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Introduction. Major Depressive Disorder (MDD) is a devastating mood disorder
characterized by social anhedonic deficits. Stress and MDD are inextricably linked,
however, not all stressors have the same impact on depressive symptomology.
Uncontrollable stress causes anhedonic deficits that are mitigated when the same
stressor is controllable, and this has been shown to be regulated by serotonin. The
current thesis investigates whether stressor controllability affects social reward
processing in laboratory rodents as well as the associated neurobiological mechanisms
regulating this effect. Methods. In order to investigate this, a procedure was developed
that assessed both social unconditioned and conditioned reward reactivity in male
Sprague-Dawley rats. Rats were then exposed to escapable or yoked inescapable foot
shocks and were tested in this social preference procedure. The selective serotonin
reuptake inhibitor escitalopram (ESC), a putative antidepressant drug, was administered
after shock exposure to determine whether stressor controllability and social hedonic
reactivity were regulated by serotonergic mechanisms. In vivo microdialysis was used to
determine whether extracellular serotonin in the dorsal hippocampus was affected by
stressor controllability and ESC treatment in a conditioned social environment. Finally,
the effect of stressor controllability on social hedonic preference was assessed in
female Sprague-Dawley rats, because MDD is more prevalent in women compared to

men. Results. In male Sprague-Dawley rats, it was found that exposure to inescapable
stress caused deficits in social conditioned but not unconditioned preference, and this
was mitigated when the same stressor was controllable. Treatment with ESC attenuated
the effects of inescapable stress on social conditioned preference. Furthermore, ESC
treatment was associated with elevated extracellular serotonin levels in the dorsal
hippocampus. Female rats showed a reduced social conditioned preference sensitivity
compared to males, and despite this inescapable stress reduced social conditioned
preference after exposure to inescapable, but not escapable shocks.
Conclusion. The effect of stressor controllability had a significant impact on social
conditioned preference in laboratory rats, and this was regulated by serotonergic
mechanisms. This suggests that the ability to control aversive stimuli significantly
attenuates the deleterious consequences of stress on social reward processing, and
this has important implications for preventing this cardinal feature of MDD.
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Statement of research problem
Major Depressive Disorder (MDD) is a complex and heterogenous condition,
characterized by numerous physiological and behavioural characteristics (Daniels et al.
2019). There are a number of pharmacological therapies that effectively alleviate
symptoms of depression, with the vast majority of patients receiving treatment with
selective serotonin reuptake inhibitors (SSRI; Cipriani et al. 2018). However, a large
number of patients fail to respond to SSRI treatment (Christensen et al. 2011; Uher et
al. 2012). In an attempt to improve SSRI drug efficacy researchers have identified
clinical biomarkers associated with antidepressant treatment response. Research in
laboratory rodents is poised to significantly contribute to understanding the
neurobiological mechanisms that characterize these biomarkers.
However, because MDD is a highly heterogenous condition studying biomarkers
in laboratory rodents is a complex endeavour. It is unlikely that a single ‘animal model’
would be able to recapitulate this complexity. Instead, we propose an alternative
approach to studying biomarkers in laboratory rodents by reverse translating clinical
features of the condition that can be studied using well-validated learned and unlearned
biobehavioural responses in laboratory rodents. The current thesis focuses on a
cardinal feature of MDD, anhedonia, also known as reward processing deficits, which
are critical to understanding antidepressant drug treatment non-response, because
patients with higher anhedonia scores are less likely to respond to antidepressant drug
treatments (Uher et al. 2012). Anhedonia much like MDD is a multifaceted construct,
involving multiple components and responses to different reinforcing stimuli. One of the
most prominent features of anhedonia in patients with MDD is social anhedonia (Rizvi et

xii
al., 2015; Papakostas et al. 2004; Vinckier et al. 2017a), which is characterized by
reduced reactivity towards social reinforcing stimuli. Therefore, the focus of the current
thesis will be on social anhedonic deficits.
While there are many causes of anhedonia, stress is a putative triggering factor
(Ménard et al. 2016a). More specifically, the inability to control aversive stimuli is a
central mechanism in the etiology and pathology of MDD (Maier and Seligman 2016). In
laboratory animals, this concept is termed stressor controllability and is characterized by
deleterious negative consequences that are mitigated when the aversive stimuli are
controlled by the organism (Amat et al. 1998a, 2010; Maier et al. 2006). The current
thesis will investigate whether stressor controllability causes deficits in social hedonic
reactivity, and whether this is attenuated by treatment with the SSRI escitalopram. The
neurobiological mechanisms underlying this effect will be investigated by measuring
extracellular serotonin levels in the dorsal hippocampus, which is a critical region for
depressive etiology and pathology (Sheline 2003; Russo and Nestler 2013a; Zemdegs
et al. 2016). The goal of this research is to understand the relationship between stressor
controllability and social anhedonia, with the ultimate aim of creating a model that can
be used to study the neurobiological mechanisms underlying putative biomarkers of
depression and antidepressant treatment response. Furthermore, because MDD is
more prevalent in women, sex differences will be investigated to determine whether
social hedonic preference is differentially altered by stressor controllability in male and
female rats.
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Main research objectives
Objective 1: Aims to identify the best method of studying Major Depressive
Disorder (MDD) in laboratory rodents. This requires a sophisticated analysis of the
heterogenous nature of the condition, relating human MDD symptoms to relevant biobehavioural functions that can be studied in laboratory rodents. This is outlined in a
systematic review that was published in the Journal of Affective Disorders (2019).
Objective 2: The second objective is to study social anhedonia in laboratory
rodents because this is a prominent feature of MDD that can predict non-response to
antidepressant drug treatment. The ability to control aversive stimuli can mitigate the
negative consequences of stress on depressive symptomology. Therefore, the second
objective is to study whether stressor controllability affects social hedonic preferences in
male Sprague-Dawley rats (Chapter 3). As such, rats will be exposed to escapable or
yoked inescapable foot shocks prior to social unconditioned and conditioned preference
testing.
Objective 3: The third objective is to investigate the neurobiological mechanisms
underlying the effect of stressor controllability on social conditioned preference. This will
be investigated by administering the selective serotonin reuptake inhibitor escitalopram
(0, 5 and 10 mg/kg) after exposure to escapable or inescapable shocks. The
hippocampus is a key brain region associated with MDD etiology and pathology as well
as antidepressant treatment response. Therefore, whether stressor controllability is
associated with alterations of extracellular serotonin in the dorsal hippocampus of male
Sprague-Dawley rats in a conditioned social environment will be investigated.
Accordingly, rats will be exposed to escapable or yoked inescapable foot shocks and 0

xiv
or 5 mg/kg escitalopram. Extracellular serotonin levels will be measured while rats are
in a conditioned social environment using in vivo microdialysis in the dorsal
hippocampus.
Objective 4: The final objective is to investigate whether the effect of stressor
controllability on social conditioned preference differs based on the sex of the organism.
Therefore, female Sprague-Dawley rats will be tested using the same procedure
outlined in Objective 2.
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Chapter 1

Reverse Translation of Major Depressive Disorder Symptoms: A Framework for the
Behavioural Phenotyping of Putative Biomarkers

This manuscript is published in: Daniels, S. Horman, T. Lapointe, T. Melanson, B.
Storace, A. Kennedy, S. Frey, B. Rizvi, S. Hassel, S. Mueller, D. Parikh, S. Lam, R.
Blier, P. Farzan, F. Giacobbe, P. Milev, R. Placenza, F. Soares, C. Turecki,G. Uher, R.
Leri, F. (2020) Reverse Translation of Major Depressive Disorder Symptoms: A
Framework for the Behavioural Phenotyping of Putative Biomarkers. Journal of Affective
Disorders, 263, 353-366.
Contributions of co-authors: As the first author on this publication I was principally
involved in the design and writing of all sections of this review paper. More specifically, I
was solely involved in writing the introduction, anhedonia, anxiety-like behaviours,
sleep, cognition, and discussion sections. Furthermore, I edited the entire paper
including reviewer recommended changes. The co-listed authors including Thomas
Horman (caloric intake, aversive learning), Thomas Lapointe (psychomotor functions),
Brett Melanson and Alexandra Storace (passive coping) wrote a section or two each.
The remaining listed authors were involved in editing the manuscript and providing
clinical expertise including Sidney Kennedy, Benicio Frey, Sakina Rizvi, Stephanie
Hassel, Daniel Mueller, Sagar Parikh, Raymond Lam, Pierre Blier, Farzan Faranak,
Peter Giacobbe, Andrew Kcomt, Roumen Milev, Franca Placenza, Claudio Soares,
Gustavo Turecki, Rudolf Uher. Finally, Dr. Francesco Leri was the principal investigator
on the paper and was in charge of designing and editing the entire manuscript.
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Abstract
Background: Reverse translating putative biomarkers of depression from patients to
animals is complex because Major Depressive Disorder (MDD) is a highly heterogenous
condition. This review proposes an approach to reverse translation based on relating
relevant bio-behavioural functions in laboratory rodents to MDD symptoms.
Methods: This systematic review outlines symptom clusters assessed by psychometric
tests of MDD and antidepressant treatment response including the: Montgomery-Åsberg
Depression Rating Scale, Hamilton Depression Rating Scale, and Beck Depression
Inventory. Symptoms were related to relevant behavioural assays in laboratory rodents.
Results: The resulting battery of tests includes passive coping, anxiety-like behaviours,
sleep, caloric intake, cognition, psychomotor functions, hedonic reactivity and aversive
learning. These assays are discussed alongside relevant clinical symptoms of MDD,
providing a framework through which reverse translation of a biomarker can be
interpreted.
Limitations: Certain aspects of MDD may not be quantified by tests in laboratory
rodents, and their biological significance may not always be of clinical value.
Conclusions: Using this reverse translation approach, it will be possible to clarify the
functional significance of a putative biomarker and hence translate its contribution to
specific clinical symptoms, or clusters of symptoms.
Keywords: Major Depressive Disorder, Montgomery–Åsberg Depression Rating Scale,
Hamilton Rating Scale for Depression, Beck Depression Inventory, antidepressant drug
treatment response, reverse translation
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Introduction
Major Depressive Disorder (MDD) is a psychiatric disorder that affects hundreds
of millions of people worldwide (Kessler and Bromet 2013). Despite incontrovertible
evidence of antidepressant drug efficacy (Cipriani et al., 2018), a large number of
individuals fail to respond (Souery et al., 2006). In fact, approximately 30% achieve
remission on the first treatment attempt (Trivedi et al. 2006a), and a sustained remission
occurs in less than 50% of patients (Berton and Nestler 2006).
Numerous attempts to improve antidepressant drug efficacy have been
undertaken, requiring large amounts of financial support and expertise. Because MDD
is a highly heterogeneous disorder it is difficult to study the entire condition in a single
laboratory, therefore, collaborative multidisciplinary groups of clinical researchers have
been formed. For instance, the Canadian Biomarker Integration Network in Depression
(CAN-BIND) was developed (Kennedy et al. 2012) to address the issue of
antidepressant treatment non-response. As one of the integrated discovery programs
funded by the Ontario Brain Institute, the primary objective is to reduce rates of nonresponse to antidepressant medication, and other forms of intervention, by identifying
biomarkers of treatment responsivity (Lam et al., 2016; Kennedy et al., 2019). Biological
markers (or “biomarkers”) are defined as quantifiable characteristics that may reflect
normal biological or pathological processes and predict response to specific therapeutic
interventions or subsequent relapse (Frank and Hargreaves 2003).
The CAN-BIND team has identified a number of putative biomarkers associated
with antidepressant treatment response. For instance, a series of small non-coding
micro-RNA: miR-146a-5p, miR-146b-5p, miR-425-3p and miR-24-3p, were
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downregulated in responders, but not non-responders, after eight weeks of duloxetine
treatment (Lopez et al. 2017). Importantly, a unique contribution of CAN-BIND was the
allocation of resources towards understanding the bio-behavioural significance of
biomarkers through reverse translation in laboratory rodents. Lopez and associates
(2017) showed that mice exposed to social defeat stress who responded to
escitalopram also showed similar downregulation in several of the same microRNA
transcripts observed in MDD patients. This reverse translation of human biomarkers to
animals has potential to deepen our understanding of the neurobiology of depression,
by offering new platforms to study correlational and causative factors, and to identify
new therapeutic targets. Importantly, animal research provides unique advantages in
the search for biomarkers of MDD because it allows experimental access to conserved
biological systems and behaviours that play key roles in the etiology and pathology of
MDD.
However, the application and interpretation of pre-clinical findings is complicated
by the heterogeneity of MDD. In fact, the range of depressive symptoms is so diverse
that two patients can be diagnosed with the same disorder and yet present diametrically
opposite symptom profiles (e.g. insomnia vs hypersomnia, weight loss vs weight gain,
agitation vs psychomotor retardation; Krishnan and Nestler, 2008). Due to this
heterogeneity, the reverse translation of biomarkers of human depression to laboratory
animals is a difficult enterprise (Drysdale et al., 2017; Kennedy & Ceniti, 2018). In this
context, reverse translation of potential biomarkers requires a sophisticated approach to
animal behavioral testing that goes well beyond employing the “best” or “better” animal
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model(s) of MDD (Maier 1984; Dulawa and Hen 2005; Deussing 2006; Krishnan and
Nestler 2008; Perona et al. 2008; Robinson 2018).
To date, there are a number of excellent reviews of animal models of MDD
(Nestler et al. 2002; Krishnan and Nestler 2008; Belzung 2014; Bentley et al. 2014;
Schratt 2014; Robinson 2018), clearly making the point that each model has its own
strengths and weaknesses based on different types of validity (Stewart and Kalueff
2013). As an alternative to research focused on animal ‘models’, we propose a testbattery approach centered on behavioural ‘tests’ in laboratory rodents that can be used
to study clinical biomarkers of antidepressant treatment response/non-response. More
specifically, this systematic review draws parallels between biological and behavioural
tests in laboratory rodents and relevant symptoms of MDD assessed by common
psychometric tests such as: the Montgomery-Åsberg Depression Rating Scale
(MADRS; Montgomery and Asberg, 1979), Hamilton Depression Rating Scale (HAMD;
Hamilton, 1960) and Beck’s Depression Inventory (BDI; Beck et al., 1961). The goal of
this review to provide a clinical framework through which a biomarker of antidepressant
treatment response can be interpreted in laboratory rodents.
Instead of exploring which animal model of MDD may be most valid, this review
conceptualizes the interpretation of depressive-like behaviour in laboratory rodents,
focusing on specific clinical symptoms instead of holistic state-based interpretations. As
well, although this analysis involves the consideration of parallel functions in humans
and animals, the objective is not to generate an anthropomorphic battery of tests, but
rather to highlight the rich repertoire of unlearned and learned behaviours in laboratory
rodents that may be relevant for reverse translating symptoms of MDD. Given that
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animal research allows for controlled experimental conditions with the use of
sophisticated platforms for cognitive and behavioural neuroscience testing, reverse
translating biomarkers of specific symptoms and/or subtypes of MDD can be feasible,
informative and valuable.
Passive coping (despair and learned helplessness)
The MADRS defines Reported (subjective) and Apparent (objective, clinicianobserved) Sadness– as ‘looking miserable all the time and extremely despondent;
continuous or unvarying sadness, misery, or despondency.’ The HAMD-17 combines
sadness, helplessness, hopelessness and worthlessness in the item Depressed mood,
represented as ‘reporting virtually only these feeling states in spontaneous verbal and
non-verbal communication.’ The BDI identifies patients who are ‘so sad and unhappy
that it is not possible to endure’ and ‘feelings that the future is hopeless, and things
cannot improve’. This is a core features of MDD and is among the most debilitating
symptoms, in five distinct areas of daily functioning: employment, home, close
relationships, social and personal life (Fried and Nesse 2014; Culpepper et al. 2015).
In general, animals exposed to uncontrollable aversive stimuli develop passive
behavioral coping strategies, characterized by despondent and inactive states
(Seligman and Maier 1967; Porsolt et al. 1978; Jackson et al. 1980; Maier 1984). The
section below highlights behavioural tests that have relevance to this item, including
learned helplessness and the forced swim test.
Learned Helplessness
Seligman and Maier (1967) discovered that animals exposed to the exact same
stressor develop qualitatively different phenotypic profiles based on whether they can
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control the stressor or not, a phenomenon termed learned helplessness. Since its
discovery in laboratory animals, the concept of helplessness has been subjectively and
objectively defined and quantified in humans. Subjectively, it is described as a feeling
that life and external circumstances/negative situations are beyond control/cannot be
stopped through any effort (Alloy & Seligman, 1979). Objectively, helplessness is
characterized by behavioural passivity in the face of controllable, aversive stimuli. This
passive stress coping strategy often occurs because previous experiences with
uncontrollable stress have created a response-outcome non-contingency, where the
perceived probability of an outcome is not affected by the response (Overmier 2002).
Hence, the perceived or real uncontrollability of stressors leads to a “learned”
helplessness (LH) phenotype, where no attempt to control a stressor is made, even
when possible (Overmier, 2002). For example, after exposure to uncontrollable aversive
stimuli, study participants faced with a now controllable stressful situation verbally
reported: “nothing worked so why try?” (Hiroto & Seligman, 1975).
Helplessness, learned helplessness, and MDD are strongly linked constructs. For
example, high levels of helplessness are often observed in depressed patients (Kendler
et al., 2003; Beck & Steer, 1988). Also, more severe feelings of helplessness have been
associated with more severe symptoms of MDD (Ozment & Lester, 1998). Interestingly,
depressed individuals who had no known exposure to inescapable stressors performed
helplessly on laboratory tasks (Klein, Fencil, Morse & Seligman, 1976; Klein &
Seligman, 1976). Therefore, while prior exposure to uncontrollable stressors can
contribute to its development, helplessness may also have an “experience-independent
cognitive trait-like quality” (Klein and Seligman 1976; Klein et al. 1976).
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Four observations suggest that LH behavior can be useful to reverse translate
biomarkers of MDD that have been identified in human patients, such as elevated levels
of neuro-inflammatory markers interleukin factors 1 and 6, as well as C-reactive protein
(Howren et al. 2009). First, LH can be modified by pharmacological and nonpharmacological manipulations relevant to the treatment of MDD such as tricyclic
antidepressants (TCA), selective serotonin reuptake inhibitors (SSRI), monoamine
oxidase inhibitors (MAOI) and electroconvulsive shocks (Petty et al., 1989; Su et al.,
2016; Reed et al., 2009; Gambarana et al., 2001). Second, anxiolytics, neuroleptics,
stimulants, or sedatives generally have little to no effect on LH (Sherman, Sacquintne &
Petty, 1982). Third, LH behavior can be modulated by manipulation of brain
monoaminergic systems. For example, 5-HT transporter knockout mice display
heightened LH (Muller et al. 2011). Furthermore, 5-HT microinfused into either the
frontal cortex or the septum reverses LH behavior (Petty et al., 1989), and
transplantation of with monoamine-producing cells in the frontal cortex can prevent the
development of LH (Sagen, Sortwell & Pappas, 1990). Fourth, experimental procedures
used to study depressive-like behaviours in laboratory animals have also been shown to
influence helplessness in rodents, such as chronic immobilization stress (Wood et al.
2008), repeated tail shock (Takase et al. 2005), and maternal/prenatal stress (Secoli
and Teixeira 1998). Importantly, reports have also described differences in the
acquisition of LH based on rat strain, providing useful information to study individual
differences in stress susceptibility (Zhukov 1993; Padilla et al. 2009), and as a tool to
explore genetic predispositions to helplessness in rats.
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However, several important limitations should be discussed. First, LH is
considered to have low predictive validity in terms of antidepressant onset, since the
test is sensitive to subchronic drug treatment (i.e., exhibits rapid antidepressant effects)
which does not induce remission in human patients (Ramaker and Dulawa 2017;
Planchez et al. 2019). In addition, due to the large variability in the induction of
behavioral deficits that may result (10-50% of animals tested), it is criticized for having
limited reliability and practical use to assess antidepressant efficacy (Ramaker and
Dulawa 2017), though this perspective is controversial as other studies report high face,
predictive and population validity for the LH model (Hao et al. 2019). Second, the
exhibited LH behavior is relatively short-lived following termination of uncontrollable
shock exposure (Cryan et al. 2005). Finally, rats have been shown to maneuver
themselves in such a way that they can avoid shock if they position properly within the
chamber (Porsolt 2000), possibly interfering with the endpoint interpretation of an
uncontrollable stress group. Nevertheless, this procedure remains a valuable tool for
studying the effects of stressor controllability on behaviours that have a direct relevance
to symptoms of MDD.
Despair
Despair is perceived as a state of extreme low mood in humans and is one of the
key descriptions of sadness defined by the MADRS (Montgomery and Asberg 1979;
Fried and Nesse 2014; Culpepper et al. 2015). Despair occurs when behavioral efforts
are perceived as meaningless, leading to feelings of giving up and an intense sense of
hopelessness (Nesse 1999). Animal tests involving exposure to uncontrollable
stressors, such as the forced swim test (FST) and tail suspension test (TST). Both
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procedures measure latency and duration of immobility after rodents are placed in a
container of water or hung upside down by their tails, respectively. Reduced escape
behaviours in these tests are considered measures of behavioral passivity, defined as
immobility, reflecting disengagement (i.e., giving up) from climbing, swimming, or
righting. Here, the objective measure of immobility rather than uncontrollability, is
related to human despair (Porsolt et al. 1978; Steru et al. 1985), because there is no
possibility of terminating the stressor and hence active escape behaviors dissipate
following repeated exposure to the uncontrollable physical stressor (Dal-Zotto et al.
2000; Zomkowski et al. 2010; Serchov et al. 2015).
Five observations suggest that immobility can be useful to reverse translate
biomarkers of despair identified in human studies. First, the FST can be modulated by
pharmacological manipulations known to impact MDD severity (Porsolt et al. 1977,
1978). While SSRIs selectively increase swimming (Page et al. 1999; Rénéric et al.
2001; Carlezon et al. 2002; Mague et al. 2003; Chaki et al. 2004), noradrenergic
compounds, including TCAs, selectively increase climbing (Detke et al. 1995; Kirby and
Lucki 1997; Carlezon et al. 2002; Estrada-Camarena et al. 2003; Slattery et al. 2005).
Furthermore, prior treatment with a tryptophan hydroxylase inhibitor blocks the typical
increase in swimming (Page et al. 1999) and lesions to noradrenergic neurons block
increases in climbing (Cryan et al. 2005), respectively. Although the FST is criticized for
relying on the acute effects of antidepressant treatment, low doses of SSRIs and TCAs,
normally ineffective as acute administrations, can be effective in reducing immobility in
the FST following chronic treatment for 14 days (Detke et al. 1997). Finally, MAOIs and
dopaminergic compounds are also effective in reducing immobility in both rats (Porsolt
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et al. 1978) and mice (Shimazu et al. 2005). Second, a critical aspect of the first CANBIND clinical study (CAN-BIND 1) has been antidepressant “augmentation” (Lam et al.
2016), and several studies supporting increased effectiveness of adjunctive
antidepressant treatment in the FST (Bourin et al. 2009; Ghasemi et al. 2010; Réus et
al. 2017). This said, further studies are required to investigate novel compounds and
approaches (Berman et al. 2000; Browne and Lucki 2013; Witkin et al. 2016). Third, the
FST is not only sensitive to therapeutically effective antidepressant drugs, but also
responds to non-pharmacological treatments relevant to MDD such as:
electroconvulsive shocks, physical exercise and REM sleep deprivation (Porsolt et al.
1978; Cryan et al. 2005; Benedetti and Colombo 2011; Dallaspezia and Benedetti
2014). Fourth, the FST is sensitive to genetic manipulations relevant to MDD
(Culpepper et al. 2015). More specifically, 5-HT1A (Ferrés-Coy et al. 2013) and 5-HT3
(Bhatnagar et al. 2004) receptor knockout mice, and different strains of rats (for review
Bogdanova et al., 2013) and mice (Can et al. 2011) display differences in immobility,
which are regulated by serotonergic mechanisms (Lapointe et al., 2019). Finally, sex
differences have been described in tests of immobility, such as the FST. More
specifically, time spent in an immobile state is greater among female compared to male
rats (Drossopoulou et al. 2004; Kokras et al. 2015), which is interesting because rates
of MDD are twice as high in females as compared to males (World Health Organization
2017). Finally, experimental manipulations that have been used to study depressive-like
behaviors in laboratory rodents have also been shown to increase immobility in the FST
including social defeat (Rygula et al. 2008), chronic unpredictable mild stress (Perrine et
al. 2014), repeated corticosterone (CORT) injections (Iijima et al. 2010) and immune
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stress via injections of lipopolysaccharide (O’Connor et al. 2009). Similarly,
experimental procedures such as the chronic variable stress model (Scheich et al.
2017), prenatal stress (Zhang et al. 2013), and olfactory bulbectomy (Carlini et al. 2012)
have been found to increase immobility during the TST as well.
Some important limitations must be discussed regarding the use of these tests as
assessments of depressive-like behavior in rodents. First, the FST is commonly
criticized for the interpretation that immobility reflects “behavioral despair.” Instead, it
has been proposed that immobile behavior is an evolutionarily adaptive learned
response to an inescapable stressor, where floating would increase probability of
survival (Molendijk and de Kloet 2015). Indeed, criticism of the FST for its interpretation
of assessing despair focuses on the original test-retest design, where a 15-minute pretest is followed by a 5-minute swim test 24 hours later. However, there is evidence to
counter this view. For instance, rats exposed to a single 15-minute session or 5
consecutive 3-minute sessions demonstrated similar immobile behaviours when tested
24 hours later (O’Neill and Valentino 1982). It would be expected that rats exposed to
three sessions would learn to reduce immobility quicker than a single session if learned
immobility is evolutionarily adaptive. However, because no differences were observed
between a single and multiple sessions, this interpretation is unlikely. Furthermore, rats
treated with glucocorticoids show increased immobility when tested in the FST in a
procedure that does not use a pre-test session (Jefferys et al. 1983; Veldhuis et al.
1985; de Kloet et al. 1988).
Interestingly, studies employing chronic administration in rats (Overstreet et al.
2004) or acute administration in mice (Borsini and Meli 1988) have shown that
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antidepressants can decrease immobility during a single session of FST, removing prior
influence of a pre-test session on escape behaviors during a test swim. Other studies
have also shown that a single exposure to forced swimming is sufficient to demonstrate
immobility differences following repeated injections of CORT (Marks et al. 2009) or
adrenocorticotropic hormone (ACTH; Kitamura, Araki, & Gomita, 2002). The repeated
injections of stress hormone and modified FST design not only removes the influence of
possible ‘learned immobility’ acquired during a pre-test swim, but also provides further
support for the impact of prolonged elevations of stress hormones on the selection of
coping strategies during an acute stress challenge. Interestingly, repeated injections of
peripheral stress hormones provides a useful model of antidepressant treatment
resistance (Kitamura et al. 2002; Iijima et al. 2010), supporting the potential of this
modified design for drug discovery of novel antidepressant compounds.
A recent review has also discussed a shift in the perspective of FST behavior, yet
still encouraging its utility and relevance to mood disorders such as depression. For
example, instead of interpreting immobility as a measure of despair, this immobile
response has been described as a passive coping strategy used to overcome a
behavioral stress challenge (Commons et al. 2017). When assessed in conjunction with
other behavioral measures, the FST can provide as a useful tool to gain insight towards
the neurobiology of stress coping, which is described as a relevant concept in the
context of MDD (Commons et al. 2017).
Anxiety-like behaviour
The MADRS defines inner tension as ‘representing feelings of ill-defined
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discomfort, edginess, inner turmoil, mental tension mounting to either panic, dread, or
anguish.’ Patients that receive the highest score on this MADRS item are plagued by
‘unrelenting dread, anguish or overwhelming panic.’ The HAMD-17 reports experiences
of psychic and somatic symptoms such as, ‘incapacitating respiratory- hyperventilation,
sighing, increased urinary frequency and sweating’. And, in the BDI, patients describe
‘being so worried that they cannot think of anything at all.’ Anxiety-like behaviour in
rodents has been studied using various experimental procedures that have been
extensively reviewed elsewhere (Davis 1990; Harro 2017; Lezak et al. 2017; Weger and
Sandi 2018). Briefly, these procedures capitalize on the innate tendency of rodents to
avoid open spaces, elevated areas, brightly lit environments, and cues from natural
predators (Blanchard et al. 1993). Hence, most of these tests do not require training and
they are typically effective in revealing behavioral effects of anxiolytic compounds
(Harro 2017). Procedures that could be useful in reverse translating a putative
biomarker of MDD identified in human studies would include: the dark/light test and
elevated plus maze, where anxiety-like behaviour is indexed by time spent in a small
dark compartment compared to an open bright compartment, and in closed arms
compared to elevated open arms, respectively. Moreover, anxiety-like behaviors could
be investigated as behavioral biomarkers as it is known that anxiety and depression are
often comorbid and anxiety is more prevalent among treatment non-responders (Weger
and Sandi 2018). Various experimental procedures that have been used to study
depressive-like behaviour in laboratory animals also increase anxiogenic behaviour in
rodents, including: foot shock (Kavushansky et al. 2009), social defeat (Berton et al.
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1999), immobilization stress (Belda et al. 2008), and metabolic alterations such as dietinduced obesity (Soto et al. 2018).
Sleep
In the MADRS reduced sleep is ‘represented as the experience of reduced
duration or depth of sleep compared to the subject's own normal pattern when well.’ The
highest score on this symptom would reflect sleeping for ‘less than 2 to 3 hours’ a night.
Sleep can also be affected in the opposite direction among patients who experience a
reverse functional shift including hypersomnia (Kaplan and Harvey 2009; Dauvilliers et
al. 2013). This complexity is captured by the HAMD-17 in early, middle and late
Insomnia, with a patient receiving the highest score if they ‘complain of nightly
difficulties getting to sleep’, ‘wake during the night,’ or are ‘unable to get to sleep again if
… out of bed,’ respectively. The BDI assess this feature by asking patients whether they
‘wake up earlier than usual and cannot get back to sleep, and feelings of being tired all
the time.’ There are several methods to measure sleep in rodents, and these have been
extensively reviewed elsewhere (Alloy et al., 2017; Edgar and McClung, 2013). The
translational value of measuring sleep in preclinical studies is highlighted by research
showing that sleep restriction causes elevated levels of oxidative metabolites in both
humans and rodents, and these markers have been associated with MDD (Weljie et al.
2015).
Another highly touted approach to reverse translation of sleep/wake disturbances
involves surgically implanting telemetric devices into the rodent brain in order to
measure electroencephalography and sleep duration (Edgar et al. 1991; Bonaventure et
al. 2012). Using polygraphic techniques the duration of rapid eye movement (REM)
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sleep has been identified as a key variable for MDD research in both rodents and
humans. In fact, chronic administration of imipramine caused reduced REM sleep in
both humans and rats (Loew and Spiegel 1976). Furthermore, antagonism of the 5-HT7
receptor, which increases serotonin transmission, increased latency and decreased
duration of REM sleep. This is particularly interesting because this compound also
reduced immobility in the mouse tail suspension test and alleviated depressive
symptoms in human patients with MDD (Bonaventure et al., 2012). Importantly, several
other experimental manipulations used to study depressive-like behaviours in laboratory
rodents also cause a dysregulation of sleep including: chronic mild stress (CMS)
(Moreau et al. 1995; Grønli et al. 2004); social defeat (Henderson et al. 2017); maternal
separation (Tiba et al. 2008; Reyes Prieto et al. 2012); olfactory bulbectomy (Wang et
al. 2012); restraint stress (Yasugaki et al. 2019).
Caloric Intake
Disturbances in appetite and body weight are typical diagnostic criteria in MDD
(Simmons et al. 2016). In the MADRS reduced appetite is: ‘a loss of desire for food or
reduced need to force one’s self to eat.’ For example, a patient with the highest rating
on this item would acknowledge ‘no appetite” or that ‘food is tasteless,’ and they may
“need persuasion to eat at all.’ In the HAMD-17 this would be represented as somatic
symptoms, and a patient with the highest score would have ‘difficulty eating without staff
urging’ and in the BDI ‘I have no appetite at all anymore’ and ‘I lost more than fifteen
pounds.’ Importantly, these symptoms are consistent across depressive episodes
(Nierenberg et al. 1996), suggesting that the underlying neuropathology leading to
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abnormal appetite affects pathways required for energy homeostasis and it is stable
across individuals who suffer from MDD (Baxter 2016).
Abnormal appetite associated with MDD could be explained by the substantial
overlap in neurobiological systems that mediate energy homeostasis, motivation, and
mood (Ferrario et al. 2016). For example, the medio basal hypothalamus is central in
mediating energy homeostasis in the brain (Morton et al. 2014), and is known to affect
motivated behaviour via activity in the limbic regions, including the ventral tegmental
area (VTA; Morales and Margolis 2017). Moreover, reward learning, food motivation
(food wanting) and hedonic perception (food liking) are mediated by dopamine binding
in the ventral striatum (Simmons et al. 2016). Dysfunction in these systems can impair
reward processing and produce anhedonia, another common characteristic in MDD
(Rizvi et al. 2016). Thus, individuals experiencing reward deficits may overconsume
palatable food to compensate for this deficit leading to weight gain (Berthoud et al.
2011), or completely lose their motivation to seek out and consume food leading to
weight loss (Russo and Nestler 2013b).
Three lines of evidence suggest that measuring consumption/choice of food
rewards in rodents can be useful in the context of deficits of reward processing in
human clinical studies. First, the sucrose preference test is a common method of
measuring preference for sweet solutions in rodents, and importantly this technique is
affected by both stress and antidepressant drugs (Willner et al. 1987; Papp et al. 1991).
Briefly, when given a choice between a sucrose solution and water, normal animals will
show an inherent preference for the sugar and slowly consume more sugar compared
to water (Willner et al. 1987). However, after experiencing chronic stress this preference
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disappears (Willner et al. 1987). This reduced sucrose preference induced by CMS can
be reversed by administration of serotonin reuptake inhibitors (SSRI; Berton et al.
1999). Second, sucrose preference can also be modified by optogenetic modification of
dopaminergic activity in the VTA (Chaudhury et al. 2013) and is sensitive to genetic
differences in a variety of mouse strains bread to study depression-related behaviour
(Pothion et al. 2004; Deussing 2006). Third, reduced appetite and weight loss have also
been reported in studies monitoring home cage consumption using chronic mild stress
(CMS; (Willner et al. 1992; Zhai et al. 2015). Furthermore, several other experimental
manipulations that can be used to study depressive-like behaviours in laboratory
rodents also cause altered caloric intake including: social defeat (Patterson et al. 2013;
Iio et al. 2014), maternal separation (Ryu et al. 2009); olfactory bulbectomy (Primeaux
et al. 2007).
However, some important drawbacks should be addressed. First, the sucrose
preference test can only identify deficits in consumption of palatable food, but
anhedonia is a multifaceted behavioural phenotype that also involves “hedonic value”
and “enjoyment” while consuming food, regardless of its palatability (Rizvi et al. 2016).
Second, the majority of studies examining responses to sweet sucrose solutions have
focused on decreased consumption/choice as characteristics of the “depressed
phenotype” (Russo and Nestler 2013b; Remus et al. 2015). But, depressed individuals
also exhibit binge eating and significant body weight gains (Berthoud et al. 2011; Preiss
et al. 2013). Therefore, it may be valuable to investigate a range of food-driven
behaviors in rodents when testing biomarkers of MDD.
Cognitive Deficits
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The MADRS identifies ‘difficulties in collecting one's thoughts mounting to
incapacitating lack of concentration’ as the item concentration difficulties. A patient who
receives the highest score would be ‘unable to read or converse without great difficulty.’
The HAMD-17 assess patient reports such as: ‘denies being ill at all’ and a ‘slowness of
thought and speech as well as an impaired ability to concentrate.’ The BDI assess the
‘inability to make decisions and do work.’ Deficits in cognitive functions are often
observed in MDD (Sampath et al. 2017) and are expressed in many different domains
including verbal memory, selective attention and executive function (McIntyre et al.
2011, 2013; Fossati 2018). These deficits are of major concern because they are
associated with decreased work place productivity (Clark et al. 2016) and can occur well
into remission, increasing the risk of depressive relapse (Bortolato et al. 2016).
Reverse translation of human cognitive impairment is facilitated by the
commercial availability of equipment and validated tests of spatial working and long
term memory, cognitive flexibility, and attention in rats and mice (Cambridge
Neuropsychiatric Test Battery; Hvoslef-Eide et al., 2015). As a matter of fact, cognition
is probably the domain of psychological functions that is most directly reverse
translatable because the same test battery is available for both humans and rodents
(Fernando and Robbins 2011; Hvoslef-Eide et al. 2015). More specifically, novel rodent
touchscreen operant chambers have been developed to directly assess cognitive
domains relevant to psychiatric disorders using tasks such as: the serial choice reaction
time, a novel rodent continuous performance, three-choice stimulus reversal and a
novel non-matching to sample tasks (Hvoslef-Eide et al., 2015). These procedures are
used to assess similar aspects of cognitive functioning in humans by administering
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analogus touchscreen procedures. Importantly, several experimental manipulations that
are often used to study depressive-like behaviours in laboratory rodents also cause
cognitive impairments including: social defeat (Von Frijtag et al. 2000; Yu et al. 2011;
Patki et al. 2013), maternal deprivation (Akillioglu et al. 2015; Neves et al. 2015;
Janetsian-Fritz et al. 2018), chronic mild stress (Elizalde et al. 2008; Henningsen et al.
2009), restraint stress (Zhang et al. 2017; Woo et al. 2018), and genetic models of
depression (Knapman et al. 2010).
Psychomotor Functions
In the MADRS a ‘particular difficulty getting started or slowness initiating and
performing everyday activities’ is assessed in the item of lassitude. A patient with the
highest rating on this item has ‘difficulties in simple routine activities, which are carried
out with effort; an inability to do anything without help.’ The HAMD-17 assesses
‘decreased motor activity’ with a patient scoring highest on this symptom when they are
in a ‘complete stupor.’ The characteristic slowing of both psychological and physical
functions may arise from the development of psychomotor retardation, which is a wellestablished and studied phenomenon occurring in depressed individuals (Parker et al.
1993, 2010; Sobin and Sackeim 1997; Caligiuri and Ellwanger 2000; Buyukdura et al.
2010; Bennabi et al. 2013), or a by-product of anhedonia (see below). Psychomotor
retardation is characterized by delayed motor initiation, impaired motor coordination,
delayed motor reaction time, and slowed speed and degree of movements (Parker et al.
1993; Bennabi et al. 2013). The extent to which these motor symptoms are present
correlates with depression severity (Lemke et al. 1999; Stein 2008; Calugi et al. 2011).
Interestingly, the prevalence of psychomotor retardation is one of the criteria used to
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determine the classification of MDD or the subtype of melancholic features, and it has
been proposed that the occurrence of psychomotor retardation can be used as a
behavioral biomarker of antidepressant response (Flament and Lane 2001; Buyukdura
et al. 2010). Interestingly, convergent findings from two large studies investigating MDD
symptom dimensions as predictors of antidepressant treatment outcome found that the
interest-activity dimension (reflecting low interest, reduced activity, indecisiveness and
lack of enjoyment) was one of the most robust domains predicting poor outcome of
antidepressant treatment even after adjusting for overall depression severity and other
clinical covariates (Uher et al. 2012). Such findings further strengthen the possibility that
the occurrence of psychomotor retardation can be useful in studying behavioral
biomarkers of antidepressant response (Flament and Lane 2001; Buyukdura et al.
2010).
Selective noradrenaline reuptake inhibitors (SNRI), tricyclic antidepressants
(TCA), monoamine oxidase inhibitors (MAOI), and SSRIs have all been studied in
relation to psychomotor retardation with mixed results. In general, antidepressants
acting primarily on dopaminergic and noradrenergic systems are most effective because
symptoms of psychomotor retardation most likely stem from dopamine/noradrenaline,
rather than serotonin, imbalance (Caligiuri et al. 2003; Kemp et al. 2008). For example,
psychomotor slowing is a predictor of non-response to fluoxetine, but not sertraline
possibly because sertraline has greater effects on dopaminergic functions (Flament et
al. 1999) Therefore, antidepressants such as TCAs with broader pharmacological
actions may have greater application for patients with psychomotor retardation rather
than narrow-action antidepressants such as SSRIs (Parker et al. 2010).
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As in humans, there are several validated methods that can be used to assess
psychomotor activity in rodents. Motor coordination is assessed by the rotarod test: the
animal is placed on a horizontal rod that rotates about its long axis, and the rodent must
walk forward to remain upright and not fall off the rotating rod (Deacon 2013). The
staircase test assesses fine motor control (Montoya et al. 1991): subjects with fine
motor impairments fail to retrieve or knock down food pellets, and the number of missed
pellets is an indicator of sensorimotor coordination. Motor reaction time can be
assessed using the reaction-time task in rats (Blokland 1998): performance is based on
the number of correct and incorrect lever presses.
Three observations suggest that investigating psychomotor functions in rodents
can be useful to reverse translate biomarkers of depression identified in human studies.
First, decreased psychomotor activity is one of the most prominent consequences of
stress in rodents (Willner and Mitchell 2002; Abelaira et al. 2013; Willner 2017). For
instance, learned helplessness (Weiss et al. 1980; Paré 1994), chronic mild stress
(Grønli et al. 2005; Willner 2017), social stress (Tornatzky and Miczek 1994; Meerlo et
al. 1996; Koolhaas et al. 1997; Rygula et al. 2005), restraint stress (Metz et al. 2005;
Faraji et al. 2014), and chronic injections of corticosterone (Metz et al., 2005) all reliably
reduce locomotion in field tests. As well, in humans, psychomotor retardation is
associated with altered spatiotemporal gait patterns, observed as reduced global gait
velocity in depressed patients versus healthy (Lemke et al. 2000). Furthermore,
olfactory bulbectomy which is a commonly used procedure to study depressive-like
behaviour by reducing brain monoamine levels causes hyperactivity, a behaviour
analogous to psychomotor agitation (purposeless movements and restlessness) that is
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observed in MDD (Avery and Silverman 1984; Song and Leonard 2005). Third,
antidepressant drug treatments reverse stress-induced alterations in locomotor activity
in rodents as well as the effects of olfactory bulbectomy. For example, administration of
SSRI’s and TCA’S increase locomotion in stressed animals and decrease locomotion in
olfactory bulbectomized rats (Song and Leonard 2005; Rygula et al. 2008; Farhan and
Haleem 2016). Analogously, sertraline has been demonstrated as a particularly
efficacious treatment for patients displaying symptoms of psychomotor agitation
(Flament and Lane 2001).
Anhedonia
The MADRS scale assess the inability to feel. This is defined as: ‘reduced
interest in surroundings or activities that normally give pleasure.’ For example, a patient
with the highest rating on this symptom would be ‘emotionally paralyzed, have an
inability to feel pleasure and would not be able to feel close to relatives or friends.’ In the
BDI patients report ‘having lost interest in sex, all interest in other people and feel bored
with everything.’ Reduced interest or pleasure, also known as anhedonia, has been
extensively explored. First conceptualized by Ribot in 1896, anhedonia was originally
defined as the inability to experience pleasure. This symptom is a core diagnostic
symptom of MDD and evidence suggests it may be useful in predicting response to
antidepressant drug treatment (Loas 1996; Rizvi et al. 2016; Sternat and Katzman
2016). However, the construct of anhedonia has evolved beyond simply loss of pleasure
into a multifaceted domain profile, which has been well characterized in both humans
and animals (Dillon et al. 2014; Rizvi et al. 2015; Thomsen et al. 2015). More
specifically, anhedonia involves deficits in reward learning, as well as impaired
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subjective experience of pleasure (i.e., liking) and objective efforts made to obtain
rewards (wanting) (Tunney et al. 2015). Furthermore, an integral feature of reward
functioning involves responding for both unconditioned primary rewarding stimuli as well
as secondary conditioned reinforcing stimuli (Gore et al. 2015).
There are numerous, well-validated, behavioural procedures that can be used to
assess hedonic reactivity in rodents (Treadway and Zald 2013; Heshmati and Russo
2015). For instance, reward learning can be measured in various tasks such as:
conditioned place preference which assess Pavlovian learning based on responsivity to
conditioned cues (Bardo and Bevins 2000), as well as Pavlovian instrumental transfer
which assess both operant responding and classical conditioning (LeBlanc et al. 2014).
The latter task is extremely relevant to the study of MDD because it assesses both
unconditioned and conditioned responding, providing a unique opportunity to
understand the full complement of anhedonia given that animal research often utilizes
primary unlearned reinforcers such as reactivity to food, social interaction, sex and
drugs, while human research often assesses secondary learned reinforcers such as
money or pictures of reinforcing stimuli (Rizvi et al. 2016). The evaluation of innate,
subjective experiences of pleasure, can be assessed using the taste reactivity
procedure, which takes advantage of evolutionary conserved fixed action patterns
wherein most animals extend their tongues in response to sweet solutions (Parker et al.
1992; Berridge et al. 2003; Berridge and Kringelbach 2015). Effort to obtain rewards is
assessed in operant procedures that measure how much effort rodents are willing to
exert to obtain a reinforcer. This can be done with progressive and fixed ratio schedules
of reinforcement in operant self-administration (Spealman and Goldberg 1978; Minhas
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and Leri 2014; Levy et al. 2015) and self-stimulation (Negus et al. 2012; Nielsen et al.
2014). Additionally, the concurrent effort-based choice task and the effort-based
decision-making task (Treadway et al., 2012) can be used to assess a rodent’s forced
choice between a high cost/value option and a low cost/value option. Normally, animals
will prefer the high cost/value option, but when exposed to stress they often prefer the
low cost/value option and this same pattern of behaviour has also been observed in
human patients with MDD (Yohn et al. 2016).
Three observations suggest that assessing hedonic reactivity in rodents can be
useful to reverse translate biomarkers of MDD identified in human studies. First, nearly
all experimental manipulations used to study depressive-like behaviour in laboratory
rodents cause reduced sensitivity to rewards, as would be expected in an anhedonic
state including: stress-inducing procedures, depletion of brain monoamines and genetic
models (Zorratto et al., 2013; Dichter et al., 2013; Dillon et al., 2014; Heshmati and
Russo, 2015; Shumake and Gonzalez-Lima, 2003). Importantly, these deficits can be
attenuated by SSRIs, TCAs, MAOIs and atypical antidepressants (Argyropoulos and
Nutt, 2013; Christensen et al., 2011; Di Giannantonio and Martinotti, 2012; Maciel et al.,
2013; Muscat et al., 1990; Willner et al., 1992). Second, stress-induced alterations of
hedonic reactivity respond to non-pharmacological treatments relevant to MDD such as:
electroconvulsive shock therapy and physical exercise (Sigwalt et al. 2011; Henningsen
et al. 2013). Finally, hedonic reactivity is sensitive to genetic manipulations relevant to
MDD. More specifically, serotonin transporter knockout rats fail to show stress-induced
decreases in intracranial self-stimulation (Perona et al. 2008; Van Heesch et al. 2013),
although this same technique failed to alter sucrose preference (Kalueff et al. 2006).
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This discrepancy highlights the need to study multiple aspects of hedonic functioning
within the context of reverse translation of depressive symptomology.
Aversive Learning
Major depressive disorder often involves abnormal and persistent occurrence of
pessimistic thoughts (Prosen et al. 1983; Pulcu et al. 2013), which the MADRS
assesses as ‘guilt, inferiority, self-reproach, sinfulness, remorse, and ruin.’ For example,
a patient with the highest rating on this symptom would experience ‘delusions of ruin,
remorse, or unredeemable sin,’ or ‘self-accusations which are absurd and unshakeable.’
The HAMD-17 assesses Feelings of Guilt and a patient with the highest score on this
symptom ‘hears accusatory or denunciatory voices and/or experiences threatening
visual hallucinations.’ The BDI assess self-reports that patients are ‘a complete failure
as a person, feel guilty all the time, feel they are being punished, hate themselves,
blame themselves for everything, believe they are ugly.’ It is believed that these
cognitive distortions result from functional alterations in neocortical regions involved in
evaluating and planning responses to emotionally valent stimuli (Gotlib et al. 2005).
Hence, depressed individuals are more likely to perceive neutral or even positive events
as negative, and consequently are more likely to anticipate negative outcomes
(Lehmbeck et al. 2008).
It is critical for individuals in all species to accurately evaluate environmental
stimuli and learn to predict their impact (Berridge and Robinson 1998).
Neuropathologies that impair these functions often produce a cognitive bias that can be
explored in rodents by exploiting their innate tendency to avoid ambiguous neutral
environments that are paired with innately aversive stimuli (O’Doherty 2004). In this
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context, common procedures used to assess behavioural response to salient stimuli
involve classical conditioning procedures which pair incentive (i.e., food, sexual
behavior) or aversive (i.e., foot-shock, aggression) stimuli with discrete environmental
stimuli (i.e., a box, a section of an open field, a conspecific) (Davis, 1990; Huston et al.,
2013; Tzschentke, 2007). Importantly, aversive conditioning can be used to study the
impact of specific distressing stimuli relevant to human MDD. For example, social defeat
(Buwalda et al. 2005; Nikulina et al. 2005; Shively and Willard 2012) is used to study the
role of social stress in MDD (Björkqvist 2001), and it involves assessing avoidance of a
dominant rodent by a subordinate conspecific after experiencing aggressive physical
encounters (Chaouloff 2013). Or, to study the role of metabolic dysfunctions in MDD
(Gheshlagh et al. 2016), place conditioning procedures can be adapted to explore
avoidance of environments paired with hypoglycemia (Horman et al., 2018).
Three observations suggest that evaluating learned responses to aversive stimuli
in rodents can be useful to reverse translate biomarkers of MDD in human studies. First,
rodents reliably learn to predict aversive stimuli (Knoll and Carlezon 2010; Bravo et al.
2012; Jennings et al. 2014) and the resulting avoidance responses can be attenuated
by SSRIs such as fluvoxamine and sertraline (Jenck et al. 1990). Moreover, SSRI’s,
tricyclic and atypical antidepressants have been found to promote the acquisition of
adaptive coping to stressful events (Melo et al. 2012; Huston et al. 2012).
Second, aversive learning has been used to explore the biology of “resilience” or
“vulnerability” (Der-Avakian et al. 2014). Hence, rodents susceptible to social defeat
stress exhibit unique alterations of gene and protein expression when compared to
resilient animals (Wilkinson et al. 2011; Der-Avakian et al. 2014). For example,
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functional decreases in γ-aminobutyric acid and glutamate activity in the prefrontal
cortex (Veeraiah et al. 2014) and downregulation of dishevelled (DVL)-2 and GSK3β
(glycogen synthase kinase-3β) signaling in the nucleus accumbens have been observed
in mice susceptible to social defeat stress (Wilkinson et al. 2011) and in post-mortem
brains of depressed patients (Wilkinson et al. 2011). It is notable that fluoxetine and
desipramine can reverse behavioral deficits in animals susceptible to social defeat
stress (Der-Avakian et al. 2014). Third, several experimental manipulations that are
often used to study depressive-like behaviours in laboratory rodents also cause
alterations of aversive learning including: social defeat (Hollis et al. 2010; Yu et al.
2011), maternal deprivation (Neves et al. 2015), chronic mild stress (Garcia et al. 2008;
Henningsen et al. 2009), restraint stress (Miracle et al. 2006; Baran et al. 2009), and
chronic injections of corticosterone (Skórzewska et al. 2006).
Finally, aversive learning has been used for reverse-translating biomarkers of
antidepressant treatment response (Flament et al. 1999; Lesage and Steckler 2010;
Marwari and Dawe 2018). Hence, across several patient populations, unique
downregulation of microRNAs 146a/b-5, 425-3p and 24-3p were observed in
responders to antidepressant treatment and placebo controls, but not in non-responders
(Lopez et al. 2017). Importantly, a similar down regulation of these same non-coding
microRNA strands was observed in mice that responded to escitalopram in the social
defeat test, but not mice that did not respond (Lopez et al., 2017). It is worth noting that
social defeat may involve aversive learning, whereby the subordinate animal learns to
avoid the more aggressive resident. As such, the resulting “depressive-like” behaviour
displayed by the subordinate could be a learned behavioural strategy, or coping
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response, that minimizes aggressive attacks from the resident (Meshalkina and Kalueff
2016). Nevertheless, it is still clear that this procedure involves a learned response to an
aversive stimulus and therefore, is a relevant test for studying this symptom of MDD in
laboratory rodents.
Suicide
This symptom of the MADRS is defined as ‘representing the feeling that life is not
worth living, that a natural death would be welcome, suicidal thoughts, and preparation
for suicide.’ A patient who scores the highest on this symptom would acknowledge
‘explicit plans for suicide when there is an opportunity.’ In the HAMD-17 a patient with
the highest score on the Suicide item ‘attempts suicide’ and in the BDI a patient would
report ‘I would kill myself if I had the chance.’ Here, we must acknowledge an important
limitation of reserve translating functional endpoints of human depressive
symptomology. Suicide is a complex phenomenon that is influenced by higher order
cognitive functions including awareness of one’s mortality, as well as intention and
desire to complete the act (Holma et al. 2010). It is unlikely that rodents possess these
cognitions, and even if they did, it is difficult to imagine how they would be measured by
behavioural tasks. While there have been attempts to study suicide in animals by
assessing risk factors linked with suicide (aggression, impulsivity, irritability and
hopelessness/helplessness; Malkesman et al., 2009), it is unlikely that suicide can be
reverse translated by breaking it down into basic psychological features.
Discussion
MDD is a highly heterogeneous disorder that includes multiple subtypes and
symptoms (Berton and Nestler 2006; Drysdale et al. 2017). Therefore, reverse
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translation of potential biomarkers discovered in depressed patients requires a
sophisticated approach to animal behavioral testing. We propose that a reasonable
strategy for biomarker reverse translation involves using a battery of behavioral tests.
The objective of this approach is not to anthropomorphize animal research or suggest
equivalence of normal or pathological functions between species. Rather, the goal is to
provide a reductionist and pragmatic approach to testing biomarkers of MDD based on
common procedural methods used to study different aspects of animal behaviour.
Although this approach is not likely to “validate” a biomarker discovered in clinical trials,
it will nevertheless expand the significance of the clinical discovery by providing a
framework to test hypothesis about its biological significance.
This approach to reverse translation follows a very similar design outlined by the
National Institute of Mental Health in their Research Domain Criteria (RDoC; 2009)
project. Instead of studying psychiatric disorders as distinct categories (e.g. MDD,
schizophrenia, generalized anxiety disorder etc.) they propose a dimensional approach
focused on identifying neural systems that regulate primary behavioural functions and
then considering psychopathologies in terms of dysfunctions in these systems (Cuthbert
and Insel 2013). Similarly, the current paper suggests studying MDD based on
functional symptoms of the disorder. However, an important distinction is that our
reverse translation approach still utilizes a categorical view of MDD. The utility of our
approach is its direct clinical value; while the RDoC has been described as a “vision of
the future” guiding long-term research (Lilenfeld, 2014), our approach attempts to
provide clinicians with a framework through which to interpret biomarkers of MDD, with
the hope of translating pre-clinical findings into clinical practice.
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This review was structured according to the components of the MADRS, HAMD17 and BDI scales, which are among the most widely used clinical scales for
depression. These scales were chosen as the primary clinical assessment tools
because they are commonly used in studies of biomarkers and the former is sensitive to
antidepressant drug treatment response (Müller et al. 2003). This said, the same
approach could employ other scales or techniques, resulting in a different structure, but
likely a very similar battery of animal tests.
Studying the biological significance of a biomarker of MDD and antidepressant
treatment response requires testing the full complement of depressive behaviours
outlined in this review (Table 1). However, this comprehensive research approach is
undoubtedly complex and demanding of expertise, time and resources. It is unlikely that
a single laboratory would be able to study all the features of MDD listed in this review.
Researchers develop careers and spend extensive time refining and interpreting
behavioural tests of depressive-like behaviour in rodents. Furthermore, some aspects of
MDD, such as suicide, are untestable in laboratory rodents. Nevertheless, research into
specific symptoms of MDD are still extremely useful and contribute greatly to
understanding the bio-behavioural significance of a biomarker of MDD and
antidepressant treatment response. However, instead of generalizing a single, or even
multiple tests of depressive-like behaviour to the full complement of MDD
symptomology, a sophisticated analysis of a biomarker requires an understanding of
how the behavioural test used relates to a specific MDD symptom, or clusters of
symptoms.
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In conclusion, reverse translation of biomarkers of antidepressant treatment
response using a test battery of clinical symptoms has important clinical benefits. For
one, it can reveal the specificity of a biomarker to particular symptoms, groups of
symptoms and how these respond to pharmacological compounds. This will be very
useful in predicting which drug will help patients based on their individual symptom
profile. Thus, the test-battery approach in animals also has a strong potential to
empirically distinguish between correlational and causative features of biomarkers,
furthering understanding of the neurobiology of MDD and facilitating drug discovery. A
similar approach has been used to explore cognitive impairment (Keeler and Robbins
2011). Cognition was parsed in discrete functions (working memory, perception, social
cognition, long-term memory, attention, language and executive functions) leading to a
translational success characterized by the development of novel touch-screen
procedures that directly relate rodent to human cognition (Keeler & Robbins, 2011).
Similarly, a test-battery approach in laboratory animals will have important translational
implications for studying putative biomarkers of MDD and/or antidepressant response
by fostering hypothesis driven research grounded in discrete biobehavioural functions.
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Table 1: Summary of rodent procedures used to study depressive-like symptoms and
clinical symptoms of Major Depressive Disorder (MDD) outlined in the MontegomeryÅsberg Depression Rating Scale (MADRS), Hamilton Depression Rating Scale (HAMD17) and the Beck Depression Inventory.
Human clinical symptoms
MADRS: Sadness
HAMD-17: Depressed Mood
BDI: Hopelessness
MADRS: Inner tension
HAMD-17: Psychic and somatic symptoms
BDI: Overwhelming worry
MADRS: Reduced sleep
HAMD-17: Early, middle or late insomnia
BDI: Difficulties getting to sleep, waking up
early, unable to sleep after getting out of bed
MADRS: Reduced appetite
HAMD-17: Somatic symptoms
BDI: No appetite, weight loss
MADRS: Concentration difficulties
HAMD-17: Denies being ill, slowed thought
and speech, impaired concentration
BDI: Inability to make decisions and do work
MADRS: Lassitude
HAMD-17: Decreased motor activity
MADRS: Inability to feel
BDI: Lost sexual and social interest, bored with
everything
MADRS: Pessimistic thoughts
HAMD-17: Feelings of guilt
BDI: Guilt, feelings of failure and punishment,
self-hate, blame and physical unattractiveness
MADRS: Suicide
HAMD-17: Suicide
BDI: Would commit suicide if given the chance

Rodent behavioural assays
Passive coping: Learned helplessness,
forced swim test, tail suspension test
Anxiety-like behaviour: elevated plus maze,
open field test, light dark emergence test,
Sleep: electroencephalography, sleep
duration, rapid eye movement
Caloric Intake: caloric consumption and
sucrose preference, self-administration
Cognitive deficits: Rodent touch screen
task, Morris water maze, radial arm maze,
5-choice serial reaction test, object
recognition, place recognition
Psychomotor functions: Rotarod test,
reaction time test, locomotor activity,
Anhedonia: Conditioned place preference,
Pavlovian instrumental transfer, taste
reactivity, operant self-administration,
concurrent effort-based task, effort-based
decision making task
Aversive learning: Social defeat test,
conditioned place or taste aversion
Suicide: This is a complex cognitive feature
of MDD that is not translatable in rodents
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Chapter 2
General Introduction
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Major Depressive Disorder
Major Depressive Disorder (MDD) is a highly prevalent mood disorder that
affects hundreds of millions of people worldwide (Stegenga et al. 2012). A diagnosis
requires a patient to experience one of two cardinal symptoms, a depressed mood or
loss of interest/pleasure for a minimum of two-weeks (DSM-5, 2013). Additionally, a
patient must concomitantly experience five or more additional symptoms, covering a
broad range of behaviours. There is a moderate genetic contribution to MDD with a 31
to 40% heritability rate (Sullivan et al. 2000), and first relatives of patients with MDD
have a two to threefold increased risk of developing the condition compared to the
general population (Lohoff 2010). Environmental factors are also associated with MDD
including marital status, ethnicity, employment status, education, monthly household
income (Trivedi et al. 2006b), history of childhood abuse or neglect (Chapman et al.
2004), and daily life stressors (van Winkel et al. 2015). While many different factors are
associated with an increased risk of MDD, stress is common to nearly all of them and is
inextricably linked to both the etiology and pathology of the condition (Ménard et al.
2016b).
While all individuals are exposed to some form of stress, not everyone develops
MDD. Understanding why similar stressors cause such different outcomes is of central
importance for understanding novel treatment targets and diagnostic criteria. Several
pre-clinical and clinical findings have identified unique distinguishing biological
characteristics that confer vulnerability to MDD, as well as response to antidepressant
drug treatment (Christensen et al. 2011; Kim et al. 2019). In addition to biological
factors, behavioural reactivity to stress has been shown to influence the likelihood of
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developing the condition. More specifically, the ability to control an aversive stimulus
can mitigate many of the negative behavioural and physiological consequences of
stress, a concept termed learned helplessness (see Chapter 1). The current thesis
investigates the role of stressor controllability on behavioural and neurobiological
processes relevant to MDD.
Why do we care?
MDD causes profound negative consequences for both individuals and society.
In fact, the World Health Organization in 2012 ranked depression as the fourth leading
cause of disability world-wide (World Health Organization 2017). This widespread
prevalence has immense economic and health costs for individuals and society. MDD is
associated with increased mortality rates in part due to increased: suicide (Holma et al.
2010), sexually transmitted infections (Mazzaferro et al. 2006) and non-communicable
diseases (van Marwijk et al. 2015). Furthermore, MDD is the leading cause of lost
workplace productivity (Mokdad et al. 2014), due to impairments in daily life functioning
(McIntyre et al. 2011). The chronicity of MDD is an important factor in the economic
cost, because treatment-resistant depression is responsible for the highest burden of
medical care due to increased imaging tests, physician visits, psychiatric
hospitalizations and number of workdays missed (Fostick et al. 2010). However, there is
a light at the end of the tunnel, as patients who respond to antidepressant drug
treatments have a reduced cost compared to non-responders (Mauskopf et al. 2009).
This suggests that effective treatments for MDD will have widespread societal and
individual benefits.
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Antidepressant drug treatment
Fortunately, there are a number of antidepressant drugs that effectively alleviate
symptoms of depression (Bentley et al. 2014). The first antidepressant medication was
discovered in the early 1950’s after the chance discovery that iproniazid, a drug used to
treat tuberculosis, also alleviated symptoms of depression. However, the use of
iproniazid was ceased because it caused severe and sometimes fatal liver damage
(Wells and Bjorksten 1989). In response, monoamine oxidase inhibitors (MAOI) were
developed which did not cause fatal hepatotoxicity (Lopez-Munoz and Alamo 2009).
However, MAOIs although safer, were still associated with a number of adverse sideeffects such as hypertension and the risk of developing serotonin syndrome
characterized by a fever, irritability, tremors, and diarrhea (Thomas et al. 2015). These
negative consequences caused many patients to not comply with treatment, resulting in
reduced daily life functioning and a prolongation of depressive symptoms (Wells and
Bjorksten 1989).
In an attempt to improve adherence to treatments, a newer generation of
antidepressants known as tricyclic antidepressant (TCA) medications were developed.
These drugs effectively alleviated symptoms of depression particularly in patients with
melancholia or delusional subtypes (Gillman et al., 2007). More importantly they had
improved rates of treatment compliance compared to MAOIs. However, TCAs still
caused a number of adverse side-effects such as impairments in anticholinergic and
cardiovascular functioning (Kampman et al. 1978). While side effects of TCAs were
reported to be less severe than those caused by MAOIs, the former did not significantly
improve daily life functioning or alleviate depressive symptoms, compared to the latter
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(Nagane et al. 2014). In an attempt to improve TCAs, “second generation”
antidepressant drugs were developed, which worked by inhibiting the reuptake of
serotonin and/or norepinephrine (Berton and Nestler 2006). These drugs, referred to as
selective serotonin reuptake inhibitors (SSRI) or selective norepinephrine reuptake
inhibitors (SNRI), alleviate symptoms of depression and improve daily life functioning
with similar efficacy as TCAs, but with reduced side effects and better treatment
compliance (Gillman 2007).
Approximately 75% of patients with MDD are treated with SSRIs, which have a
very similar treatment efficacy as SNRIs (Labermaier et al. 2013). These drugs are
considered first-line treatments for depression (Masand and Gupta 1999), meaning they
are recommended as the first drugs prescribed for the treatment of Major Depressive
Disorder (MDD). The most effective SSRIs, with the lowest rate of treatment noncompliance are escitalopram and sertraline (Cipriani et al. 2009), with the former being
prescribed as the primary drug in CAN-BIND. Escitalopram is an extension of the SSRI
citalopram, with the former having a greater selectivity for the 5-HT transporter, causing
a two-fold increased inhibition of 5-HT reuptake and significantly reducing depressivelike behaviours in animals compared to citalopram (Sánchez et al. 2003). The success
of SSRIs in alleviating symptoms of depression with reduced side-effects has led many
researchers to posit the ‘serotonergic hypothesis’ of depression, suggesting that this
neurotransmitter is a key mechanism involved in the etiology and pathology of MDD
(Coppen 1967). This idea is further supported by tryptophan depletion studies showing
that remitted MDD patients given a 24-hour diet deplete of tryptophan, which is the
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precursor to serotonin, caused a relapse of depressive symptoms (Delgado et al. 1990;
Smith et al. 1997).
The serotonin system
Serotonin, also known as 5-hydroxytryptamine (5-HT), is one of the most ancient
neurochemical molecules with its roots planted firmly in the beginnings of aerobic life
(Olivier 2015). The precursor to 5-HT, tryptophan, is characterized by an indole ring and
carboxyl-amide-side chain structure (Azmitia 2001). Due to the antiquity of tryptophan, it
is not surprising that serotonin has evolved to become one of the most ubiquitous
neurotransmitters across phylogeny; from Coelenterates, the most basic organisms with
a nervous systems, to Chordates like homo sapiens, serotonin is involved in the
regulation of nearly all types of complex physiological and behavioural processes
(Weiger 1997).
Serotonin is a catecholamine molecule that gets its name because it is a
vasoconstrictor (Rapport et al. 1984). As mentioned above, serotonin is derived from its
precursor tryptophan which is converted, in humans, to 5-OH-tryptophan (5-HTP) by the
rate-limiting enzyme tyrosine hydroxylase (TPH), which can be further classified into two
isoforms: tryptophan hydroxylase 1 and 2, which function in the peripheral and central
nervous systems, respectively (Walther et al. 2003). 5-HTP is then decarboxylated into
serotonin by the L amino acid decarboxylase enzyme (Azmitia 2006). The monoamine
oxidase A protein, which is bound to mitochondria, is involved in the degradation of 5HT and conversion to the metabolite 5-hydroxyindolectic acid (5-H1AA; Joy et al. 2008).
Serotonin receptors are diverse, comprising 7 different families, and 14 distinct
subtypes (Hannon and Hoyer 2008). The major projection site of serotonergic neurons
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in rodents and primates are a small collection of hindbrain cells located in the raphe
nucleus. It is from this small site that vast serotonergic projections innervate nearly all
regions of the brain (Kravitz 2000). In animal cells, serotonin functions as a
neuromodulator of cellular functioning by altering presynaptic release and postsynaptic
neuronal responses, a neurotransmitter by acting on postsynaptic membranes, and a
neurohormone by influencing widespread functions when released into general
circulation (Weiger 1997). In animal cells, serotonin plays a key role in development, as
serotonergic neurons are among the first to emerge in the brain stem and are involved
in: cytoskeleton formation, cell proliferation, maturation and migration in various cell
types including the kidneys, lungs, endothelial cells, mast cells, astrocytes and neurons
(Azmitia 2001). The serotonin transporter (5-HTT) is responsible for clearance of the
molecule from the synapses back into the presynaptic cell. This reuptake mechanism
reduces cellular activation, and ‘recycles’ serotonin for future use. This is an extremely
important mechanism in the context of MDD, because it is how SSRIs exert their
antidepressant effects (Caspi et al. 2002).
As stated in the name, SSRIs work by blocking receptors at nerve terminals
responsible for the removal of serotonin from synaptic clefts, thereby increasing
serotonergic tonicity in the brain (Nutt et al. 1999). After reuptake, serotonin is
repackaged into vesicles by the vesicular monoamine transporter (VMAT2) for future
use. Despite the fact that SSRIs readily cross the blood brain barrier and increase
serotonin rapidly after administration (Rabiner et al. 2004; Meltzer et al. 2004; Berney et
al. 2008), it takes approximately 3 weeks for these drugs to increase serotonin levels to
therapeutic thresholds in cortical regions (Nutt et al. 1999). A possible reason for this
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delayed effect is that increasing serotonin levels also activates inhibitory serotonergic
receptors that act as negative feedback regulators, providing an inhibitory ‘break’ on
serotonergic firing (Albert and Le François 2010). Of particular importance for MDD are
the 5-HT1A somatodendritic autoreceptors (Nutt et al. 1999), which are found in
abundance in corticolimbic regions, known to be critical for emotional and reward
processing (Albert and Lemonde 2004). Preclinical studies in mice show that elevated
levels of the 5-HT1A receptors cause reduced serotonergic tone and increased
depressive-like behaviours (Richardson-Jones et al. 2010). In clinical settings, reduced
5-HT1A receptors in prefrontal and temporal regions have been found in brain scans of
depressed patients (Sargent et al. 2000; Bhagwagar et al. 2004; Shively et al. 2006)
and increased 5-HT1A receptors have been found in post-mortem raphe tissue of suicide
victims (Boldrini et al. 2008). While the discrepancy in 5-HT1A increase or decrease may
seem counterintuitive, it can be explained by differences in receptor expression that
occur in post-mortem tissue (Li et al. 2004).
However, the 5-HT1A receptor is not the only serotonergic mechanism that
regulates the antidepressant effects of SSRIs, because various 5-HT receptor agonists
and antagonists that act on numerous subtypes have antidepressant-like effects,
suggesting that a diverse range of 5-HT receptor subtypes mediate the antidepressant
efficacy of SSRIs (Carr and Lucki 2011), in addition to multiple intracellular signaling
pathways (Koch et al. 2002; Rosel et al. 2004). While serotonin is not the only
neurobiological mechanisms regulating antidepressant drug efficacy (see General
discussion), it is clear that alterations in serotonergic tonicity are crucial aspects of MDD
etiology and pathology.
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Serotonin and psychosocial functioning
Given the phylogenetic antiquity and ubiquity of the serotonergic system, it is not
surprising that it is involved in the regulation of many different behaviours including
sexual behaviour, feeding, anxiety, cognition, aggression, mood, social affiliative
behaviour and stress coping (Olivier, 2015). Of particular interest in the context of
depression are social anhedonic symptoms, characterized by deficits in the experience
or anticipation of pleasure in response to social interactions. Anhedonia, or deficits in
reward processing, is one of two cardinal features of MDD and is characterized by a
‘low hedonic tone’ in patients with a mood disorder (Loas and Boyer 1996). Anhedonia
is particularly relevant to the treatment of MDD because patients with more severe
anhedonic symptoms are less likely to respond to antidepressant drug treatment (Uher
et al. 2012).
The most common psychometric test for anhedonia is the Snaith-Hamilton
Pleasure Scale, which assesses 4 different categories of pleasurable experiences
including: food/drink, sensory experiences, achievements/past-times, and social
interactions (Snaith et al. 1995). Of these categories, deficits in the experience or
anticipation of social reward, known as social anhedonia, are one of the most prominent
features of MDD (Rizvi et al. 2015). Furthermore, psychosocial deficits, characterized by
social and psychological problems in daily-life functioning (Cabello et al. 2012), are a
critical clinical outcome for antidepressant treatment (Kennedy et al. 2007; Trivedi et al.
2009). These symptoms often persist for years after MDD remission has occurred, and
the absence of psychosocial symptoms is predictive of full remission (Paykel et al.
1995; Kennedy and Paykel 2004). In fact, patients who show marked improvements in
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psychosocial functioning are more likely to achieve a complete asymptomatic remission
relative to partial antidepressant responders and non-responders, based on criteria for
marital satisfaction, overall adjustment and social functioning (Miller et al. 1998).
Furthermore, sustained wellness is positively associated with improvements in
psychosocial functioning, which does not occur until patients achieve complete
remission (Furukawa et al. 2001). Psychosocial functioning also predicts the timing of
antidepressant drug efficacy, with significant improvements occurring earlier
(Papakostas et al. 2004). MDD symptoms most associated with deficits in psychosocial
functioning include sad mood, concentration difficulties, fatigue and loss of interest (i.e.
anhedonia; (Fried and Nesse 2014). Out of these symptoms, anhedonic deficits were
the strongest predictor of impairments in psychosocial functioning in patients treated
with the antidepressant agomelatine, and improvements in depressive symptoms as
well as social functioning were associated with decreased anhedonia scores (Vinckier et
al. 2017a). Thus, improvements in psychosocial functioning are key predictors of longterm asymptomatic remission from MDD, and anhedonic symptoms are the critical
component.
Serotonin regulates a wide array of behaviours that influence psychosocial
functioning. Preclinical research shows that mice with 5-HTT knockouts display reduced
sexual behaviour (Olivier, 2015) and administration of chronic but not acute SSRI
treatment with paroxetine, escitalopram and fluvoxamine in male rats, causes a reduced
number of ejaculations, an effect that disappears after a one-week washout period.
Interestingly, this exact same pattern of results can be observed in human patients with
MDD, reporting reduced sexual activity after sustained SSRI treatment, an effect that
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dissipates after drug discontinuation (Bahrick 2008). In fact, nearly all SSRIs can impair
sexual behaviour in both males and female patients (Olivier 2015). While this
dysfunction would be troubling for anyone, it is especially problematic for patients who
are trying to maintain ‘normal’ social relationships despite the impact of their disorder on
psychosocial functioning. The serotonergic system is also involved in the regulation of
feeding behaviour, as chronic SSRI treatment increase food intake in preclinical models
(Lee et al. 2016) and weight gain in patients with MDD (Shi et al. 2017). This weight
gain could exacerbate body-image problems, leading to greater deficits in psychosocial
functioning in patients receiving treatment for MDD.
Serotonin has been shown to regulate cognitive behaviours important for
psychosocial functioning. Tryptophan-rich diets in male rats increase c-fos
immunoreactive cells in brain regions involved in learning and memory, most notably
the prefrontal cortex, which regulates executive functioning (Silva et al. 2017). Serotonin
receptors are also densely located in the hippocampus and amygdala, which are
important for memory, associative learning (Meneses 1999) and social recognition
(Maaswinkel et al. 1996). Furthermore, various agonists and antagonists at 5-HT
receptor subtypes can prevent cognitive deficits and improve learning in rodents (Buhot
et al. 2000; Ögren et al. 2008; Cowen and Sherwood 2013). Tryptophan depletion in
rodents caused reduced performance in an object recognition task (Jenkins et al. 2010)
and was associated with reduced hippocampal serotonin levels (Biskup et al. 2012). In
humans, a meta-analysis looking at the association between tryptophan depletion
studies and cognition, in healthy volunteers, reduced tryptophan levels impaired
episodic memory consolidation for verbal information(Riedel et al. 1999; Schmitt et al.
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2000). In patients with MDD, deficits in cognition are well documented and these are
especially problematic because they remain long after remission has occurred. These
deficits can negatively affect psychosocial functioning by reducing cognitive capabilities
in complex social interactions, which negatively affects social relationships and a
patient’s capacity to recover from depressive symptoms (Lam et al. 2014).
Serotonin also regulates anxiety-like behaviours. Mice that have a knockout of
the 5-HT1A receptor or the 5-HTT show increased anxiety-like behaviours (Murphy and
Lesch 2008), the former is known to be a key mechanism in the regulation of anxiety by
inhibiting prefrontal cortical pyramidal glutatamtergic cells (Amargos-Bosch et al. 2004;
Santana et al. 2004). In clinical situations, SSRIs and SNRI’s are considered a first line
treatment for anxiety disorders (Baldwin et al. 2005; Hoffman and Mathew 2008). In a
recent meta-analysis, both of these drug classes were found to be most effective in
patients with a social anxiety-disorder (Jakubovski et al. 2019). Thus, both pre-clinical
and clinical evidence delineates a clear role for serotonin in the regulation of anxiety,
which may further explain the high degree of comorbidity between anxiety and
depressive disorders in clinical situations (Gorman 1996). For patients with MDD, social
anxiety is particularly troubling because it reduces the likelihood of healthy social
interactions, potentially exacerbating depressive symptomology by reducing the quality
of social support networks (Ansell et al. 2007).
Serotonin is also a known neural regulator of aggressive behaviour. One of the
first and most successful serenic drugs, eltoprazine activates the 5-HT1A and 5-HT1B
receptors, which are thought to be involved in regulating aggressive behaviours
(Bradford et al. 1984). Tryptophan depletion studies in humans have found an increase
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in aggression, while tryptophan supplementation reduces it (Young 2013). Further
studies found that rats with trait-like aggressive behaviour have increased serotonin
levels (van der Vegt et al. 2003), while impulsive aggressive behaviours appear to be
related to reduced serotonin levels (Coccaro 1992). While the exact mechanisms
underlying serotonins regulation of aggression is not entirely clear, it appears to depend
on the type of aggression, species and receptor involved. Nevertheless, it is
incontrovertible that the serotonergic system plays a key role in regulating this class of
behaviour in several species. This has important implications because patients with
MDD report high rates of aggression and this is associated with a polymorphism of the
TPH2 gene (Koh et al. 2012). Increased aggression could negatively affect social
relationships and consequently psychosocial functioning in patients with MDD.
The role of serotonin in modulating social dominance has been well
characterized throughout phylogeny and this has important implications for psychosocial
functioning and MDD. In crustaceans, lobsters injected with serotonin adopt a dominant
postural position and increase the duration of fighting behaviour in subordinate animals
(Livingstone et al. 1980). Similarly, injections of serotonin into the hemolymph of
crayfish caused a renewed willingness for subordinate animals to re-engage in
competitive behaviour with dominants, after defeat (Huber et al. 1997). In male talapoin
monkeys, levels of 5-H1AA in cerebral spinal fluid are decreased in subordinate
monkeys and increased once a dominant status has been acquired, and these levels do
not correlate with daily aggressive behaviours or cortisol levels, suggesting that
serotonin modulates a ‘state’ of dominant or subordinate status (De et al. 1985).
Furthermore, increasing serotonin by administering fluoxetine or tryptophan in vervet
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monkeys caused subordinate monkeys to become dominant, and drugs that reduced
serotonin levels such as fenfluramine and cyproheptadine, caused dominant monkeys
to adopt a subordinate social status (Raleigh et al. 1991). In humans, tryptophan
supplemented diets caused increased self-reported dominant behaviours in daily social
interactions, which were associated with reduced aggression and increased social
affiliative behaviours (Moskowitz et al. 2001), while in quarrelsome individuals, diets rich
with tryptophan caused decreased quarrelsomeness, and increased aggregable
behaviours as well as the perception of others agreeableness (Rot et al. 2006).
Therefore, the role of serotonin in dominant behaviour is clearly delineated in a diverse
range of species. This is relevant for MDD because a subordinate status is associated
with increased biological markers of stress (Goymann and Wingfield 2004) and mortality
rates in monkeys (De et al. 1985). Subordinate status interacts with coping style to
determine the negative consequences of stress (Boersma et al. 2017), which has
important implications for MDD.
Importantly, serotonin is also involved in the regulation of affiliative social
behaviours. Depleting serotonin through lesions of serotonergic neurons in dorsal raphe
nuclei increases social interactions and causes rats to be resistant to corticotrophininduced deficits (File et al. 1979). This is thought to be an anxiolytic effect because
administration of benzodiazepines, which act primarily through gamma-aminobutyric
(GABA) mechanisms, also decrease brain serotonin levels and have similar behavioural
effects (File et al. 1979). However, contradicting these findings are studies in mice
showing that TPH2 or MAO-A knockouts cause a deficiency in brain serotonin, and a
reduction of social interaction compared to wild type mice. In fact, methods of
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decreasing serotonin in the brain of laboratory rodents are widely used to model
features of autism spectrum disorder, which is characterized by deficits in social
behaviour and associated with the Slc6a4 polymorphism of the serotonin transporter
gene (Moy et al. 2009; Kane et al. 2012; Bortolato et al. 2013). While it is not clear in
which direction a dysfunction of the serotonin system modulates social interaction, it is
clear that serotonin is a key neurological mechanism involved in regulating social
affiliative behaviours, which are inextricably linked with psychosocial functioning.
Passive Coping
While MDD is a highly heterogenous condition one of the most prominent
features is a helpless phenotype, which is described in the MADRS item of Sadness
and conceptualized in rodents as a passive stress coping style (Maier, 1984). Passive
coping can be considered a response to situations that are out of the organism’s control
and this is also regulated by serotonergic mechanisms (Samwel et al. 2006). For
instance, exposure to uncontrollable, but not controllable stress causes individuals to
behave as if future attempts to reduce stress will be ineffective, even if control is
possible (Mineka and Hendersen 1985). Importantly, decreased brain serotonin levels
are associated with a passive coping ‘state’ (Maier 1984; Christianson et al. 2008),
which may have relevance to MDD. Thus, this ancient molecule has a vast array of
physiological and behavioural effects and may be a key biological mechanism
regulating psychosocial functioning and passive coping, two critical features of MDD.
In laboratory rodents, passive coping is commonly used to model aspects of
depressive-like behaviour (Chapter 1) including: the forced swim, tail suspension and
learned helplessness tests. The role of serotonin in modulating these tests and the
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relevance that each has to MDD will be described in detail in the next chapter.
Importantly, the latter test of learned helplessness will be focused on in this thesis. This
procedure was selected because it is the only way of directly assessing the effect of
stressor controllability on MDD symptomology. More specifically, this procedure
exposes two groups of rats to either escapable shocks that can be controlled or yoked
inescapable shocks that occur independent of behavioural control. This is important
because animals are exposed to the exact same physical stressor, the only difference is
one group can escape, and the other cannot. Thus, any consequent group differences
are a direct result of stressor controllability and can be interpreted in relation to this
critical feature of MDD etiology and pathology (see Chapter 2).
Hypothesis and experiments
Passive coping is associated with a number of negative physiological and
behavioural characteristics that have direct relevance to MDD symptoms. Importantly,
exposure to uncontrollable stress causes anhedonic deficits that do not occur when the
same stressor is controllable. However, whether exposure to uncontrollable stress
causes social anhedonic deficits that can be mitigated by controlling the stressor is not
known. This thesis will test the overarching hypothesis that exposure to uncontrollable,
but not controllable stress causes social anhedonic deficits which are modulated by
serotonergic functioning. Determining whether stressor controllability effects social
hedonic functioning has important implications for understanding behavioural and
neurochemical mechanisms underlying social anhedonia, a cardinal symptom of MDD
that responds poorly to current antidepressant drug therapies. Therefore, in this study
the following experiments were used to test this hypothesis;
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The first set of experiments assessed the effect of stressor controllability on
social preference in male Sprague-Dawley rats. First, social reward was assessed by
measuring preference for a social conspecific or object. In Experiment 1, rats
investigated a sex-matched social conspecific and object in adjacent arms of a Y-maze
for 10 days. This was followed by a novelty recognition (day 11) and conditioned
preference (day 12) test, where the maze contained either novel or no stimuli,
respectively. Validation and characterization of the social preference procedure was
tested in Experiment 2, by replicating the results in single and group housed rats. In
Experiment 3, rats were exposed 4 days of either escapable or yoked inescapable
shock exposure prior to the social preference procedure described in Experiment 1.
The second set of experiments investigated whether the serotonergic system
regulates the effect of stressor controllability on social hedonic responses in male
Sprague Dawley rats. In Experiment 4, rats were tested for two days in the Y-maze with
a social conspecific and object (days 1 and 2). The next day rats were exposed to either
escapable or yoked inescapable foot shocks (day 3) and were administrated the SSRI
escitalopram at 0, 5 or 10 mg/kg after shock exposure and prior to the subsequent
conditioned preference test (day 4). Finally, Experiment 5 measured extracellular
serotonin levels in the dorsal hippocampus during a social conditioned preference test
in rats exposed to either escapable or yoked inescapable foot shocks followed by 0 or 5
mg/kg escitalopram.
The third and final set of experiments investigates the effect of stressor
controllability on social hedonic preference in female Sprague-Dawley rats. This
procedure was identical to that described in the first set of experiments. Briefly, female
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rats were exposed to either escapable or yoked inescapable foot shocks and were
tested for social unconditioned and conditioned preference.
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Chapter 3
Antidepressant drug treatment and the effect of stressor controllability on social hedonic
reactivity in male Sprague-Dawley rats
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Abstract
Introduction. Social anhedonia is a prominent feature of Major Depressive Disorder.
Uncontrollable stress causes deficits in reward motivation which can be attenuated by
allowing subjects control over aversive stimuli. The current study tested the hypothesis
that exposure to inescapable but not escapable stress causes reduced social
preference in male Sprague-Dawley rats. Methods. In Experiment 1, a novel Y-maze
procedure was developed to assess social unconditioned and conditioned preference.
Experiment 2 characterized and validated the social preference procedure. Experiment
3 tested the effect of stressor controllability on social preference by exposing rats to four
days of escapable or yoked inescapable foot shocks and testing social unconditioned
and conditioned preference. Finally, Experiment 4 determined whether antidepressant
drug treatment could attenuate the effects of inescapable stress on social preference by
administering the selective serotonin reuptake inhibitor escitalopram (0, 5 and 10
mg/kg) after exposure to escapable or yoked inescapable foot shocks. Results. In
Experiment 1, rats spent significantly more time investigating the social and previously
paired social compartment, compared to the object and previously paired object
compartment. These results were replicated in Experiment 2 using single and group
housed rats. In Experiment 3, only rats exposed to escapable foot shocks had a
significant social conditioned preference. Neither escapable nor yoked inescapable
shocks significantly altered unconditioned social preference. In Experiment 4, rats
exposed to inescapable foot shocks and administered escitalopram had a significant
social conditioned preference. Conclusion. These results suggest that the ability to

54
control an aversive stimulus blocks the deleterious consequences of stress on social
motivation through a serotonergic mechanism.
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Introduction
Anhedonia is one of two cardinal features of Major Depressive Disorder (MDD;
Heininga et al. 2019). This symptom has significant clinical importance because higher
anhedonia scores are associated with a reduced antidepressant drug treatment efficacy
(Uher et al. 2012). One of the most common methods used to assess anhedonia in
patients with MDD is the Snaith-Hamilton Pleasure Scale (SHAPS), which is a selfreport psychometric test. There are four broad categories assessed by the SHAPS:
food/drink, interest/past times, sensory experience and social interaction (Snaith et al.
1995). Of these categories deficits in social interaction are the most prominent feature in
patients with MDD (Rizvi et al. 2015), and recovery from psychosocial deficits is
necessary for a full asymptomatic remission of depressive symptoms (Vittengl et al.
2009) with anhedonia being the critical feature (Vinckier et al. 2017b).
Much like MDD, anhedonia is multifaceted and characterized by reduced reward
responsivity (Thomsen et al. 2015). Reinforcing stimuli fall under two major types,
unconditioned primary reinforcers, which have an innate biological value and
conditioned secondary reinforcers, which are previously neutral stimuli that develop
reinforcing characteristics after being paired with primary reinforcers (Fantino and
Herrnstein 1968). It is unclear whether MDD is characterized by deficits in reactivity to
both unconditioned and conditioned reinforcers. There are examples of patients with
MDD that have reduced reactivity for unconditioned and conditioned rewards (Rzepa et
al. 2017), however, other studies have found only deficits related to conditioned reward
processing (Sherdell et al. 2012; Yang et al. 2014).
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Stress is well-known risk factor for MDD and is known to precipitate anhedonic
symptoms, which can be attenuated by exerting control over aversive stimuli (Grippo et
al. 2004; Christianson et al. 2008; Xing et al. 2013; Kumar et al. 2015; Kim et al. 2017).
Understanding the relationship between stressor controllability and social hedonic
reactivity has important implications for understanding why the same stressor causes
MDD symptoms in some individuals, but not others. Therefore, the current study tested
the hypothesis that exposure to uncontrollable but not controllable stress causes
reduced reward reactivity for social conditioned and unconditioned stimuli.
In Experiment 1, a Y-maze procedure was developed to assess both
unconditioned and conditioned social preference in male Sprague-Dawley rats.
Experiment 2 replicated the previous procedure to determine the reliability of the social
preference in single and group housed rats. Experiment 3 tested the effect of stressor
controllability on social hedonic responses in single housed male Sprague-Dawley rats.
Experiment 4 determined whether the effect of stressor controllability on social hedonic
responses could be attenuated by administration of the selective serotonin reuptake
inhibitor (SSRI) escitalopram, a putative antidepressant drug treatment (Cipriani et al.
2009; Christensen et al. 2011; Ji et al. 2014; Bentley et al. 2014).
Methods
Subjects
Male Sprague-Dawley rats (Charles River, Quebec, Canada), weighing between
175-200 grams at the beginning of experiment were individually housed for at least one
week prior to testing and were maintained on a reverse light dark cycle (lights off at
7am; lights on at 7pm). Testing was only completed during the dark period. All animals
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received ad libitum access to water and standard rat chow in home cages. All
experiments were approved by the Animal Care Committee of the University of Guelph
and were carried out in accordance with recommendations provided by the Canadian
Council on Animal Care.
Apparatus
Y-maze
All social preference testing was conducted in a custom made matte black Yshaped maze. The Y-maze (Figure 1) consisted of 3 equally sized arms (30 X 10 X
30cm). Each arm was connected to a compartment (20 X 20 X 30cm), separated by a
clear plexiglass divider which contained small circular holes 1 cm in diameter across the
bottom one third of the divider. All three compartments contained an additional 20cm
posterior backboard, with distinct plastic objects of approximately the same size
secured to the top of each compartment. This was done to provide distinctive visual
cues. Testing was conducted during the light cycle in order to provide the rats with
visual cues that allow them to distinguish compartments. All trials were recorded using a
camcorder (Logitech C922 Pro Stream Webcam) and tracking was scored using
EthoVision XT (Noldus, The Netherlands). Using this software virtual pre-designed 2 cm
zones were created around the holes of the Plexiglass dividers for each compartment.
The duration of time spent (seconds) with rats’ noses within these virtual zones was
used to measure investigation using software that tracks the rat nose, body center and
rear points.
Gemini Avoidance Boxes
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Two custom designed Gemini avoidance boxes (San Diego Instruments Inc, San
Diego, CA) were electrically linked together. The acrylic and aluminum boxes were each
66 X 33 X 44.5cm. Each box contained two compartments (24 X 20 X 20 cm),
separated by a stainless-steel gate that opened to allow the rats exposed to escapable
foot shocks to terminate the shock by crossing to the adjacent compartment and back.
Each compartment contained an independent grid floor constructed of stainless-steel
rods that delivered foot shocks.
Procedure
Experiment 1
The experimental protocol is depicted in Figure 2. All animals were first
habituated to the Y-maze. Test rats were allowed to explore all three arms of the empty
maze for 10 minutes, while social stimulus rats (two smallest from each cohort because
conditioned preference is more robust when social stimuli rats weight less; Kummer et
al. 2011) were confined to each compartment. The arm most investigated during the
habituation session was designated the empty ‘neutral’ arm; all rats were placed into the
maze facing this arm and this remained constant for each rat throughout the
experiment. Social preference was tested over the next 10 days, by exposing rats to the
Y-maze with an object (rubber duck) and same sex conspecific (i.e. social stimulus) in
separate adjacent arms for 10-minute sessions. On day 11, novelty recognition was
assessed by introducing a novel conspecific and novel object into the maze. Finally, on
day 12, conditioned preference (10 min) was assessed by removing both the object and
conspecific from the maze (i.e. empty maze) and measuring and time spent
investigating the previously paired social and object compartments. All sessions were
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10 minutes and all social stimulus rats were individually housed and had no previous
experience with test rats. The maze was scrubbed clean with a mixture of Sparkleen
(Fischer scientific) laboratory detergent, baking soda as well as water, and was dried
before each rat was placed in the maze. The social stimulus arms were
counterbalanced between rats to control for olfactory cues.
Experiment 2
This experiment followed the exact same procedure described in Experiment 1,
except half the rats were single housed (n = 12) and the other half were group housed
(n = 12). This experimental timeline is depicted in Figure 2.
Experiment 3
This experiment used the same procedure described in Experiment 1 with
several important differences (Figure 3). Twenty-four hours after habituation to the Ymaze, rats were habituated to the Gemini Avoidance Boxes for 30 minutes. Over the
next 4 days rats were exposed to either escapable or inescapable foot shocks following
a procedure designed previously in our laboratory (Storace et al. 2019). Briefly, rats
were split into three groups: no shock, escapable shock or yoked inescapable shock.
The no shock group was simply placed in the boxes for 50 minutes. Escapable and
yoked shock groups were placed in adjacent boxes that were electrically linked so that
shocks began and terminated at the same time. Rats in the escapable shock group
could terminate the shock (0.8 mA) by crossing over to an adjacent compartment (FR1)
during the first 5 trials. For the remaining 95 trials rats were required to cross to the
adjacent compartment and then back to the original one (FR2) in order to terminate the
shock. Rats in the yoked shock group received the exact same timing, intensity and
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duration of shock, as their escapable counterpart, however, their behaviour had no
influence on shock termination. Each trial was separated by a random intertrial interval
of between 22 and 38 seconds. After 4 days of escape training rats were exposed to the
Y-maze protocol described in Experiment 1.
Experiment 4
Experiment 4 (Figure 4) was conducted to determine whether escitalopram
regulates the effect of stressor controllability on social preference. Four notable
changes were made to the protocol of Experiments 1 and 2. These changes were made
in order to create a procedure that resembled the forced swim test (FST) used in our
laboratory as well as others, which is a putative test of sensitivity to escitalopram
treatment (Lapointe et al. 2019). Thus, using similar procedures for assessing despairlike behaviour in the FST, and hedonic reactivity in our procedure allows for an analysis
of the effects of escitalopram on two cardinal symptoms of MDD. First, only two social
investigation sessions were conducted after habituation to the Y-maze and Gemini
Avoidance Boxes. Second, the novelty recognition test was not included because it was
not found to be sensitive to stressor controllability (Experiment 3). Third, only one shock
session was conducted, and this occurred after social investigation and prior to the
conditioned preference test. This change was made because shock exposure did not
significantly alter social unconditioned investigation in Experiment 3. Fourth, animals
were given escitalopram (0, 5 or 10 mg/kg; S.C) in three separate injections 0.5 hours
after shock exposure as well as 5 and 1 hour prior to the conditioned preference test.
This drug administration protocol was adapted from the forced swim test, which is a
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commonly used method for assessing the pharmacological efficacy of antidepressant
drugs (Petit-Demouliere et al. 2005).
Drugs
Escitalopram was dissolved in saline and administered by subcutaneous (SC)
injections at a volume of 1 ml/kg. Doses of 5 and 10 mg/kg were selected because they
have been used previously in our laboratory as well as others to study immobility
(Lapointe et al. 2019) and reward reactivity (Hudson et al. 2017). The method of drug
delivery had to be altered to fit the treatment regimens typically employed in tests of
pharmacological antidepressant drug efficacy (Cryan et al. 2005; Slattery and Cryan
2014). Hence, the doses of ESC were partitioned into three separate injections of 0,
1.65 or 3.3 mg/kg each.
Data analysis
Two factor analyses of variances (ANOVA) were used as appropriate, with
repeated and mixed measures analysis used for within subject designs. Significant main
effects and/or interactions were further analyzed by Student-Newman-Keuls post-hoc
analysis or planned comparisons using t-tests. Alpha level was ≤ 0.05, and all statistics
were performed using SigmaStat (v.3.5 for Windows). The exact values of nonsignificant results were not reported.
Results
Experiment 1
Figure 5A represents the mean time (seconds) investigating a same sex
conspecific (i.e. social stimulus) or object. The ANOVA revealed a significant main
effect of session [F(1, 99)= 55.95, p<0.05] and multiple comparisons on marginal means
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indicated that rats spent significantly more time investigating the social compared to
object compartment. In Figure 5B the novelty recognition task represents mean time
investigating (s) a familiar or novel conspecific and object on day 10 (both familiar) and
day 11 (both novel). The ANOVA revealed a significant main effect of Compartment
[F(1, 11)= 49.99, p<0.05] and of Session [F(1, 11)= 5.00, p<0.05]. Multiple comparisons
on marginal means indicated that rats spent significantly more time investigating the
social compared to object compartment and investigated significantly more during the
novel (day 11) compared to familiar (day 10) session. Figure 5C represents the mean
time spent investigating the previously paired social and object compartments during
the conditioned preference test (day 12). Paired-samples t-test [t(11)= 2.62, p<0.05]
revealed significantly more investigation of the previously-paired social compared to
object compartment in the empty maze.
Experiment 2
Figure 6A represents the mean (SEM) investigation (s) of the social and object
compartments over 10 days in single housed rats. The ANOVA revealed a significant
main effect of Compartment [F(1, 99)= 111.80, p<0.05] and Day [F(9, 99)= 2.28,
p<0.05]. Multiple comparisons on marginal means indicated that rats investigated the
social compartment significantly more than the object compartment. Figure 6B
represents the mean (SEM) investigation (s) of the social and object compartments over
10 days in group housed rats. The ANOVA revealed a significant main effect of
Compartment [F(1, 99)= 59.56, p<0.05] and Day [F(9, 99)= 3.45, p<0.05] and a
significant Compartment by Day interaction [F(9, 99)= 3.19, p<0.05]. Multiple

63
comparisons on individual means indicated that on all 10 days rats spent significantly
more time investigating the social compared to object compartment.
Figure 6C represents mean (SEM) investigation (s) of familiar (day 10) and novel
social and object stimuli in single housed rats. The ANOVA revealed a significant main
effect of Compartment [F(1, 11)= 41.66, p<0.05] and Session [F(1, 11)= 8.79, p<0.05].
Multiple comparisons on marginal means indicated that rats spent significantly more
time investigating the social compared to object compartments and investigated the
novel stimuli significantly more than the familiar stimuli. Figure 6D represents mean
(SEM) investigation (s) of familiar (day 10) and novel social and object stimuli in group
housed rats. The ANOVA revealed only a significant main effect of Compartment [F(1,
11)= 48.95, p<0.05]. Multiple comparisons on marginal means indicated that rats spent
significantly more time investigating the social compared to object compartment.
Figure 6E represents the mean (SEM) investigation of the previously paired
social and object compartments during the conditioned preference test in single housed
rats. A paired-samples t-test [t(11)= 2.61, p<0.05] indicated that rats spent significantly
more time investigating the previously paired social compared to object compartment.
Figure 6F represents the mean (SEM) investigation of the previously paired social and
object compartments during the conditioned preference test in group housed rats. A
paired-samples t-test [t(11)= 2.56, p<0.05] indicated that rats spent significantly more
time investigating the previously paired social compared to object compartment.
Experiment 3
Figure 7A represents the mean (SEM) time spent investigating (s) a social and
object compartment over 10 days in rats previously exposed to 4 days of escapable foot
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shocks. The ANOVA revealed a significant main effect of Compartment [F(1, 99)=
38.42, p<0.05]. Multiple comparisons on marginal means indicated that rats spent
significantly more time investigating the social compared to object compartment. Figure
7B represents the mean (SEM) time spent investigating (s) the social and object
compartments over 10 days in rats previously exposed to 4 days of yoked inescapable
foot shocks. The ANOVA revealed a significant main effect of Compartment [F(1, 99)=
48.92, p<0.05]. Multiple comparisons on marginal means indicated that rats spent
significantly more time investigating the social compared to object compartment.
Figure 7C represents mean (SEM) investigation (s) of familiar (day 10) and novel
social and object stimuli in rats previously exposed to escapable shocks. The ANOVA
revealed a significant main effect of Compartment [F(1, 11)= 24.60, p<0.05] and
Session [F(1, 11)= 8.21, p<0.05]. Multiple comparisons on marginal means indicated
significantly more time spent investigating the social compared to object compartment
and significantly more investigation of the novel compared to familiar stimuli. Figure 7D
represents mean (SEM) investigation (s) of familiar (day 10) and novel social and object
stimuli in rats previously exposed to yoked inescapable shocks. The ANOVA revealed
only a significant main effect of Compartment [F(1, 11)= 36.36, p<0.05] and Session
[F(1, 11)= 10.93, p<0.05]. Multiple comparisons on marginal means indicated that rats
spent significantly more time investigating the social compared to object compartment
and investigated the novel significantly more than the familiar object and social stimuli.
Mean (SEM) oronasal investigation by the social stimulus rats was compared between
test rats exposed to escapable and inescapable foot shocks on the first and last day
(i.e. days 1 and 10) of social and object investigation, as well as the novelty recognition
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test session (day 11). These comparisons were made to determine whether social
interaction was affected by shock exposure, however, no significant differences were
observed (data not shown).
Figure 7E represents the mean (SEM) time spent investigating the previously
paired social and object compartments during the conditioned preference test in rats
previously exposed to escapable shocks. A paired-samples t-test [t(11)= 4.49, p<0.05]
indicated that rats spent significantly more time investigating the previously paired social
compared to object compartment. Figure 7F represents the mean (SEM) investigation of
the previously paired social and object compartments during the conditioned preference
test in rats previously exposed to yoked inescapable foot shocks. Importantly, there was
no significant difference in investigation of the previously paired social compared to
object compartment.
Experiment 4
Figure 8A represents the mean (SEM) time spent investigating (s) the previously
paired social and object compartments in rats that received no shocks and either 0, 5 or
10 mg/kg escitalopram. The ANOVA revealed a significant main effect of Compartment
[F(1, 33)= 10.29, p<0.05]. Multiple comparisons on marginal means indicted that rats
spent significantly more time investigating the previously paired social compared to
object compartment. Figure 8B represents the mean (SEM) time spent investigating (s)
the previously paired social and object compartments in rats that received previously
received one day of escapable shocks and either 0, 5 or 10 mg/kg escitalopram. The
ANOVA revealed a significant main effect of Compartment [F(1, 33)= 7.723, p<0.05].
Multiple comparisons on marginal means indicted that rats spent significantly more time
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investigating the previously paired social compared to object compartment. Figure 8C
represents the mean (SEM) time spent investigating (s) the previously paired social and
object compartments in rats that received one day of yoked inescapable shocks and
either 0, 5 or 10 mg/kg escitalopram. The ANOVA revealed a significant Dose by
Compartment interaction [F(2, 33)= 6.24, p<0.05]. Multiple comparisons on individual
means indicated that rats administered 5 mg/kg escitalopram spent significantly more
time investigating the social compared to object compartment and this was not seen in
rats administered 0 and 10 mg/kg escitalopram. Rats that received 5 mg/kg
escitalopram also spent significantly more time investigating the previously paired social
compartment compared to rats that received 0 and 10 mg/kg.
Table 2 represents the mean (SEM) distance moved (cm) during the conditioned
preference in test in rats exposed to no shock, escapable shock or yoked shock and
administered 0, 5 or 10 mg/kg escitalopram. The ANOVA revealed a significant main
effect of Dose [F(2, 99)= 5.53, p<0.05]. Multiple comparisons on marginal means
indicated that rats administered 0 mg/kg moved significantly more than rats who
received 5 or 10 mg/kg escitalopram. Across all groups there were no significant
differences in investigation of the social and object compartments or shock exposure
prior to the conditioned preference test.

67
Table 2: Mean (SEM) distance moved (cm) during the conditioned preference test in
rats exposed to no shock, escapable shock or yoked shock and administered 0, 5 or 10
mg/kg escitalopram. *significant difference from 0 mg/kg escitalopram

Dose (mg/kg)
Shock group
No
Escapable
Yoked

0
3309.6 (198.0)
3358.9 (131.4)
2999.9 (185.6)

5
2805.0 (291.6)*
2702.0 (253.7)*
2740.4 (289.8)*

10
2857.5 (251.5)*
2643.4 (167.8)*
2708.4 (231.3)*
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Figure 1

Figure 1: Visual representation of the social unconditioned preference procedure. The
conditioned preference procedure uses the same maze except the social stimulus rat
and object (rubber duck) are removed.

69

Figure 2

Unconditioned preference
10 days

Novelty recognition
1 day

Conditioned preference
1 day

Figure 2: Depicts the experimental protocol for Experiments 1 and 2. During the
unconditioned preference test rats are placed in the maze and allowed to explore a
social conspecific and an object. Novelty recognition involves placing a novel social
stimulus rat and object in the same arms as the familiar stimuli used for the
unconditioned preference procedure. Finally, the conditioned preference procedure
involves removing both the social and object stimuli and placing rats in an empty maze.
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Figure 3

Shock exposure Unconditioned preference Novelty recognition Conditioned preference test
10 days
4 days
1 day
1 day

Figure 3: Depicts the experimental protocol for Experiment 3. Rats were first exposed
to four days of escapable or yoked inescapable foot shocks, followed by 10 days of
unconditioned preference testing, novelty recognition and conditioned preference
testing.
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Figure 4

ESC (0, 5 or 10 mg/kg)

Unconditioned preference
2 days

Shock exposure
1 day

Conditioned preference
1 day

Figure 4: Depicts the experimental design for Experiment 4. Rats were first tested for 2
days in a social unconditioned preference procedure. The following day they were
exposed to escapable or yoked inescapable foot shocks followed by escitalopram
treatment (0, 5 or 10 mg/kg). Twenty-four hours later they were tested in a conditioned
preference procedure.
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Figure 5: Panel A mean (SEM) investigation of a social conspecific and object
compartments over 10 days, * significant difference between object and social
compartments. Panel B mean (SEM) investigation of familiar (day 10) and novel (day
11) object and social stimuli, * significant difference between day 10 and day 11 (novel)
Panel C represents the mean (SEM) investigation of the previously paired social and
object compartments, * significant difference between compartments.
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Figure 6: Panels A and B represent the mean (SEM) investigation (seconds) of object
and social compartments over 10 days in single and group housed rats, respectively,
*significant difference between compartments. Panels C and D represent mean (SEM)
investigation (seconds) of familiar (day 10) and novel (day 11) object and social stimuli
in single and group housed rats, respectively, * significant difference between novel and
familiar stimuli. Panels E and F represent mean (SEM) investigation (seconds) of a
previously paired social and object compartment in single and group housed rats,
respectively, *significant difference between compartments.
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Figure 7: Panels A and B represent the mean (SEM) investigation (seconds) of an
object and social compartment over 10 days in rats exposed to escapable or yoked
inescapable shocks, respectively, *significant difference between compartments. Panels
C and D represent mean (SEM) investigation (seconds) of familiar (day 10) and novel
(day 11) object and social stimuli in rats exposed to escapable or yoked inescapable
shocks, respectively, * significant difference between novel and familiar stimuli. Panels
E and F represent mean (SEM) investigation (seconds) of a previously paired social and
object compartment in rats exposed to escapable or yoked inescapable shocks,
respectively, *significant difference between compartments.
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Figure 8: Mean (SEM) investigation of a previously paired social and object
compartment during the conditioned preference test in rats exposed to no shocks
(Panel A), escapable shocks (Panel B) or yoked inescapable shocks (Panel C) and
administered 0, 5 or 10 mg/kg escitalopram. *significant difference between social and
object compartments, # significant difference compared to 0 mg/kg escitalopram.
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Discussion
Understanding the relationship between stressor controllability and social
hedonic reactivity was the primary aim of the current study. The first step was to
develop a novel Y-maze procedure that assessed both unconditioned and conditioned
social preference in male Sprague-Dawley rats. It was found that rats spent significantly
more time investigating a conspecific compared to an object, as well as a previously
paired social compared to object compartment, in both single (Figure 5) and group
housed (Figure 6) rats. Importantly, it was found that exposing rats to escapable or
yoked inescapable foot shocks did not alter unconditioned social preference in the Ymaze. However, rats exposed to escapable foot shocks continued to have a significant
conditioned social preference while this was not observed in yoked counterparts
exposed to inescapable shocks (Figure 7). Finally, administration of the antidepressant
escitalopram blocked the effect of inescapable stress on social conditioned preference
(Figure 8). Thus, social hedonic conditioned responses are uniquely affected by
exposure to inescapable stress, and this is mitigated when the stressor is controllable or
when antidepressant drug treatment is administered.
The first step necessary to study social anhedonia is to measure social hedonic
responses in laboratory rodents. Two predominate approaches are used to study social
hedonia in rodents, 1) assessing unconditioned social preference by measuring
investigation of a conspecific compared to an object (Douglas et al.; Van Den Berg et al.
1999) 2) assessing conditioned preference by measuring time spent in a compartment
previously paired with a social conspecific compared to a compartment previously
paired with an object (Crowder and Hutto 1992; Kummer et al. 2011; Kent et al. 2013;
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Kosaki and Watanabe 2016). The current study combined these two approaches into a
single procedure to measure both aspects of social hedonia. As predicted, rats spent
significantly more time investigating a social compared to object stimulus (Figure 5A),
and a previously paired social compared to object compartment (Figure 5C). Rats also
spent significantly more time investigating novel compared to familiar object and social
stimuli (Figure 5B). This procedure was also replicated in group housed rats (Figure 7)
suggesting that it is replicable and persists in rats who are socially experienced.
Decreased social conditioned preference induced by exposure to inescapable
stress in the current thesis likely reflects decreased reward reactivity because the
conditioned preference procedure is a well-validated method of assessing reward
processing in laboratory rodents (Tzschentke 2007). Previous research has found that
exposure to uncontrollable stress decreased juvenile social investigation, and this was
mitigated when the stressor was controllable (Christianson et al. 2008). The authors
interpreted reduced social investigation as an example of anxiogenic behaviour and did
not test whether uncontrollable stress was associated with decreased social hedonic
reactivity. In the current study, exposure to escapable and inescapable foot shocks did
not significantly alter social unconditioned preference (Figure 7A). But, exposure to
inescapable foot shocks caused decreased social conditioned preference, which was
attenuated in rats exposed to escapable shocks (Figure 7C). Both rats exposed to
escapable and yoked inescapable shocks demonstrated increased investigation of
novel social and object compared to familiar stimuli (Figure 7C) suggesting that
perceptual and learning capacities were intact. Therefore, it is unlikely that the lack of
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social conditioned preference was a consequence of learning impairments, but rather
reflects decreased hedonic reactivity.
Further evidence that reduced social conditioned preference induced by
inescapable stress is not a consequence so of memory impairments is demonstrated in
the novelty recognition task. More specifically, rats exposed to inescapable stress
investigated novel social and object stimuli significantly more than familiar social and
object stimuli. Therefore, they were able to remember familiar stimuli and respond
appropriately to novelty despite exposure to stress. Surprisingly rats that were group
housed did not demonstrate increased investigation of novel social and object stimuli.
This is likely due to increased investigation of both stimuli compared to single housed
rats, which likely caused a ceiling effect that was not sensitive to novelty recognition.
These results in male laboratory rodents suggest that the ability to control a
stressor can mitigate subsequent deleterious consequences on social conditioned
reactivity, which is a prominent feature of MDD. However, behavioural control is not
always possible. When this is the case, pharmacological drug treatment with selective
serotonin reuptake inhibitors can be used to treat psychosocial depressive symptoms
(Ciprani et al., 2018). This was demonstrated in Experiment 4, where administration of
escitalopram blocked the deleterious effects of inescapable stress on social conditioned
preference. More specifically, much like Experiment 3, rats exposed to inescapable foot
shocks failed to show a conditioned social preference, which was observed in rats that
received escapable foot shocks. However, rats exposed to uncontrollable foot shocks
and administered escitalopram investigated the previously paired social compared to
object compartment significantly more. Investigation of the previously paired social
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compartment was also significantly greater in rats administered 5 mg/kg compared to
vehicle. This is consistent with the effects of escitalopram on psychosocial functioning
deficits observed in clinical patients with MDD (Agosti et al. 1991). Importantly there
was no difference between rats exposed to inescapable shocks and 0, 5 or 10 mg/kg
escitalopram when investigating the previously paired object compartment. This
suggests that the lack of conditioned social preference observed in rats exposed to
inescapable stress and 0 m/kg escitalopram was not a consequence of perceptual or
learning impairments.
The decreased social conditioned preference in rats exposed to inescapable
shocks and 0 mg/kg escitalopram cannot be ascribed to reduced locomotor activity
because rats administered escitalopram at 5 and 10 mg/kg moved significantly less than
rats exposed to 0 mg/kg (Table 2). More specifically, it could be postulated that rats
exposed to inescapable shock did not investigate the previously paired social
compartment significantly more than the object compartment because the shocks
caused a cataplectic-like state, and the lack of preference reflects a lack of movement.
However, this is not a likely interpretation because rats exposed to inescapable shocks
and 5 mg/kg escitalopram moved significantly less than rats treated with 0 mg/kg and
still demonstrated a significant conditioned social preference.
There was a lack of dose response with escitalopram administration in the
current study. This could be due to the complicated interaction between serotonin and
reward functioning, which is heavily dependent on the drug dose, with excessive or
deficient levels causing numerous negative physiological and behavioural
consequences (File et al. 1979; Coccaro 1992; van der Vegt et al. 2003; Moy et al.
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2009; Kane et al. 2012; Bortolato et al. 2013). Nevertheless, investigation of the social
compared to object compartment was greater in rats exposed to escapable and
inescapable foot shocks and 10 mg/kg escitalopram. This suggests that escitalopram
was effective at both 5 and 10 mg/kg doses, and significance may have been observed
at the higher dose with a larger sample size.
In conclusion, exposure to uncontrollable stress caused decreased social
conditioned preference in laboratory rats. This decreased hedonic reactivity was
attenuated when the stressor was controllable or when antidepressant drug treatment
was administered. Thus, the ability to control an aversive stimulus can help to mitigate
the negative consequences of stress on social hedonic reactivity. This effect is likely
regulated by the serotonergic system because administration of the selective serotonin
reuptake inhibitor escitalopram attenuated uncontrollable stress-induced social hedonic
deficits. Future research will investigate the neurobiological mechanisms underlying this
effect by measuring extracellular serotonin levels in the dorsal hippocampus in rats
exposed to inescapable stress and treated with escitalopram. This research has
important implications for understanding the relationship between stressor controllability
and social anhedonia, a cardinal feature of MDD.
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Chapter 4
Does extracellular serotonin in the dorsal hippocampus regulate the effect of stressor
controllability on social hedonic reactivity in male Sprague-Dawley rats?
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Abstract
Introduction. Stress is inexorable, but it can be managed. The inability to control stress
is a central feature of Major Depressive Disorder (MDD) and is associated with deficits
in social hedonic processing, a cardinal symptom of the condition. Serotonin (5-HT) is a
key neurochemical associated with MDD and is known to regulate stressor
controllability and social behaviour. The current study tested the hypothesis that the
effect of stressor controllability on social conditioned reward reactivity is regulated by
serotonin in the dorsal hippocampus. Methods. Male Sprague-Dawley rats underwent
two sessions where they investigated a same-sex conspecific in a Y-maze on
consecutive days. Twenty-four hours later rats were exposed to escapable or yoked
inescapable foot shocks and were administered 0 or 5 mg/kg escitalopram (ESC). The
next day rats were placed in the empty Y-maze and extracellular 5-HT levels were
measured by in vivo microdialysis in the dorsal hippocampus. Results. When measured
in a conditioned social environment, exposure to yoked inescapable shocks was
associated with reduced 5-HT compared to rats exposed to escapable shocks.
However, this reduction did not reach statistical significance, likely because of variability
in shock exposure, which significantly correlated with 5-HT levels only in rats exposed
to yoked inescapable shocks. Treatment with 5 mg/kg was associated with a significant
elevation of 5-HT compared to 0 mg/kg ESC. Conclusion. The effect of stressor
controllability on social hedonic reactivity, and its modulation by an antidepressant drug
treatment, may be mediated by 5-HT in the dorsal hippocampus.
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Introduction
Major Depressive Disorder (MDD) is a heterogeneous mood disorder,
characterized by numerous behavioural symptoms and neurochemical factors. One of
the first brain regions implicated in depressive etiology and pathology was the
hippocampus, a limbic structure that regulates learning and memory and has vast fibre
connections with emotion-related brain regions (Liu et al. 2017). Numerous studies have
demonstrated reduced hippocampal volume in patients with MDD compared to healthy
controls (Caetano et al. 2004; Zhao et al. 2017), and this has been associated with
depression severity (Vakili et al. 2000; Saylam et al. 2006), early onset of the disorder
(Lloyd et al. 2004; Hickie et al. 2005), non-response to treatment interventions (Frodl et
al.; Vakili et al. 2000; Hsieh et al. 2002; Neumeister et al. 2005), duration of the disorder
without treatment (Sheline 2003) and childhood trauma (Vythilingam et al. 2002).
The neurotoxicity hypothesis provides a plausible explanation for the association
between reduced hippocampal volume and MDD. Accordingly, the hippocampus
contains numerous receptors for stress hormones as well as large quantities of
glutamate, and controls stress responsivity by regulating the hypothalamic-pituitaryadrenal (HPA) axis (Liu et al. 2017). Hyperactivity of the HPA axis results in
hippocampal damage as well as cognitive impairments (Rock et al. 2013). Consistent
with this hypothesis patients with MDD have elevated urinary cortisol levels (Keck and
Holsboer 2001) and rodents exposed to chronic stress show elevated glucocorticoids,
which caused reduced volume in the CA3 region (Krishnan and Nestler 2008) and
reduced neurogenesis in the dentate gyrus of the hippocampus (Sapolsky et al. 2000).
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Furthermore, decreased hippocampal volume has been found in numerous clinical
studies of MDD (Neumeister et al. 2005).
The majority of antidepressant drug medications are selective serotonin reuptake
inhibitors (SSRI), which work by increasing serotonergic tonicity in the brain (Celada et
al. 2004). Administration of SSRIs in healthy participants increased volumetric size of
temporal and parietal regions (Kraus et al. 2014). In rodents, antidepressant drugs
increased neurogenesis in the hippocampus (Keilhoff et al.; Madsen et al. 2000), and
electroconvulsive shock therapy increased hippocampal neurogenesis in non-human
primates (Perera et al. 2007). Higher baseline hippocampal volume has been found to
predict antidepressant treatment response (MacQueen et al. 2008; Sheline et al. 2012)
and chronic 8-week treatment with the SSRI fluoxetine increased hippocampal volume
in treatment responders, which was reduced prior to treatment (Vakili et al. 2000). Thus,
in conjunction with the neurotoxicity hypothesis, it has been postulated that
antidepressant drug efficacy occurs because drugs that increase serotonin in the brain
activate neurotrophic factors, which counteract deleterious effects of stress on
hippocampal functioning (Pilar-Cuéllar et al. 2013).
Stress, much like MDD, is not a unitary phenomenon. In fact, the same aversive
stimulus can have dramatically different effects on depressive symptomology when an
organism has the ability to control it, a phenomenon referred to as stressor
controllability (Lorenz et al. 2015; Maier, 1984). Previous research in our laboratory has
demonstrated that exposure to uncontrollable stress caused social anhedonic deficits,
which are characteristic of depressive symptomology, and this was not observed when
the same stressor was controllable or when rats were administered the SSRI
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escitalopram (Chapter 3). These findings suggest that the effect of stressor
controllability on social hedonia is, at least in part, mediated by serotonin. Serotonergic
projections innervate nearly all brain regions and have different effects in different
structures (Oliver, 2015). Where in the brain might serotonin exert its antidepressant
effects? The hippocampus is a key region of interest. Additionally, escapable tail shocks
cause elevated serotonin levels in this region relative to yoked inescapable tail shocks
(Amat et al. 1998b). Furthermore, rodents exposed to yoked inescapable stress
demonstrated reduced juvenile social exploration compared to escapable stress and
this was blocked by decreasing serotonergic tonicity in the brain (Christianson et al.
2008). Therefore, it is possible that the effect of stressor controllability on social hedonic
reactivity may be regulated by serotonergic functioning in the hippocampus.
The current study tested the hypothesis that exposure to uncontrollable stress
causes altered serotonergic tonicity in a social conditioned preference test when
measured in the dorsal hippocampus of male Sprague-Dawley rats, and this can be
reversed by administration of the SSRI escitalopram. In order to test this hypothesis rats
were exposed to escapable or yoked inescapable foot shocks and then extracellular
serotonin levels were measured in the dorsal hippocampus using in vivo microdialysis.
Samples were analyzed during exposure to a conditioned social environment after
injections of either 0 or 5 mg/kg escitalopram. It was predicted that inescapable stress
would significantly alter extracellular serotonin levels, and this would be reversed by
administration of 5 mg/kg escitalopram.
Methods
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Subjects
Male Sprague-Dawley rats that weighed between 175-200g prior to any
experimental manipulations were used in this study. Animals were individually housed in
polycarbonate cages (44 X 25 X 21cm) filled with Bed-O’ Cobbs bedding on the cage
floor. A reverse light-dark cycle 12/12 (lights off from 7AM to 7PM) was maintained at a
constant temperature of 22 +/- 2° throughout the experiment and all testing was
completed during the dark period. All animals had ad libitum access to water and
standard rat chow. All experiments were approved by the Animal Care Committee of the
University of Guelph and were carried out in accordance with recommendations
provided by the Canadian Council on Animal Care.
Apparatus
Y-maze
All social preference testing was conducted in a custom designed matte black Yshaped maze (University of Guelph Physics Department). The Y-maze consisted of 3
equally sized arms (30 X 10 X 30cm). Each arm was connected to a compartment (20 X
20 X 30cm), separated by a plexiglass divider which contained small circular holes 1 cm
in diameter across the bottom one third of the door. Only one arm of the maze was used
in this study and it was blocked by a black opaque door opposite to the compartment. At
the back of the compartment was an additional 20cm posterior backboard.
Gemini Avoidance Boxes
Two Gemini avoidance boxes (San Diego Instruments Inc, San Diego, CA) were
electrically linked together so that shock initiation, maintenance and termination were
identical. Thus, the box used for escapable shocks was electrically yoked to the box
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used for inescapable shocks. Both boxes were made of acrylic and aluminum, and were
66 X 33 X 44.5cm on the outside. Each box contained two compartments (24 X 20 X 20
cm) that were separated by a stainless-steel gate that closed after every escape
response and opened upon shock initiation. The yoked box did not have an operational
door and thus remained open at all times. Each compartment contained independent
grid floors that were constructed of stainless-steel rods used to conduct foot shocks.
Procedure
Rats were first habituated to the Y-maze. The following two days rats were placed
in the maze facing towards the opaque black door. A social stimulus rat was placed
behind the plexiglass glass in the adjacent compartment. Test rats were given 10
minutes to investigate the social stimulus over two consecutive sessions 24 hours apart.
The next day rats were placed in the Gemini Avoidance boxes with one group of rats in
the escape condition and the other in the yoked condition. The shock procedure
described in Chapter 3 was used. The next day microdialysis sampling took place as
well as the conditioned preference test. ESC (0 or 5 mg/kg; S.C) injections were
administered at 0.5 hours after shock exposure as well as 5 and 1 hour prior to the
conditioned preference test. More specifically, three groups of rats were included: rats
exposed to escapable shocks and 0 mg/kg escitalopram, rats exposed to yoked
inescapable stress and 0 or 5 mg/kg escitalopram. Rats were placed in portable boxes
(Walmart; plastic; height 43.94 X length 82.80 X width 50.29) and baseline microdialysis
samples were collected while rats were in these boxes every 20 minutes for a total of
120 minute. Rats were then placed into the empty maze arm while still attached to the
microdialysis lines and treatment samples were collected over 20 minutes. Finally, rats
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were placed back into the portable boxes and post-treatment samples were collected
every 20 minutes for a total of 60 minutes.
Surgery
Unilateral stereotaxic guide cannulas were implanted into the dorsal
hippocampus (region of interest) of each rat under isoflurane anesthesia for insertion of
the microdialysis probe, Medicam (2 mg/kg; S.C) was administered prior to and after
surgeries. The side of hemispheric cannula implantation was counterbalanced. The
surgical procedure has been described previously (Limbeer et al., 2018). Briefly, the
skull was exposed by making a scalpel incision, coordinates were measured
(coordinates below), and a hole was drilled for the cannula, finally dental cement was
applied in order to fix the cannula. Tooth bars were set at +5 and guide cannulas (21
gauge) were lowered into the dorsal hippocampus using the following coordinates
relative to bregma: AP -3.9, ML 2.9, DV 5.5 (Van Der Stelt et al. 2005).
Histology
Placement of guide cannulas was confirmed by histology (Paxinos and Watson
1996). Rats were first given S.C. injections of pentobarbital and once they were no
longer reflexive, transcardial perfusions were performed with phosphate buffered saline
and 4% formaldehyde. Brains were extracted and placed in 4% formalin for 24-48
hours, followed by a 20% sucrose solution for at least 24 hours. Brain slices were
sectioned at 30 µm using a CM1850 Leica cryostat. Sections were then mounted on
glass microscope slides and placement accuracy was analyzed by a Leica MZ6
Stereomicroscope using a Leica DFC420 Digital Camera and Leica Application Suite
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software. Missed placements resulted in those rats being excluded from further analysis
(n= 2).
In vivo microdialysis and HPLC detection of 5-HT
The microdialysis procedure has been described previously (Limbeer et al.,
2018). Probes for the microdialysis procedure consisted of 2.5 mm long semipermeable
dialysis membrane from Spectra/Por in vivo Microdialysis Hollow Fibres, 2µm OD,
13,000 MW cutoff, that were made in house. Samples were collected by placing the
microdiaylsis probe into the guide cannula directed into dorsal hippocampus. Artificial
cerebral spinal fluid (aCSF; 147 mM NaCl, 2.8 mM KCl, 1.2 mM CaCl2, and 1.2 mM
MgCl2; pH 7.4) was perfused at a rate of 0.6 µm/minute for a total of 320 minutes after
an acclimation period of 120 minutes. Samples were collected every 20 minutes and
immediately stored in dry ice and then at -80°.
5-HT was measured by analyzing dialysate samples using the Eicom HTEC-510
HPLC/ECD system (Eicom, USA). Samples were loaded on a C-18 reverse-phase
column (PP-ODS II, 4.6 X 30 mm, Eicom USA) and were maintained at a consistent 25°
temperature using a mobile phase [0.1 M phosphate buffer pH 5.4, including 1.5%
methanol, 500mg/l decansulfonate sodium salt and 50 mg/l 2NaEDTA] set at a 0.6
µm/minute flow rate. A graphite working electrode (WE-3G, Eicom USA) at a +450 mV
relative potential relative to an Ag/AgCl reference electrode (RE-500, Eicom USA) was
used to electrochemically detect 5-HT in the samples.
Drugs
Escitalopram (S.C.) was administered at a volume of 1 ml/kg. The dose of 5
mg/kg were selected because of previous studies in our laboratory as well as others
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(Hudson et al. 2017; Lapointe et al. 2019). The method of drug delivery was adjusted in
order to fit the protocol used to test the pharmacological efficacy of antidepressant drug
treatments (Cryan et al. 2005; Slattery and Cryan 2014). More specifically, the dose
administration of ESC was partitioned into three separate S.C. injections of 1.65 (5
mg/kg ESC).
Data analysis
Two factor analyses of variances (ANOVA) were used when appropriate, with
repeated measures analysis when within subjects designs were used. If significant main
effects and/or interactions were found, then these were further analyzed using StudentNewman-Keuls post-hoc analysis. Percentage baseline scores were created by
averaging the first three twenty-minute data points to create a baseline score. This
baseline was then used to transform all data points into a percentage of baseline by
dividing the data point by the baseline value, and then multiplying the product by 100
percent. Alpha criterion was set at ≤ 0.05, and all statistics were performed using SPSS
(v.12). The exact values of non-significant results were not reported.
Results
Figure 5A represents the mean (SEM) percentage of baseline extracellular 5-HT
in the dorsal hippocampus measured in a conditioned social environment in rats
administered 0 mg/kg escitalopram and exposed to escapable (n = 9) or yoked
inescapable (n = 7) foot shocks. A between subjects t-test [t(14)= 1.01, p = 0.33] did not
identify any significant differences between these two groups. This lack of significance
may be a consequence of the variability in the total amount of shock exposure
experienced by the yoked animals. This is supported by data presented in Figure 1B
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which represents a significant negative (r = -0.92, p ≤ 0.05) correlation between total
shock exposure by percentage of baseline 5-HT in the dorsal hippocampus of rats
exposed to yoked inescapable shocks and administered 0 mg/kg escitalopram, in a
social conditioned environment. There were no significant correlations between shock
exposure and extracellular 5-HT (%) in in rats exposed to yoked inescapable shocks
and 5 mg/kg or escapable shocks and 0 mg/kg escitalopram.
Figure 1C represents the mean (SEM) percentage of baseline 5-HT in the dorsal
hippocampus of rats exposed to yoked inescapable shocks and either 0 or 5 mg/kg
escitalopram. Samples were collected while rats were in a conditioned social
environment. The between subjects t-test indicated that 5-HT (%) was significantly
increased in the dorsal hippocampus of rats treated with 5 mg/kg escitalopram
compared to rats treated with 0 mg/kg escitalopram.
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Figure 9: Panel A represents mean (SEM) baseline extracellular 5-HT (%) in the dorsal
hippocampus of rats exposed to escapable or yoked inescapable foot shocks and 0
mg/kg escitalopram (ESC) during exposure to a conditioned social environment. Panel
B represents a significant negative correlation between shock exposure and 5-HT
baseline (%) levels in rats exposed to yoked inescapable stress and 0 mg/kg ESC.
Panel C represents mean (SEM) baseline 5-HT in rats exposed to yoked inescapable
shocks and 0 or 5 mg/kg ESC. *significant difference between groups.
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Discussion
The hippocampus has been implicated in the etiology and pathology of Major
Depressive Disorder (MDD). Serotonergic functioning within this region is suggested to
be responsible for the antidepressant efficacy of selective serotonin reuptake inhibitors
(SSRI; Watanabe et al. 1993; Mahar et al. 2014). Previous studies have found that
administration of 5 mg/kg escitalopram significantly blocked the deleterious effects of
inescapable shocks on social conditioned preference in male Sprague-Dawley rats. In
the current study, exposure to inescapable stress caused a reduction of serotonin
(Figure 9A). However, this effect did not reach statistical significance, likely because of
the variability of shock exposure, which was shown to negatively correlate with
extracellular 5-HT in the dorsal hippocampus (Figure 9B). Furthermore, treatment with
the SSRI escitalopram caused a significant elevation of serotonin in rats exposed to
inescapable shocks compared to rats given vehicle (Figure 9C). These findings suggest
that the effect of stressor controllability on social hedonic reactivity is regulated by
serotonergic functioning, and the hippocampus appears to be involved in regulating the
antidepressant treatment of this cardinal feature of MDD.
Exposure to inescapable shocks was associated with reduced serotonin in the
dorsal hippocampus in a social conditioned environment compared to rats exposed to
escapable shocks (Figure 9A). This decrease is consistent with the tryptophan depletion
studies which demonstrate that reducing brain and body serotonin levels results in a
reoccurrence of depressive symptoms in MDD patients that have undergone remission
(Delgado et al. 1990; Smith et al. 1997). However, this is not entirely consistent with
previous research on the effect of stressor controllability on serotonin in the

94
hippocampus. Rats exposed to inescapable shocks have been shown to have
significantly increased serotonin in the ventral hippocampus compared to escapable
shocks (Amat et al. 1998). The difference in the direction of serotonergic alteration may
be a consequence of the different brain regions measured (i.e. dorsal vs ventral
hippocampus). The dorsal hippocampus has generally been associated with learning
and memory, while the ventral hippocampus has been associated with motivation and
emotion (Fanselow and Dong 2010), therefore, serotonergic activity could be regulating
different behavioural functions based on where it is acting in the hippocampus.
Alternatively, there a number of differences in the experimental protocol that could
account for the discrepancy. First, in the Amat et al. (1998) study shocks were delivered
via tail shocks that were terminated by spinning a wheel. The amount of shock exposure
was adjusted by a computer system that altered shock termination based on
performance (i.e. more spins of the wheel required when performing well, less spins
when not), ensuring similar shock exposure between subjects. In contrast, in our study,
shock exposure was delivered via foot shocks and the amount of shock exposure varied
greatly between rats because some learned to escape the shocks quickly while others
did not. This could explain the discrepancy between the Amat et al. (1998) and the
current study, because shock exposure and extracellular serotonin levels were found to
have a significant negative correlation (Figure 9B). This correlation could also explain
why exposure to inescapable shocks caused a reduction in serotonin levels that did not
reach significance. It is likely that if a larger sample size was included a significant effect
of stressor controllability on extracellular 5-HT would have been observed, however,
due to time and resource limitations this was not possible in the current thesis.
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Rats exposed to inescapable shocks and administered escitalopram had
significantly increased serotonin levels in the dorsal hippocampus during exposure to a
conditioned social environment compared to rats administered vehicle (Figure 9C).
Thus, as predicted, administering a drug that blocks the reuptake of serotonin increased
extracellular levels of this neurotransmitter in the dorsal hippocampus. This is consistent
with research showing that SSRIs promote neurotrophic factors in the hippocampus
(Keilhoff et al. 2004; Madsen et al. 2000), suggesting that increased serotonin, via
escitalopram administration may reduce the deleterious effects of stress-induced
hormones on hippocampal functioning, consequently improving hedonic reactivity to
conditioned social cues in rats exposed to inescapable shocks.
There are several limitations in the current study that must be addressed. First,
because of complications in collecting samples due to faulty lines or blockages in the
brain, it was not possible to ensure that rats exposed to escapable and yoked
inescapable shocks had exactly the same shock exposure, because of lost data during
the collection period. However, this did not have a major impact on the results because
there were no significant differences in total shock exposure between groups. Second,
escitalopram was administered in three separate acute injections to rats, while in
humans these drugs take several weeks before becoming effective. However, the
lifespan of a rat and a human are dramatically different, with the former being much
shorter than the latter. Thus, the “acute” injections in rats occur over a longer period of
the life-span in rats compared to humans and this could affect the chronicity of
treatment, especially given that rats have much faster metabolism than humans
(Daniels et al. 2017). Furthermore, this procedure has been used to test the
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pharmacological efficacy of antidepressant drugs in the forced swim test procedure
(Montgomery et al. 2001), a common method for screening antidepressant drug
compounds in pre-clinical studies.
Third, this study was designed as a direct parallel of research completed in
Chapter 3. However, there was an important difference between these two studies.
Because microdialysis samples have to be collected every twenty minutes it would not
be possible to determine whether the dialysate collected after twenty minutes reflected
exposure to a conditioned social environment if rats were allowed to explore all three
arms of the maze. Thus, rats were confined to a single arm of the maze in the current
study and were not given a choice between compartments associated with an object
and a social conspecific during unconditioned and conditioned preference testing.
Nevertheless, this design still provided evidence of the mechanisms that are involved
when rats are exposed to a compartment that has been paired with a social conspecific.
In conclusion, the current study shows that exposure to inescapable shocks
caused reduced serotonin in the dorsal hippocampus compared to rats exposed to
escapable shocks. However, this effect did not reach statistical significance, likely
because of variability in shock exposure which negatively correlated with extracellular
serotonin levels. Treatment with the SSRI escitalopram also increased serotonin levels
in the dorsal hippocampus of rats exposed to inescapable foot shocks in a conditioned
social environment. These results suggest that serotonin in the dorsal hippocampus
may be one mechanism regulating antidepressant attenuation of social anhedonia. This
finding has major implications for understanding the neurobiological mechanisms
underlying this cardinal symptom of MDD.

97

Chapter 5
Social hedonic reactivity and the effect of stressor controllability in female SpragueDawley rats
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Abstract
Introduction. Women are significantly more likely to develop depression compared to
men. Deficits in social hedonic functions are critical features of depression, and females
are more sensitive to same-sex social reward and punishment. Thus, it is conceivable
that social hedonic deficits may be more pronounced in females, which could contribute
to increased rates of depression. This research replicates previous procedures
described in Chapter 3, but in females. Methods. In Experiment 1, rats were exposed to
four days of escapable or yoked inescapable foot shocks followed by 10 days of
unconditioned preference, novelty recognition (day 11), and conditioned preference
(day 12) testing. In Experiment 2, rats underwent two sessions of unconditioned
preference testing, exposure to either no, escapable or yoked inescapable foot shocks,
and conditioned preference testing. Results. In Experiment 1, rats exposed to
escapable and inescapable foot shocks spent significantly more time investigating the
social compared to object compartment. Importantly, rats exposed to escapable but not
yoked inescapable foot shocks spent significantly more time investigating the previously
paired social compared to object compartment. Unlike in males (Chapter 3), in
Experiment 2 none of the groups demonstrated a significant conditioned social
preference with only 2 days of conditioning. Conclusion. Despite the finding that female
rats did not have a social conditioned preference after two pairings, the longer 10 day
pairing procedure showed that the ability to control an aversive stimulus mitigated the
negative consequences of stress on social conditioned reward reactivity. This research
has important implications for understanding the relationship between stress and MDD
symptomology in females.
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Introduction
Global rates of depression are significantly higher in women than men (Whiteford
et al. 2013), with similar rates reported in Canada (Patten et al. 2006; Pearson et al.
2013). Between 2007 and 2012, women in Canada were prescribed antidepressant
medications at twice the rate of men (Rotermann et al. 2014). Vulnerability to
depression is most pronounced during puberty in girls (Whiteford et al. 2013), and
young women between the ages of 14 and 25 have twice the rates of depression
compared to young men, a finding that diminishes with age (Patten et al. 2006; Pearson
et al. 2013). Interestingly, prior to puberty, rates of depression are similar between boys
and girls (Albert 2015) suggesting that there is a strong biological component to sex
differences which can be investigated in pre-clinical research.
Improving psychosocial functioning is critical to improving depressive symptoms
(Miller et al. 1998), with improvement in anhedonic deficits being the crucial component
(Vinckier et al. 2017a). This is particularly important for women because they are more
negatively affected by interpersonal stressors compared to men (Charbonneau et al.
2009). In animals, female mice show reduced social interaction after social defeat,
which is not observed in males, and this is associated with increased cAMP response
element binding protein (CREB) phosphorylation in the nucleus accumbens shell (Weiss
et al. 2015a), a critical region for reward processing (Day and Carelli 2007).
Furthermore, the stress response in females is behaviourally characterized by the
concept of ‘tend-and befriend’ where protection of the self and offspring is of primary
importance (tend) and social relationships are utilized to support this end (befriend),
whereas in males fight or flight is the primary behavioural response to stress (Taylor et
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al. 2000). Women also have been shown to derive more enjoyment from positive samesex social interactions compared to men (Spreckelmeyer et al. 2009; Feng et al. 2015).
This suggests that deficits in social reward may have a more pronounced negative
effect on women and could contribute to increased incidences of depressive etiology
and pathology.
Exposure to uncontrollable stress caused social conditioned reward deficits in
male Sprague-Dawley rats that were mitigated when the same stressor was controllable
(Chapter 3). Whether stressor controllability affects social hedonic functioning in female
Sprague-Dawley rats is not known and has important implications for understanding the
relationship between sex differences and social hedonic functioning under conditions of
stress. The current study exposed female Sprague-Dawley rats to either escapable or
yoked inescapable foot shocks for four days followed by social unconditioned
preference testing, where test rats investigated a same-sex conspecific and object for
10 days. This was followed by a novelty recognition and conditioned preference test,
assessing learning and social hedonic preference, respectively. The second experiment
determined whether a shorter procedure, previously used in male rats to test the effect
of antidepressants on social hedonic deficits, could be used for females as well.
Methods
Subjects
Female Sprague-Dawley rats were used in this study, weighing between 175200g at the beginning of each experiment. All rats were individually housed and
maintained on a reverse light-dark cycle (7am lights off; 7pm lights on). Unlimited
access to water and rat chow was available in home-cages. All experiments were
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approved by the Animal Care Committee of the University of Guelph and were carried
out in accordance with recommendations provided by the Canadian Council on Animal
Care.
Apparatus
Y-maze
A custom-made Y-maze (University of Guelph, Physics department) was used to
test social preference. The maze was matte black and contained 3 identical arms (30 X
10 X 30cm) each connected to a compartment (20 X 20 X 30cm) that was blocked off
by a Plexiglass door with round holes (1 cm in diameter) on the bottom one third of each
door. In order to distinguish each compartment unique visual cues were placed on the
backboards (50 cm) of each compartment. Rodent behaviour was captured using a
camcorder and scored using EthoVision XT (Noldus, The Netherlands) by creating
virtual zone 2 cm around the holes of each Plexiglass door. The amount of time rats
spent with their noses inside the virtual zone was used as a measure of investigation
(s).
Gemini Avoidance Boxes
Shock exposure took place in two electrically linked Gemini Avoidance Boxes
(San Diego Instruments Inc, San Diego, CA). Each box was made of acrylic and
aluminum (66 X 33 X 44.5cm) with two compartments (24 X 20 X 20 cm) that were
separated by a retractable door. In the boxes delivering escapable shocks the door
opened every time shocks were delivered and closed after escape responses occurred.
In the yoked inescapable box shocks the door remained open at all times. Shocks were
delivered via grid floors.
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Procedure
Experiment 1
This procedure follows the exact same as that outlined in Experiment 3 of
Chapter 3 (Figure 3), with the important difference that this study was conducted in
female Sprague-Dawley rats. Briefly, rats were exposed to four days of escapable or
yoked inescapable foots shocks prior to 10 days of social unconditioned preference
testing, novelty recognition (day 11) and conditioned preference testing (day 12).
Vaginal lavage samples were collected daily in the morning (9 am) prior to testing (12
pm), and only those samples from the conditioned preference test day were analyzed.
Experiment 2
This procedure followed the exact same design as described in Chapter 3
Experiment 4 (Figure 4; only 0 mg/kg escitalopram was used). Briefly, rats were
exposed to two days of social and object investigation followed by exposure to
escapable or yoked inescapable shocks followed by conditioned preference testing the
next day. However, there was one important difference that this study was conducted in
female Sprague-Dawley rats. Furthermore, only 0 mg/kg escitalopram was administered
(i.e. vehicle). No escitalopram was administered because of a lack of significant social
conditioned preference in any groups using this short procedure. Finally, vaginal lavage
samples were collected daily in the morning (9 am) prior to testing (12 pm).
Data analysis
Repeated measures analyses of variances (ANOVA) were used as appropriate.
If there were any significant main effects and/or interactions, these were further
analyzed by Student-Newman-Keuls post-hoc tests or Student t-tests when appropriate.
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Alpha criterion was set at ≤ 0.05, and all statistics were performed using SigmaStat
(v.3.5 for Windows). Exact values of any non-significant results were not reported.
Results
Experiment 1
Figure 10A represents mean (SEM) investigation (s) of the social and object
compartments during 10 days of unconditioned preference testing in rats previously
exposed to four days of escapable foot shocks. The ANOVA revealed a significant main
effect of Day [F(9, 108)= 2.25, p<0.05] and of Compartment [F(1, 108)= 33.58, p<0.05].
Multiple comparisons on marginal means further indicated that rats investigated the
social compartment significantly more than the object compartment. Investigation of
both compartments decreased over the 10 sessions.
Figure 10B represents mean (SEM) investigation (s) of the social and object
compartments during 10 days of unconditioned preference testing in rats previously
exposed to four days of yoked inescapable foot shocks. The ANOVA revealed a
significant main effect of Day [F(9, 108)= 2.25, p<0.05] and of Compartment [F(1, 108)=
33.58, p<0.05]. There was also a significant Day by Compartment interaction [F(9,
108)= 3.46, p<0.05]. Multiple comparisons on individual menas indicated that rats spent
significantly more time investigating the social compared to object compartment on all
10 days.
Figure 10C represents mean (SEM) investigation (s) of the object and social
compartments with familiar (day 10) and novel (day 11) social and object stimuli,
respectively, in rats previously exposed to 4 days of escapable foot shocks. The
ANOVA reveled only a significant main effect of Compartment [F(1, 12)= 17.70, p<0.05].

104
Multiple comparisons on marginal means further indicated that rats spent significantly
more time investigating the social compared to object compartment. Figure 1D
represents mean (SEM) investigation (s) of the object and social compartments with
familiar (day 10) and novel (day 11) social and object stimuli, respectively, in rats
previously exposed to 4 days of yoked inescapable foot shocks. The ANOVA reveled
only a significant main effect of Compartment [F(1, 12)= 32.59, p<0.05]. Multiple
comparisons on marginal means further indicated that rats spent significantly more time
investigating the social compared to object compartment.
Figure 10E represents mean (SEM) time spent investigating (s) previously paired
social and object compartments in rats previously exposed to 4 days of escapable foot
shocks. The paired samples t-test indicated that rats spent significantly more time
investigating the previously paired social compared to object compartment [t(12)= 2.32,
p<0.05]. Figure 1F represents mean (SEM) time spent investigating (s) previously
paired social and object compartments in rats previously exposed to 4 days of yoked
inescapable foot shocks. There were no significant results to report.
Experiment 2
Table 3 represents the mean (SEM) time spent investigating the previously
paired social and object compartments, conditioned over 2 days, in rats exposed to no,
escapable or yoked inescapable foot shocks was analyzed in an ANOVA that did not
indicate any significant results.
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Table 3: Mean (SEM) time spent investigating (seconds) the previously paired social
and object compartments in rats exposed to no, escapable or yoked inescapable foot
shocks during the conditioned preference test.
Shock group
No
Escapable
Yoked

Social compartment
73.5 (14.2)
111.24 (17.4)
84.8 (10.6)

Object compartment
72.3 (11.4)
94.1 (35.7)
72.0 (11.1)
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Figure 10: Panels A and B represent mean (SEM) investigation (seconds) of social and
object stimuli in female rats exposed to escapable or yoked inescapable shocks,
respectively, * significant difference between compartments. Panels C and D represent
mean (SEM) investigation of familiar (day 10) and novel (day 11) object and social
stimuli in rats exposed to escapable or yoked inescapable shocks. Panels E and F
represent mean (SEM) investigation (seconds) of a previously paired social and object
compartments during the conditioned preference test in rats exposed to escapable or
yoked inescapable shocks, respectively, *significant difference between compartments.

107
Discussion
Exposing female Sprague-Dawley rats to an uncontrollable stressor caused
deficits in social hedonic reactivity that were mitigated when the same stressor was
controllable. These results are consistent with findings in male Sprague-Dawley rats
and further support the conclusion that the ability to exert control over an aversive
stimulus reduces the negative consequences on depressive symptomology. However,
differences in social hedonic reactivity were observed between the sexes, because
females only showed a conditioned preference in the longer paradigm (10 days of
conditioning), while males demonstrated a conditioned social preference in both the
long and short (2 days of conditioning) paradigms.
There are at least two possible reasons for this sex difference in social
conditioned preference. First, females react differently to stress than males (Balhara et
al. 2012) and are more sensitive to anxiety-induced deficits in spatial memory (PerrotSinal et al. 1996). Thus, it is possible that the reason females did not have a conditioned
social preference using the shorter procedure (Experiment 2) was because they may
have not habituated fully to the apparatus and social/object stimuli, consequently
exposure to a non-familiar environment may cause anxiety which could have interfered
with spatial memory. This is supported by the finding that after the longer 10 days of
unconditioned investigation female rats exposed to escapable shocks did demonstrate a
significant social conditioned preference (Experiment 1) and demonstrated some
habituation to the social stimulus because investigation was reduced over the 10 days.
Conversely, studies that have assed social hedonic reactivity in females have found that
they do not demonstrate a conditioned social preference for a same-sex conspecific
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(Weiss et al. 2015a; Kosaki and Watanabe 2016). In fact, in male rats when given a
choice between an environment previously paired with amphetamine or a same sex
conspecific, they will choose the latter, while still having a preference for each
individually. In the same study, female rats did not demonstrate a conditioned
preference to a compartment paired with a same-sex conspecific despite demonstrating
a significant amphetamine conditioned preference. Therefore, it is possible that
amphetamine administration may have had anxiolytic effects (Dawson et al. 1995) that
did not occur when exposed to a conspecific, therefore, in the amphetamine condition
no anxiety-related spatial memory deficits were observed (Weiss et al. 2015). In the
present study, it is impossible to differentiate between anxiety-induced spatial memory
deficits or just a pure lack of social conditioned preference in the female rats due to the
spatial memory requirements of the procedure. Further experiments could delineate
whether the rats had specific deficits in social learning, spatial learning, or social
conditioned preference, but that is beyond the scope of the current thesis.
Neurobiological differences in reward-related brain regions between males and
females could also explain the sex differences observed in the present study.
Specifically, Weiss et al. (2015) showed that the dopamine metabolite 3,4dihydroxyphenylacetic acid (DOPAC) was elevated in the amygdala of male but not
female rats during social interaction (Weiss et al., 2015). Therefore, it is possible that
the lack of social conditioned preference in females may be a consequence of reduced
limbic response to conditioned social cues, a finding that may explain why female rats
showed no social conditioned preference in shorter procedure (Experiment 2).
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In conclusion, despite no social hedonic conditioned preference in female
compared to male rats in the shorter procedure, in the longer procedure the ability to
control an aversive stimulus mitigated the negative consequences of stress on social
conditioned preference in female rats. This further supports the idea that having control
over negative situations can reduce the deleterious consequences of stress on
depressive symptomology, regardless of the sex of an organism.
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Chapter 6
General Discussion
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Social anhedonia is a prominent feature of Major Depressive Disorder (MDD).
Stress can precipitate anhedonic deficits that are mitigated when that same stressor is
controllable. Understanding whether stressor controllability affects social hedonic
reactivity is important for determining whether behavioural control can mitigate the
negative consequences of stress on this cardinal feature of MDD. Collectively, the data
in this thesis clearly demonstrate that exposure to uncontrollable stress caused reduced
reactivity toward social conditioned stimuli in both male and female Sprague-Dawley
rats. In males, this effect can be attenuated by administration of the selective serotonin
reuptake inhibitor escitalopram, an effect that is associated with elevated hippocampal
serotonin levels in the dorsal hippocampus. Overall these findings demonstrate the
powerful impact of active coping on mitigating the deleterious consequences of stress
on depressive symptomology, and the role of serotonin in the dorsal hippocampus in
regulating this effect.
Summary of results
This thesis identified three major results of interest:
1. Stressor controllability affects social conditioned preference
It was found that exposure to yoked uncontrollable stress significantly decreased
social conditioned preference in male and female Sprague-Dawley rats, and this
was attenuated when the same stressor was controllable. This finding suggests
that controllability mediates the effect of stress on social hedonic preference in
laboratory rats.
2. Neither controllable nor uncontrollable stress affected social
unconditioned preference
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Neither male nor female Sprague-Dawley rats exposed to escapable nor yoked
inescapable stress demonstrated a reduced social unconditioned preference.
This combined with the result above suggests that exposure to uncontrollable
stress affects social motivation without affecting social interaction.
3. The role of serotonin in regulating the effect of stressor controllability on
social conditioned preference
Administration of the selective serotonin reuptake inhibitor escitalopram
significantly attenuated the deleterious effects of inescapable stress on social
conditioned preference in male rats. Furthermore, escitalopram administration
significantly increased serotonin in the dorsal hippocampus in male rats exposed
to uncontrollable stress when tested in a social conditioned environment.
Understanding the effect stressor controllability on social hedonic preference
Exposure to uncontrollable stress caused significant deficits in reactivity towards
a social conditioned environment in both male and female Sprague-Dawley rats. This is
consistent with the known effects of inescapable stress on reward processing for other
reinforcing stimuli such as sugar and intercranial self-stimulation (Zacharko et al. 1983;
Christianson et al. 2008). In the current dissertation the ability to control an aversive
stimulus mitigated the deleterious consequences of stress on social hedonic reactivity.
This research has important implications for understanding the etiology and pathology
of this critical feature of MDD.
Consistent with large swaths of research on learned helplessness, the current
dissertation supports the notion that the inability to control aversive stimuli leads to a
“helpless” or “hopeless” state that has relevance to the Montegomery Asberg
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Depression Rating Scale item of Saddness, or the Beck Depression Inventory item of
Depressed mood and is associated with anhedonic symptoms (Daniels et al. 2019). It is
clear from this research that the psychological appraisal of stress determines the
negative consequences of depressive symptomology. The protective effects of
behavioural control on social anhedonia have important implications for understanding
MDD etiology and pathology. This same protective effect has been observed in human
studies that exposed participants to mild finger shocks (Thornton and Jacobs 1971), or
abrasive noises (Gatchel and Proctor 1976). Furthermore, because both humans and
rats are highly social animals, it is possible that behavioural control will also mitigate the
negative consequences of stress on social hedonia in humans and could be used to
treat social anhedonia.
Neither exposure to uncontrollable nor controllable shocks caused deficits in
social unconditioned preference in male or female Sprague-Dawley rats. There are
several possible explanations for this. First, it is possible that the conspecifics were
highly salient social stimuli creating a ceiling effect that was immutable to stress.
Contrasting this idea is research showing that yoked inescapable tail shocks caused
reduced juvenile social investigation compared to escapable shocks in previous
research conducted by Christianson et al. (2008), a finding that contradicts the lack of
effect of stressor controllability on social unconditioned preference in the current thesis.
There are several important methodological differences between procedures that could
account for this discrepancy, including differences in shock exposure and requirements
for escape responding. Most importantly, the juvenile procedure allowed rats to directly
interact with juveniles, which could exacerbate anxiety-like responses induced by
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inescapable stress. Therefore, decreased juvenile social exploration in the Christianson
(2008) study is likely an anxiety related response and that is how it was interpreted by
the authors. However, in our procedure rats could explore multiple arms of the maze
allowing them to avoid the conspecific if they choose, possibly reducing the anxiogenic
component. Therefore, it is possible that the lack of effect of stressor controllability on
social unconditioned preference could reflect resilient primary social reward reactivity.
However, this is by no means a resolved question and should be investigated in future
research.
A second explanation for the robust unconditioned social preference is that
uncontrollable stress had an effect on social conditioned but not unconditioned
preference. Anhedonia is multifaceted involving reward motivation, pleasure, and
learning (Thomsen et al. 2015). The unconditioned preference procedure has a greater
emphasis on assessing consummatory pleasure, or reward ‘liking’. Alternatively, the
conditioned preference procedure has a stronger emphasis on assessing reactivity
towards a learned stimulus, a behaviour that can be thought of as ‘seeking’ or
motivation to interact with a conspecific (i.e. wanting). Therefore, the finding that
uncontrollable stress caused reduced social conditioned but not unconditioned
preference suggests that a “helpless” state is associated with deficits in reward
motivation, but not pleasure. This is consistent with clinical research showing that MDD
patients have deficits in appetitive reward responding but no deficits in consummatory
pleasure (Yang et al. 2014). This suggests that individuals who experience
uncontrollable stress may not derive less pleasure from social interactions, but instead,
may be less motivated by conditioned social cues. From pictures of friends on social
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media to festive ornaments that remind us of social gatherings, the modern world is full
of social conditioned stimuli. Reduced reactivity towards these social cues may cause
deficits in reward motivation, which may in turn make it difficult for individuals to leave
the house and engage in healthy social relationships (especially in a Canadian winter).
This may consequently reduce social support networks and result in psychosocial
functioning deficits, which are important features of MDD.
Does sex influence the effect of stressor controllability on social hedonic
preference?
An additional aim of this dissertation was to include both male and female rats to
determine whether sex impacted the effect of stressor controllability on social hedonic
responses. In our study, we opted to use male Sprague-Dawely rats as our primary
subjects of interest. This may seem surprising given the increased prevalence of MDD
in females (Avenevoli et al. 2015). However, our laboratory has extensive experience
working with males and the majority of learned helplessness and stressor controllability
studies have been conducted in male rodents. Most importantly, we made this decision
because female rats tend to have a reduced conditioned place preference for social
stimuli (Weiss et al. 2015b), For these reasons we opted to use male Sprague-Dawley
rats as our primary subjects, however, we included females to extend this work beyond
the status-quo, a necessary and growing requirement of many funding agencies.
Both male and female rats exposed to yoked inescapable stress failed to
demonstrate a conditioned social preference, while the rats exposed to escapable
shocks did, when tested in the longer procedure (10d habituation vs 2d). Neither stress
condition was associated with decreased unconditioned preference. However, one
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possible difference was observed between sexes. Consistent with previous research
(Weiss et al. 2015b), female rats did not demonstrate the same magnitude or range of
social conditioned preference observed in males, in that they did not show a conditioned
social preference in the 2-day procedure. This begs the question, why would does this
difference occur? Are females less capable of forming Pavlovian associations? Are they
more affected by anxiety? Do they not enjoy same-sex social interactions as much?
These are all interesting questions which have been addressed in Chapter 5 and are
explored in further detail below.
Given the many similarities between males and females, one may ask why is it
important to distinguish between sexes? An important distinction is that in all
mammalian species, males and females have different reproductive capabilities and
consequently different ontological demands (Choleris and Kavaliers 1999).
Reproductive male rodents often demonstrate more exploratory behaviours than
females (King 1968; Ågren et al. 1989; Gaulin et al. 1990), and anxiety has a greater
impact on spatial abilities in female compared to male rats (Perrot-Sinal et al. 1996).
Therefore, female rats in the current study, although interested in the conspecific, may
have been more affected by anxiety in the task, which could have affected their ability to
form Pavlovian associations involving spatial cues. This is supported by the finding that
females did demonstrate a conditioned preference after 10 but not two days of social
investigation (Chapter 5). Thus, it seems likely that the reduced sensitivity of
conditioned preference in females compared to males is a consequence of different
reproductive demands exerting an influence on cognitive capacities. This is by no
means a resolved question and future research is greatly needed to determine why
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females and males differentially demonstrate conditioned place preferences but this is
beyond the scope of the current thesis.
What neurobiological mechanisms regulate the effect of stressor controllability
on social conditioned preference?
The neurobiological circuitry of stressor controllability can be delineated into
three components. First, a passive coping state characterizes the anxiogenic
component associated with uncontrollable stress (Maier and Seligman 2016). Exposure
to stress causes a hyperactivation of serotonergic activity in the dorsal raphe nucleus
(DRN; Rozeske et al. 2011b), the major projection site of serotonergic innervations in
the brain (Hornung 2003). More specifically, exposure to inescapable stress causes
sensitization of serotonergic neurons while concomitantly desensitizing 5-HT1A autoreceptors in the DRN (Rozeske et al. 2011). Thus, prolonged exposure to uncontrollable
stress without behavioural control is analogous to putting your foot to the pedal of the
serotonergic system while at the same time deactivating the break. This in turn causes
a state of hyperexcitability in cortical sites innervated by serotonergic projections (Bonn
et al. 2013). It is thought that this increased serotonergic tonicity results in a passive
coping state characterized by anxiety (Zhukov and Vinogradova 1994). When the same
stressor is controllable glutamatergic projections from the pre-limbic (PL) region of the
medial prefrontal cortex (mPFC) activate GABAergic interneurons in the DRN to reduce
the hyper-serotonergic activity in this region (Passamonti et al. 2008; Diehl et al. 2018).
However, this explanation contradicts the finding in the current thesis that escitalopram,
a drug that increases brain serotonin levels (Montgomery et al. 2001; Cipriani et al.
2018), blocked the deleterious effects of inescapable stress on social conditioned
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reward, a finding consistent with the effects of antidepressants on inescapable stress on
other depressive-like behaviours (Maier and Seligman 2016). This is an example of the
complicated nature of the ancient and ubiquitous serotonin system, which affects nearly
all behaviours and functions in nearly all brain regions (Oliver 2015). It is possible that a
dysregulation of serotonin regardless of the direction has deleterious consequences on
physiological, cognitive and emotional functioning. Understanding exactly how serotonin
regulates the effects of stressor controllability on depressive symptomology is an
important avenue for future research. Nevertheless, it is clear from the current thesis
that serotonin is involved in regulating the effect of stressor controllability on social
conditioned responding.
In our laboratory, we have previously found that one day after exposure to
inescapable shocks, rats had reduced exploration of an open-lit area compared to rats
exposed to escapable shocks (Storace et al. 2019). This suggests that inescapable
shocks likely increase anxiety one day later and could be an explanation for why the
current study revealed reduced social conditioned preference in shorter procedure used
to evaluate the effects of escitalopram on stressor controllability (Chapter 3, Experiment
4), rather than the cause being reduced reward response. However, this is contradicted
in the longer procedure (Chapter 3, Experiment 3), where the reduced conditioned
preference remained 10d after the inescapable shocks, a time point where no
anxiogenic behaviours were observed (Storace et al. 2019). Furthermore, rats did not
demonstrate reduced social investigation of a conspecific 24-hours after shock
exposure. If anxiety were driving the reduced conditioned social preference, it would
also likely affect social unconditioned investigation. Since this was not affected in the
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current study, the consequences of inescapable stress on social conditioned preference
were likely not driven predominantly by anxiety. That being said, anxiety and depression
have high rates of clinical comorbidity (Aina and Susman 2006), and therefore, the
presence of anxiogenic behaviours does not mutually exclude depressive
symptomology. The presence of reduced hedonic social preference, shown here,
indicates that inescapable stress causes symptoms consistent with social anhedonia
and MDD regardless of anxiogenic pathology.
The second component of the neural circuitry regulating stressor controllability is
the detection of control and the motivation to act in a way that reduces stress (Maier
and Seligman 2016). This aspect of stressor controllability is mediated by dopaminergic
functioning in the dorsal and ventral striatum which have bidirectional connections with
the medial prefrontal cortex (Haber and Knutson 2010; Heshmati and Russo 2015).
There are two major dopaminergic pathways in the brain. The nigrostriatal tract
originates in the substantia nigra, which is a basal midbrain region that send ascending
projections to the caudate putamen (Missale et al. 1998). During stressor controllability,
this dorsal striatal pathway communicates with the frontal cortex to detect controllability
and regulate actionable responses to stress (Maier and Seligman 2016). Exposure to
escapable, but not yoked inescapable stress causes increased c-fos in the dorsomedial
striatum (Amat et al. 2014) and deactivation of either region renders animals insensitive
to action/outcome contingency manipulations (Amat et al. 2014). Thus, in order for
behavioural control to have protective effects, bidirectional communication between
these regions is necessary.
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The major other dopaminergic circuit is the mesolimbic pathway, which originates
in the ventral tegmental area (VTA) and projects to limbic structures including: the
nucleus accumbens (NAc), septum, amygdala, hippocampus, frontal cortex and
ascending cerebral cortical projections (Missale et al. 1998; Koob and Volkow 2010).
This pathway is a critical mediator of reward motivation as nearly all reinforcing stimuli
increase dopamine levels in the nucleus accumbens, a brain region termed the reward
hub (Knutson et al. 2001). Transient activation of the DRN results in glutamate
mediated activation of the mesolimbic pathway (Luo et al. 2015) and the DRN interacts
with the mesolimbic region to regulate motivational reward responses (Nakamura 2013).
Exposure to uncontrollable stress alters dopaminergic tone in the mesolimbic pathway
(Bland et al. 2004) and lesions of the median raphe nucleus increase dopaminergic
turnover in the ventral tegmental area (Herve et al. 1981). Reduced dopaminergic
activity is a hallmark feature of anhedonia (Keller et al. 2013), therefore, reduced social
conditioned preference induced by inescapable stress in the current thesis is likely
mediated, at least in part, by hyperexcitability of the DRN, which resulted in reduced
dopaminergic activity in the mesolimbic reward circuit. Furthermore, SSRIs have been
shown to increase dopaminergic tone in the prefrontal cortex, a neurochemical effect
that resembles the neurobiological mechanism that occur when behavioural control over
aversive stimuli is exerted (Tanda et al. 1994).
The final neurobiological mechanisms involved in regulating stressor
controllability is the expectation of control, a process that involves neural plasticity. This
process is responsible for the long-term protective effects of behavioural control. More
specifically, a phenomenon termed “behavioural immunization” (Maier et al. 2006) has
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been consistently observed when studying learned helplessness and stressor
controllability. Exposure to an escapable stressor will attenuate the negative
consequences of subsequent stress exposure, even if behavioural control is not
possible in future situations (Jones et al. 1977; Maier et al. 2006; Christianson et al.
2014). Thus, learning to cope with stress in one situation will help organisms respond to
stress in future situations. This is another important aspect of stressor controllability and
is associated with neuroplastic changes in the pre-limbic region of the medial prefrontal
cortex (Maier and Seligman 2016). In fact, chemogenetic stimulation of a subset of
mPFC neurons can cause rats who were resilient to the effects of inescapable stress to
develop a ‘learned helpless’ phenotype (Wang et al. 2014). Additionally, the activation
of neurotrophic factors is thought to be critical to the treatment of MDD. This is because
MDD is associated with increased proinflammatory proteins (Frasure-Smith et al. 2007;
Kling et al. 2007) and neurotrophic factors can help to reduce this hyperactive immune
response (Shirayama et al. 2002).
Neuroplasticity within the hippocampus may be critical for the antidepressant
effects of SSRIs on inescapable stress-induced deficits (Iwata et al. 2011). As
mentioned previously (Chapter 4), in preclinical studies nearly all antidepressant drugs
increase hippocampal neurogenesis (Celada et al. 2004) and in healthy participants
SSRIs increase brain growth in limbic regions (Kraus et al. 2014). In our laboratory, we
have found that exposure to both escapable and inescapable stress causes reduced
brain derived neurotrophic factor (BDNF) mRNA in the hippocampus (Storace et al.
2019). This is consistent with the known sensitivity of this region to glucocorticoids and
other hormones activated by stress (Smith et al. 1995). In the current thesis, we found
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that serotonin levels were reduced in the dorsal hippocampus when tested in a
conditioned social environment after rats were exposed to yoked inescapable or
escapable shocks. Furthermore, serotonin levels were increased in this region during
exposure to a conditioned social environment after administration of escitalopram in rats
previously exposed to inescapable shocks. Thus, it is possible that the attenuation of
social conditioned preference deficits induced by inescapable stress may be in part
mediated by escitalopram induced elevations of serotonin in the dorsal hippocampus,
which activates neurotrophic activity in this region. This process may be similar to the
dampening of serotonin-induced hyperexcitability by prelimbic projections from the
mPFC when behavioural control over a stressor is possible.
Methodological considerations
There are several methodological issues that should be considered when
interpreting the results of the current thesis. First, social hedonic functions were
assessed by comparing the amount of time rats spent investigating a compartment
containing a social conspecific compared to one containing an object. Obviously, there
are many differences between a social stimuli and objects because the former moves,
smells, and communicates. This begs the question, what is it about the social stimulus
that creates this preference? It must be noted that this same question could be applied
to nearly any reinforcing stimuli. For instance, what drives the hedonic response to
food? Is it the taste, smell, post-ingestive properties, palatability? The list is extensive
and as the individual components are dissected the important principal espoused by the
ancient Greek philosopher Aristotle that ‘the sum is greater than the whole of its parts’
becomes lost. In the context of social conditioned preference, the individual components
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have been parsed out to determine what conditions are necessary to establish a
conditioned preference. The conclusion of this research determined that in order for a
conditioned social preference to be expressed, rats must be able to touch each other
(Kummer et al. 2011). In the current study, touch, although limited, was still possible
when rats engaged in mutual intranasal investigation. This behaviour occurred in all rats
and was not significantly different between groups exposed to shocks or escitalopram.
Regardless of which aspect of social behaviour is driving the conditioned preference,
the overall conclusion holds that a social stimulus is investigated more than a neutral
object stimulus, and social investigation can result in a conditioned preference that is
altered by stressor controllability and antidepressant drug treatment.
The second methodological consideration that needs to be addressed pertains to
whether the behaviours observed in the current dissertation are specific to social
behaviour or reflect a more general deficit in hedonic reactivity. One method of testing
this would be to determine whether stressor controllability affects unconditioned and
conditioned preference for highly palatable food compared to regular rodent chow. This
was not tested in the current study, so it is not possible to certify whether the observed
effects of the current dissertation are specific to social hedonic functioning. Other
studies have demonstrated that exposure to uncontrollable stress causes deficits in
response to sucrose (Christianson et al. 2008) and intracranial self-stimulation
(Zacharko et al. 1983). As far as we are aware, this is the first time the effect of stressor
controllability on social hedonic preferences was tested and the observed deficits are
consistent with a general reduction of hedonic responsivity. However, previous research
has found that exposure to both escapable and inescapable shocks caused reduced
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sucrose preference, while only yoked inescapable shocks caused reduce juvenile social
investigation. However, this latter effect has been ascribed to differences in anxiety-like
behaviour. Whether uncontrollable stress is associated with deficits in hedonic reactivity
that are specific to social stimuli or reflect a more general reward processing deficit is an
interesting question that could be investigated in future research. Nevertheless, it is
clear from the current dissertation that social hedonic reactivity, which is a critical
feature of MDD, is significantly reduced by inescapable but not escapable stress,
regardless of the specificity of reward processing deficits.
Third, it is possible that the reduced conditioned social preference is a
consequence of general memory impairments. This is supported by the lack of effect of
inescapable stress on unconditioned social preference, which does not require learning.
However, contradicting this idea are findings from the dishabituation procedure which
demonstrated that rats exposed to inescapable stress demonstrated increased
investigation of novel conspecific and object stimuli. This suggests that test rats
exposed to shocks are still perceptually intact and can recognize novelty, which requires
learning/memory. However, this procedure is a fairly basic memory task and it is
possible that Pavlovian learning requires a more complicated memory process that is
affected by stress. Consistent with this, previous studies have shown that exposure to
inescapable stress caused memory deficits in object recognition (Philbert et al. 2012)
and Morris water maze (Song et al. 2006) tasks. This methodological consideration is
an important question that should be investigated in future experiments. Nevertheless,
reward learning is a critical aspect of anhedonia (Thomsen et al. 2015), therefore,
regardless of whether the deficits in conditioned social preference are ascribed to
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memory or motivational impairments does not take away from the main finding that
inescapable stress-induced social conditioned deficits are representative of anhedonia.
Future research
The results of the current dissertation set a strong foundation through which
future research into biomarkers of antidepressant treatment response can be
investigated. As discussed in Chapter 1, many different biomarkers of antidepressant
treatment response have been identified in clinical trials. Animal models are poised to
test the biological significance of these biomarkers using well-validated bio-behavioural
tasks that study learned and unlearned responses. In the current dissertation, we
decided to study the effect of stressor controllability on social hedonic reactivity. This
was chosen for several reasons. First the stressor controllability procedure was selected
because it provided a high degree of behavioural specificity. This procedure exposed
rats to the exact same timing, duration and intensity of shocks, with the only difference
between groups being the ability to escape from shocks. Therefore, the only difference
in the interpretation of consequent behavioural and neurobiological changes can be
directly related to the inability to control an aversive stimulus, or the psychological
nature of the stressor. Social anhedonia was chosen because this behavioural endpoint
of depressive symptomology is highly translatable between species, and anhedonia is
positively associated with non-response to antidepressant drug treatment. Therefore,
this model of social anhedonia can be used to test the specificity of a biomarker in
relation to a “helpless” state that is resistant to antidepressant drug treatment. In the
current dissertation serotonin was the neurochemical of interest, and this provided a
degree of predictive validity because this neurochemical is associated with MDD. The
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ultimate goal of this research was to create a procedure that will be used in future
research to study epigenetic mechanisms and other biomarkers of antidepressant
treatment response identified in clinical studies.
Furthermore, future research could investigate whether chronic antidepressant
drug treatment in female Sprague-Dawley rats can attenuate the deleterious effects of
inescapable stress on conditioned social preference (Chapter 5) using the 10-day
protocol. It would be expected that similar to males, escitalopram would block the effect
of inescapable stress on social conditioned preference in female rats because women
respond similarly or better to antidepressant drug treatment compared to men (Gorman
2006). Due to time limitations, this study was not conducted in the current dissertation.
This is would be a valuable addition to this model because it would allow future
researchers to study biomarkers of antidepressant treatment response in both sexes.
The microdialysis procedure opted to investigate serotonin levels in the dorsal
hippocampus for reasons explained in Chapter 4. While there is evidence to support this
choice, it must also be acknowledged that this is one of many brain regions that is
implicated in MDD etiology and pathology. Future research could investigate
dopaminergic activity in mesolimbic regions, which are critical regulators of reward
motivation (Nestler and Carlezon 2006). It would be expected that inescapable stress
would cause reduced dopaminergic levels in the nucleus accumbens during exposure to
a conditioned social environment and this would be attenuated by escitalopram
treatment. Another interesting brain region is the basolateral amygdala, which receives
innervations from the hippocampus (Fudge et al. 2012) and altered neurotrophic activity
in this region is associated with a learned helpless phenotype (Storace et al. 2019). The
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basolateral sub region of the amygdala is a critical mediator of memory modulation and
Pavlovian associative learning (Ono et al. 1995; Schoenbaum et al. 1998). In our
laboratory, using the same procedure, it was found that exposure to inescapable stress
caused elevated BDNF mRNA in the basolateral amygdala compared to rats exposed to
escapable and no stress (Storace et al. 2019). Whether serotonin and BDNF interact in
this region to mediate the effect of stressor controllability on social hedonia and
antidepressant treatment would be of significant interest.
Conclusion and implications
In conclusion, based on this research, one way to reduce social anhedonia is to
exert control over negative experiences. As postulated in the doctrine of nearly all of the
world’s major religions, suffering is an incontrovertible fact of life. At some point we are
all faced with profound negative experiences. Whether it is the death of a loved one,
debilitating chronic illness, or marital strife; at some point in our lives we will be faced
with tragedy. In order to deal with it, an important strategy is to exert control over the
negative experience. Whether it is organizing a funeral to control the proceedings
around death, organizing a doctor’s/therapist appointment and improving your lifestyle
to deal with illness, or arranging marital counselling, there are many different ways to
exert control over aversive experiences. The results of the current thesis suggest that
doing so is important for reducing the negative consequences of stress on depressive
symptomology.
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