, 70)=1.75 

Age x Stress x Past Shock F(1, 70)=0.59 

105db 

Stress main effect F(1, 71)=0.72 

p>0.05 

Past Shock main effect F(1, 71)=0.78 

Stress x Past Shock F(1, 71)=0.07 

Age x Stress F(1, 71)=0.17 

Age x Past Shock F(1, 71)=0.00 

Age x Stress x Past Shock F(1, 71)=0.91 

120db 

Stress main effect F(1, 71)=1.03 

p>0.05 
Past Shock main effect F(1, 71)=1.39 

Stress x Past Shock F(1, 71)=0.81 

Age x Stress F(1, 71)=0.01 

 

 
 
 
 
 
 
 


