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Abstract
Major Depressive Disorder (MDD) affects twice more women than men, yet little attention is
paid to female-specific factors that may contribute to this disparity. Ovarian hormones regulate
mood and influence MDD, but their roles are complex and sometimes contradictory.
Importantly, ovarian hormones regulate processes and systems that are compromised in MDD,
including neural plasticity, stress response, and immune systems. To clarify the complex roles of
ovarian hormones in MDD models, this thesis examined ovarian hormones at the intersection of
stress, neuroplasticity, and neuroinflammation. Chapter 2 investigated the effects of long-term
ovariectomy on the expression of depressive-like phenotypes and antidepressant efficacy in
middle-aged female rats exposed to chronic unpredictable stress (CUS). Under CUS conditions,
long-term ovariectomy increased depressive- and anxiety-like behaviour and impaired
hypothalamic-pituitary-adrenal (HPA) axis negative feedback function. The selective serotonin
reuptake inhibitor fluoxetine had limited behavioural efficacy, but significant efficacy on neural
and endocrine measures, as seen by increased adult hippocampal neurogenesis, reduced
microglial number, and enhanced HPA axis negative feedback function. Chapter 3 investigated
the effects of long-term ovariectomy on the neuroinflammatory and behavioural consequences of
sub-chronic stress exposure in middle-aged mice. Under non-stress conditions, long-term
ovariectomy modestly increased depressive-like behaviour, but robustly modified the central
cytokine milieu, as evidence by reduced concentrations in the frontal cortex and increased
concentrations in the hippocampus. Interestingly, intact mice showed a greater behavioural
susceptibility to the depressive-like effects of sub-chronic stress exposure, and this was coupled
with an exaggerated neuroinflammatory response in the frontal cortex and hippocampus. Chapter
4 dissected the role of estrogen receptor (ER) α and β in regulating depressive-like phenotypes
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under CUS conditions in young-adult female mice. CUS exposure increased depressive-like
behaviour, increased cytokine concentrations and reduced postsynaptic density protein-95
expression in the hippocampus and frontal cortex, effects that were largely driven by groups
treated with ERα and ERβ agonists. Further, in a CUS-independent manner, 17β-estradiol
increased neurogenesis in the dorsal hippocampus, blunted the corticosterone response to an
acute stressor, and increased anxiety-like behaviour. Collectively, these findings shed light on
the complex roles of ovarian hormones in regulating depressive-like behaviour, and in
modulating neuroplastic and neuroimmune signatures.
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Lay Summary

Women are approximately twice as likely as men to be diagnosed with Major Depressive
Disorder (MDD). Moreover, the postpartum period and the transition to menopause carry an
increased risk for depression in women. This suggests that fluctuations or reductions in sex
hormones may contribute to depression in women. Using rodent models of depression based on
stress exposure, the experiments presented in this thesis explored the role of ovarian hormones in
the development of behavioural and brain changes that parallel depression symptoms in humans.
We found that ovarian hormones influence depression-like behaviour in a complex manner,
providing protection or increasing risk, depending on several factors including age. Further,
ovarian hormones influenced the effects of stress exposure on the brain, including inflammation
and neuroplasticity. Collectively, this work suggests that ovarian hormones are important
determinants of depression-like behaviour, and influence brain mechanisms that may contribute
to MDD.
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Chapter 1: Introduction
1.1

Major depressive disorder

Major depressive disorder (MDD) is a significant contributor to the global burden of disease, and
the leading cause of disability worldwide (Ferrari et al., 2013; World Health Organization, 2017;
James et al., 2018). Lifetime prevalence estimates of MDD vary across populations (Kessler and
Bromet, 2013), but reach approximately 20% in some national epidemiological surveys (Hasin et
al., 2018). MDD is a serious and often recurrent disorder that, beyond diminishing quality of life
(Rapaport et al., 2005), is a significant predictor of all-cause mortality (Chesney et al., 2014), is
associated with increased risk for a variety of chronic physical conditions (Scott et al., 2016),
predicts poorer prognosis and more rapid progression of other illnesses (De Groot et al., 2001;
Modrego and Ferrández, 2004; Carney and Freedland, 2017), and in severe cases leads to suicide
(Bostwick and Pankratz, 2000). The economic burden of depression is also substantial, where it
is estimated that lost productivity due to MDD costs the Canadian economy $32.2 billion/year
(Conference Board of Canada, 2016). Unfortunately, despite ongoing research efforts that have
improved our understanding of the etiology and pathophysiology of MDD, significant gaps in
treatment remain. Currently available antidepressants are efficacious in alleviating depression
symptoms in only a subpopulation of individuals (Trivedi et al., 2006; Akil et al., 2017), and
efficacy eventually declines in some responders (Byrne and Rothschild, 1998), underscoring the
need for continued research.
MDD is characterized by two primary symptoms, depressed mood and anhedonia, at least
one of which must be present for a minimum of two weeks for an individual to meet diagnostic
criteria of the fifth edition of the Diagnostic and Statistical Manual of Mental Disorders (DSM–
1

5)(American Psychiatric Association, 2013). The diagnostic criteria also include other core
symptoms such as significant changes in weight or sleep, psychomotor agitation or retardation,
fatigue or reduced energy, feelings of guilt or worthlessness, reduced ability to think or
concentrate, and suicidal ideation (American Psychiatric Association, 2013). Importantly, MDD
is a highly heterogeneous disorder in clinical presentation, which is reflected by specifiers
outlined in the DSM-5, including but not limited to MDD “with atypical features”, “with
melancholic features”, “with mixed features”, and “with anxious distress”. The heterogeneity in
clinical presentation is also echoed by differences in biomarkers (Drysdale et al., 2017;
Strawbridge et al., 2017) and suggests differences in etiology.
In the next sections I overview sex differences in MDD and the role of ovarian hormones
in the disorder. I then discuss the link between stress and MDD, immune dysregulation in MDD,
and the neurobiology of MDD with a focus on the hippocampus and prefrontal cortex. When the
evidence is available, these topics are discussed through a lens of biological sex and the
influence of ovarian hormones. The series of experiments presented in chapters 2-4 of this thesis
explore the role of ovarian hormones in stress-based rodent models of MDD, with the
overarching goal of elucidation how ovarian hormones can influence the behavioural outcomes
of stress exposure, antidepressant efficacy, and markers of neuroplasticity and
neuroinflammation.
1.1.1

Sex differences in major depressive disorder

Women are approximately twice as likely as men to be diagnosed with MDD (Bromet et al.,
2011; Kessler and Bromet, 2013), an effect that was corroborated by a recent meta-analysis of
representative national samples (Salk et al., 2017). In addition to marked differences in
2

prevalence rates, the clinical presentation of MDD also differs between the sexes. Compared to
men, women with MDD are more likely to experience higher symptom severity (Marcus et al.,
2005, 2008), and are more likely to report somatic symptoms such as pain and excessive fatigue
(Silverstein, 2002; Marcus et al., 2008; Penninx et al., 2013). Women are also more likely than
men to experience MDD with atypical features, which include hypersomnia and weight gain
(Angst et al., 2002; Blanco et al., 2012; Marcus et al., 2005; Schuch et al., 2014). Sex also
influences comorbidities in individuals with a primary diagnosis of MDD, as women have higher
rates of comorbid anxiety (Schuch et al., 2014), whereas men have higher rates of comorbid
substance use disorders (Marcus et al., 2008; Schuch et al., 2014).
Sex is also a factor that may influence the therapeutic response to currently available
antidepressants (reviewed in Sramek et al., 2016). For example, several studies found that
women respond more favourably to selective serotonin reuptake inhibitors (SSRIs) (Kornstein et
al., 2000; Khan et al., 2005; Berlanga and Flores-Ramos, 2006; Young et al., 2009; Yang et al.,
2011). Further, this effect appears to be more salient in younger, premenopausal women
(Kornstein et al., 2000; Naito et al., 2007), perhaps pointing to synergistic effects between
serotonin and ovarian hormones. On the other hand, men were found to respond more favourably
to tricyclic antidepressants (TCAs) (Kornstein et al., 2000). Importantly, the literature on sex
differences in antidepressant efficacy remains largely inconclusive, as several other reports
indicate similar efficacy of TCAs and SSRIs between men and women (Parker et al., 2003;
Wohlfarth et al., 2004; Kornstein et al., 2014). Few clinical studies have integrated sex as a
variable in their analyses of the rapid-acting antidepressant actions of the N-methyl-D-aspartate
antagonist ketamine, however, one study did not find sex to be associated with treatment
response (Niciu et al., 2014). In general, sex differences in the pharmacokinetics and
3

pharmacodynamics of antidepressants can lead to differences in efficacy and tolerability (Bigos
et al., 2009; Damoiseaux et al., 2014). The continued investigation of the role of sex in the
therapeutic response to currently available antidepressants is warranted in order to reconcile the
abovementioned inconsistencies in the literature, with a careful controlling of age, dose and
duration of treatment, as well as diagnostic scales as factors (Sramek et al., 2016). Overall, sex
differences in the manifestation of MDD suggest a need for dissimilar treatments. The literature
discussed ahead with regards to the molecular signature of MDD further indicates that biological
sex should be considered in efforts surrounding the discovery and development of new
pharmacotherapies.
Recent insight into sex differences in the molecular signature of MDD may shed light on
why men and women show differences in disease prevalence, presentation, and possibly
treatment efficacy. Notably, a recent RNA-sequencing study examined MDD-related
transcriptional changes across six brain regions in both men and women (Labonté et al., 2017).
The authors found that in both sexes and across all brain regions, MDD was associated with
significant changes in transcriptional patterns. More intriguingly, they detected only 5-10%
overlap in MDD-related transcriptional profiles between the sexes across all brain regions
(Labonté et al., 2017). Next, Labonté and colleagues employed co-expression network analyses
to examine MDD-associated gene modules. Interestingly, in men, MDD-associated modules
were enriched for genes expressed in several cell types including neurons, astrocytes, and
microglia, whereas in women, modules were enriched predominantly for neuronal genes
(Labonté et al., 2017). These findings suggest that the transcriptional changes associated with
MDD may affect different cell types in the brains of males and females, pointing to differences
in disease mechanisms. Another study performed a large-scale gene expression meta-analysis of
4

corticolimbic regions from individuals with MDD and matched controls (Seney et al., 2018), and
largely recapitulated the findings of Labonté and colleagues. Seney et al. (2018) reported little
overlap in MDD-related transcriptional changes between the sexes, and further found that a large
number of genes displayed expression changes in opposite directions between males and females
with MDD (Seney et al., 2018). Further gene-ontology analyses suggested that the expression of
synapse-related genes was reduced in males but increased in females (Seney et al., 2018). On the
other hand, expression of microglia- and oligodendrocyte-related genes was increased in males
but decreased in females (Seney et al., 2018). There were some notable differences in brain
regions examined between the two studies which likely contributes to differences in findings
(Labonté et al., 2017; Seney et al., 2018). Nonetheless, these findings collectively point to sex
differences in disease mechanisms, underscoring the need for investigating sex-specific factors
that may contribute to MDD, and ultimately the development of sex-based pharmacotherapies.
1.1.2

Ovarian hormones in major depressive disorder

Sex differences in MDD point to a role of sex hormones in the disease mechanisms. Indeed, the
onset of sex differences in prevalence rates coincides with puberty (Twenge and NolenHoeksema, 2002; Salk et al., 2017), a time when concentrations of sex steroids rise in both sexes
(Abreu and Kaiser, 2016)(Figure 1.1). Further, sex differences in prevalence rates are most
pronounced during the reproductive years of women (Gutiérrez-Lobos et al., 2002). The overall
higher prevalence of MDD in women, and the pattern of sex differences in prevalence rates
across the lifespan, support the notion that ovarian hormones may increase risk for MDD in
women. On the other hand, events or periods that are characterized by large fluctuations or
reductions in ovarian hormones are associated with a heightened risk for depression in women,
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supporting the contrasting notion that ovarian hormones may confer resilience against MDD. For
example, the postpartum period is a time of increased risk, as approximately 10-15% of mothers
develop postpartum depression (PPD; (Goodman, 2007; Wisner et al., 2013; Woody et al.,
2017). It is hypothesized that the rapid drop in sex steroids after parturition underlies the etiology
of PPD, and this is supported by evidence from human and rodent studies (Bloch et al., 2000;
Galea et al., 2001; Green et al., 2009). Even in women that are not pregnant, pharmacologicallyinduced ovarian hormone-withdrawal increased depressive symptoms in a manner that correlated
with the net reduction in 17β-estradiol (Frokjaer et al., 2015). Additional support for the notion
that ovarian hormones may protect against MDD is derived from evidence of premenstrual
exacerbation of depressive symptoms in women with MDD (Kornstein et al., 2005), and from
Premenstrual Dysphoric Disorder (PMDD) in which affective symptoms are typically restricted
to the late luteal phase of the menstrual cycle, when estradiol and progesterone levels are
declining (Reed and Carr, 2000; American Psychiatric Association, 2013)(Figure 1.1). The
transition to menopause is also associated with an increased risk for first onset and recurrent
MDD (Freeman et al., 2004, 2006, 2014; Cohen et al., 2006; Bromberger et al., 2007), and it is
postulated that declining ovarian function during that time could precipitate depression, at least
in a subpopulation of susceptible women. This is supported by a randomized clinical trial in
which estradiol withdrawal after three weeks of treatment significantly increased depressive
symptoms only in women with a history of perimenopausal MDD (Schmidt et al., 2015).
Ovarian hormones may also be implicated in antidepressant efficacy. For example, some studies
find SSRIs to be less efficacious in post- compared to pre-menopausal women (Kornstein et al.,
2000; Naito et al., 2007), and efficacy is enhanced in postmenopausal women prescribed
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hormone therapy (Thase et al., 2005). In addition, estradiol shows some efficacy as a standalone
or adjunct treatment in women with MDD (Rasgon et al., 2007; Moses-Kolko et al., 2009).
Animal studies investigating the effects of ovarian hormone deprivation on depressivelike phenotypes have produced somewhat equivocal findings, especially within the context of
valid animal models of MDD. There is general consensus that ovariectomy, without other
manipulations, increases depressive-like behaviour in rats and mice (Bernardi et al., 1989;
Rachman et al., 1998; Bekku and Yoshimura, 2005; Bekku et al., 2006; de Chaves et al., 2009;
Li et al., 2014). What is less clear, however, is whether this effect is transient or persistent, as
some studies find a restoration of depressive-like behaviour after longer durations of ovarian
hormone deprivation whereas others do not (de Chaves et al., 2009; Walf et al., 2009b; EstradaCamarena et al., 2011). Furthermore, studies investigating how ovariectomy alters depressivelike behaviour within validated animal models of MDD have reported contrasting effects.
Specifically, in response to various stress paradigms, ovariectomy has been shown to either
increase (Nakagawasai et al., 2009; Lagunas et al., 2010) or mitigate (LaPlant et al., 2009;
Finnell et al., 2018) the depressive-like outcomes of stress exposure. Interestingly, recent studies
shed light on genetic factors that may contribute to enhanced sensitivity to fluctuations in ovarian
hormones (Bath et al., 2012; Marrocco et al., 2018). Female mice carrying the Brain-Derived
Neurotrophic Factor (BDNF) Valine66Methionine polymorphism show increased anxiety-like
behaviour coinciding with puberty, increased anxiety-like behaviour during the estrus phase
when estradiol concentrations decline (Bath et al., 2012), and increased anxiety- and depressivelike behaviour in response to 17β-estradiol replacement after ovariectomy (Marrocco et al.,
2018).
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Taken together, ovarian hormones are certainly implicated in MDD and in depressivelike behaviour, yet their roles are complex and in some cases contradictory. These complexities
could be clarified by considering the well-established effects of ovarian hormones in regulating
processes and systems that are compromised in MDD, including stress response, immune
systems, and neuroplasticity – topics that are reviewed in later sections of this chapter and are
central to the experiments presented in this thesis. The complex roles of ovarian hormones could
also be due, in part, to the diversity of estrogen signaling, which is briefly described below and
revisited in Chapter 4.
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Figure 1.1 Patterns of circulating estradiol and progesterone in female humans during puberty (A), reproductive years
(B), pregnancy and postpartum (C), and perimenopause (D). Note: y-axes do not represent equivalent concentrations between
boxes A-C, and illustrations depict general patterns of hormone secretion and not accurate concentrations. Illustrations are based
on data from Brett and Baxendale, 2001; Brunton and Russell, 2010; Burger 2008; Abreu and Kaiser, 2016.

1.1.3

Estrogens: classes and signaling mechanisms

Estradiol, estrone, and estriol are the major naturally occurring estrogens. In premenopausal
women, estradiol, the most potent of the three major estrogens, is also the most abundant
(Rannevik et al., 1986). After the menopausal transition, and while all circulating estrogens
decline, the ratio of estrone to estradiol is gradually reversed and estrone becomes the more
abundant estrogen (Rannevik et al., 1986). Estradiol exists in two optical isomers, 17α-estradiol
and 17β-estradiol, with 17β-estradiol being the more potent of the two (Shappell et al., 2010).
Estrogen signaling is highly complex and mediated via at least three types of estrogen receptors
(Hewitt and Korach, 2018). Estrogens can bind with the “classical” estrogen receptors (ERs),
ERα and ERβ, which are typically located in the cytoplasm or nucleus. The bound receptors act
as transcription factors to regulate gene expression; they form homo- or hetero-dimers that
translocate to the nucleus, interact with various co-regulators, and bind to estrogen response
elements (EREs) located in the promoter regions of target genes (Hewitt and Korach, 2018). ERα
and ERβ are therefore considered to be the mediators of “genomic” actions of estrogens.
However, approximately one third of genes regulated by ERs do not include ERE sequences
(O’Lone et al., 2004), therefore it is becoming increasingly clear that bound ERs can exert their
actions through other mechanisms such as protein–protein interactions with other transcription
factors and their respective response elements (Björnström and Sjöberg, 2005). On the other
hand, more rapid, “non-genomic” effects of estrogens are mediated through membrane
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associated receptors, such as the G-protein coupled estrogen receptor (GPER) (Revankar et al.,
2005; Olde and Leeb-Lundberg, 2009). Further, plasma membrane localization of ERα and ERβ
has also been reported (Levin and Hammes, 2016). Interactions with membrane receptors trigger
rapid signaling via the activation of intracellular signaling pathways (e.g. ERK/MAPK,
p38/MAPK, PI3K/AKT). Although the terms “genomic” and “non-genomic” are used, it is
important to note that even “non-genomic” signaling pathways can result in gene transcription
indirectly through downstream cascades, and these genes may differ from those directly
regulated through EREs (Marino et al., 2006).
ERα and ERβ are in general expressed throughout the brain, with both overlapping and
unique distribution patterns depending on region and species. For example, in the cortex, ERβ is
the predominant receptor in mice and rats, whereas in the hippocampus, the predominant
receptor is ERα in mice but ERβ in rats (Shughrue et al., 1997; Laflamme et al., 1998; Österlund
et al., 1998; Shughrue and Merchenthaler, 2001; Mitra et al., 2003). Further, ERβ is highly
expressed in the paraventricular nucleus (PVN) of the hypothalamus, whereas ERα is highly
expressed in the peri-PVN (McCormick et al., 2002; Weiser and Handa, 2009). GPER is also
expressed throughout the brain in female rats, with high densities in the hypothalamus and
hippocampus (Brailoiu et al., 2007). Importantly, estrogen receptor expression is likely dynamic
as it can be altered by a variety of factors. For example, classical ERs are regulated by age,
hormone exposure, and reproductive experience (Jin et al., 2005; Pawluski et al., 2010), and
GPER expression in the granule cell layer of the hippocampus in reduced by 17β-estradiol in
female rats (Duarte-Guterman et al., 2015).
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1.2

Neurobiology of Stress

Stress can be broadly defined as any real or perceived challenge to homeostasis (Chrousos,
2009). Exposure to a physiological or psychological stressor recruits neural and endocrine
systems in an integrated response that facilitates adaptation to the challenge and the return to
homeostasis (Ulrich-Lai and Herman, 2009). The endocrine stress response is primarily mediated
by the hypothalamic-pituitary-adrenal (HPA) axis, which orchestrates a sequential release of
hormones (Herman et al., 2016)(Figure 1.2). Briefly, exposure to a stressor can activate neurons
in the parvocellular region of the PVN in the hypothalamus, resulting in the release of
corticotropin-releasing hormone (CRH) and arginine vasopressin (AVP) into the median
eminence. These peptides are transported by the hypophyseal portal system to the anterior lobe
of the pituitary gland and in turn trigger the release of adrenocorticotropic hormone (ACTH)
into the general circulation. In the adrenal gland, ACTH stimulates the synthesis and release
of glucocorticoids into the general circulation. The main glucocorticoids are cortisol and
corticosterone in humans and rodents, respectively. Along with norepinephrine and
epinephrine, glucocorticoids promote the adaptation to stress by mobilizing energy reserves,
promoting cardiovascular and pulmonary function, and suppressing digestive, immune, and
reproductive function (Herman et al., 2016). Collectively, these responses facilitate survival in
the face of a challenge and promote the return to homeostasis. Glucocorticoids bind to
glucocorticoid receptors (GRs) and mineralocorticoid receptors (MRs), both of which are
expressed in the brain but with different regional distributions (De Kloet et al., 2005). GRs
bind glucocorticoids with tenfold lower affinity than MRs (Reul and De Kloet, 1985),
therefore extensive GR binding occurs at times of stress- or circadian-induced glucocorticoid
peaks. Glucocorticoids terminate the HPA axis stress response primarily via actions on GRs,
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at various levels of the HPA axis and upstream corticolimbic brain regions including the
hippocampus and medial prefrontal cortex (mPFC) (Diorio et al., 1993; McKlveen et al.,
2015; Herman et al., 2016). This glucocorticoid-mediated termination of the stress response is
essential, serving to prevent prolonged exposure to elevated concentrations of glucocorticoids,
which would be detrimental to virtually all tissues and systems.

Figure 1.2 Schematic diagram of the hypothalamic-pituitary-adrenal axis. Green arrows indicate stimulatory effects, red
lines indicate glucocorticoid-dependent negative feedback, and dashed black lines indicate corticolimbic inhibitory control.

1.2.1

Stress and major depressive disorder

The relationship between stressful life experiences and MDD is well established (Kessler, 1997;
Kendler et al., 1999). Indeed, 90% of individuals suffering from MDD cite stressful life events as
antecedent to the disorder (Angst et al., 2002; Bale, 2006). Further, the HPA axis is dysregulated
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on a number of levels in a subset of individuals with MDD. This is supported by meta-analyses
and evidenced by elevated circulating cortisol concentrations, abnormalities in the circadian
rhythm of cortisol secretion, and impairments in HPA axis negative feedback function (Ising et
al., 2007; Lopez-Duran et al., 2009; Stetler and Miller, 2011; Sher et al., 2013). Successful
antidepressant treatment can normalize HPA axis function in MDD in a manner that coincides
temporally with symptoms alleviation (Ising et al., 2007). Further, the effects of antidepressants
in normalizing HPA axis negative feedback dysregulation are more tied to remission in women
than in men (Binder et al., 2009).
It has been suggested that HPA axis dysregulation may vary across MDD subtypes
(Porter and Gallagher, 2006; Gold, 2015). For examples, several studies report that MDD with
melancholic features is associated with HPA axis hyperactivity, as seen by increased basal
cortisol concentrations in comparison to healthy controls or to individuals with non-melancholic
MDD (Guechot et al., 1988; Wong et al., 2000; Paslakis et al., 2011). On the other hand,
individuals suffering from MDD with atypical features are more likely to show basal cortisol
concentrations that are equivalent to, or lower than, healthy controls (Asnis et al., 1995; McGinn
et al., 1996; Anisman et al., 1999; Stewart et al., 2005). Further, while HPA axis negative
feedback function is impaired in a substantial proportion of individuals with melancholic MDD,
individuals with atypical MDD are more likely to present with unaffected or even enhanced
negative feedback inhibition (Carroll, 1982; Banki et al., 1986; Evans and Nemeroff, 1987;
Levitan et al., 2002). Differences in the presentation of HPA axis perturbations between MDD
subtypes may be linked to sex differences in MDD. Indeed, it is well established that atypical
features are more prevalent in women than in men, whereas some reports indicate that
melancholic features are similarly prevalent between the sexes, or using within-sex percentages,
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that more men will present with melancholic features than women (Hildebrandt et al., 2003;
Marcus et al., 2005; Bogren et al., 2017). Future studies should therefore directly examine
whether sex interacts with MDD subtype to affect HPA axis function.
Given that HPA axis dysregulation is commonly observed in MMD, pharmacological
interventions that target the HPA axis have been explored, with overall mixed results (Menke,
2019). For example, the competitive GR antagonist mifepristone has shown some efficacy
specifically for psychotic depression (Block et al., 2018), a more severe form of MDD that is
characterized by delusions and/or hallucinations. However, not all trials support better efficacy
of mifepristone over placebo (Schatzberg, 2015). In light of evidence for CRH hyperactivity in
MDD (Waters et al., 2015b), CRH receptor antagonism has also been explored as a potential
treatment. One clinical trial reported significant symptom alleviation after treatment with the
CRH1 receptor antagonist R121919 (Zobel et al., 2000). However, the clinical development of
R121919 was later discontinued due to elevations in liver enzymes (Chen and Grigoriadis,
2005). Other trials using different CRH1 receptor antagonist have generally failed to show
significant symptom alleviation for MDD (Binneman et al., 2008; Spierling and Zorrilla, 2017).
Overall, the limited success of agents targeting HPA axis dysfunction in MDD may have resulted
from insufficient consideration of patient heterogeneity, including sex differences. It is plausible
that only those individuals that already show signs of HPA axis dysregulation will benefit from
treatments targeting the HPA axis. Taking this approach to personalized treatment may prove
fruitful in future trials.
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1.2.2

Interactions between the HPA and hypothalamic-pituitary-gonadal axes

The hypothalamic-pituitary-gonadal (HPG) axis is responsible for the growth and maturation of
germ cells and the production and regulation of gonadal hormones in both sexes (Plant, 2015).
Briefly, gonadotropin releasing hormone (GnRH) is released from hypophysiotropic GnRH
neurons in the hypothalamus and stimulates the secretion of luteinizing hormone (LH) and
follicle stimulating hormone (FSH) from the anterior pituitary, which subsequently control the
production of gonadal steroids (Plant, 2015). Androgens and estrogens in turn act via feedback
loops to regulate HPG activity, much in the same manner as glucocorticoids function in the HPA
axis.
There are robust sex differences in the HPA axis, and extensive bi-directional
interactions occur between the HPA and HPG axes in both sexes (reviewed in Goel et al.,
2014), but for the purposes of this thesis I will focus on females. Increased HPA axis activity
can exert inhibitory effects on all levels of the females HPG axis (Kalantaridou et al., 2004),
likely representing an evolutionary mechanism serving to suppress reproductive function in
times of increased stress. On the other hand, the female HPG axis also influences HPA
function on several levels. Rodent studies indicate that compared to adult males, adult females
have higher basal corticosterone concentrations throughout the circadian cycle and mount a
greater ACTH and corticosterone response to acute stressors (Atkinson and Waddell, 1997;
Aloisi et al., 1998; Viau et al., 2005; Sterrenburg et al., 2012). This greater responsiveness of
the HPA axis in females is driven by sex differences at various levels of the axis. For
example, studies generally report greater expression of CRH and AVP in the PVN of females,
both at baseline and in response to acute stressors (Seale et al., 2004; Viau et al., 2005;
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Iwasaki-Sekino et al., 2009). Absolute and relative adrenal mass is also greater in females
than in males, and this effect is driven by a larger number of cells in the zona fasciculata of
the adrenal cortex (Malendowicz, 1980). This indicates a greater capacity for glucocorticoid
synthesis, which is corroborated by greater corticosterone concentrations in response to
ACTH administration (Kitay, 1961).
Sex differences in the HPA axis are due, in part, to the influence of sex hormones. The
general consensus is that androgens exert inhibitory effects on the HPA axis in males,
whereas estrogens exert stimulatory effects on the HPA axis in females (reviewed in Goel et
al., 2014). Estrogens, and 17β-estradiol in particular, stimulate basal HPA activity and
potentiate activation of the HPA axis in response to acute stressors (Viau and Meaney, 1991;
Seale et al., 2004; Figueiredo et al., 2007). Furthermore, estrogens regulate HPA axis negative
feedback function, where in general 17β-estradiol impairs negative feedback inhibition (Goel et
al., 2014). For example, in a study using ovariectomized rats, 17β-estradiol treatment prolonged
the ACTH and corticosterone responses to an acute foot shock stressor (Burgess and Handa,
1992). The same study found that the GR agonist RU 28326 significantly suppressed
corticosterone and ACTH responses to an acute ether stressor in vehicle but not 17β-estradiol
treated rats, suggesting that estradiol impairs glucocorticoid-dependent negative feedback
inhibition (Burgess and Handa, 1992). Similarly, in ovariectomized rats, the GR agonist
dexamethasone reduced the corticosterone response to an acute stressor and the diurnal peak of
corticosterone, effects that were not observed after estradiol benzoate treatment (Weiser and
Handa, 2009). In another study, corticosterone administration reduced the ACTH response to an
acute stressor in intact male but not female rats, indicating reduced sensitivity to glucocorticoid
feedback in females (Young, 1996). This effect was partially driven by ovarian hormones, as
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ovariectomized females showed intermediate levels of ACTH suppression (Young, 1996). The
effects of estrogens on HPA negative feedback function may result, at least in part, from the
modulation of GR expression or signaling. Indeed, this is supported by studies showing that GR
binding and mRNA in the PVN are reduced by 17β-estradiol (Turner, 1990; Burgess and Handa,
1993). Further, the effects of estradiol to impair HPA negative feedback inhibition appear to be
mediated via interactions with ERα at the level of the PVN (Weiser and Handa, 2009). Although
less studied, progesterone may counteract some of the stimulatory effects of estradiol on the
HPA axis (Viau and Meaney, 1991). It is important to note that HPA-HPG interactions in
females have been primarily investigated at baseline or in response to acute stressors, and not
within animal models of depression. To that end, how ovarian hormones can influence HPA axis
function under conditions of repeated or chronic stress is not well known and as such
investigated in experiments outlined in this thesis.
1.2.3

Stress-based animal models of depression

MDD is a uniquely human condition. However, some features of the disease can be modeled in
animals, and despite their limitations, animal models of depression serve as valuable tools in our
understanding of the disease and its treatment. Because of the abovementioned link between
stress and MDD, most animal models of depression rely on exposure to stressors to produce
depressive-like phenotypes (Gobinath et al., 2015; Willner, 2017). Chronic stress models
emerged in the early 1980s, following the observation that chronic exposure to severe stressors
reduced the consumption of a saccharin solution in male rats, an effect that was interpreted to be
akin to anhedonia in MDD (Katz, 1982). The procedure was later adapted to include less severe
stressors and termed Chronic Mild Stress (CMS; Willner et al., 1987). In the first publication
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using this modified procedure, Willner and colleagues demonstrated that reduced preference for
sucrose in response to 5-9 weeks of CMS was restored by chronic treatment with a TCA in male
rats (Willner et al., 1987). Since then, CMS and modified versions have been used as a model of
depression in thousands of publications (Willner, 2017). In general, stress-based models of
depression are not standardized. Substantial differences exist between and within laboratories
with respect to the nature of stressors, stress regimen, and the duration of stress exposure. This is
also reflected by differences in naming conventions of these models, which include chronic
unpredictable stress (CUS) and chronic variable stress (CVS), amongst others. Newer paradigms
have also employed sub-chronic exposure to variable stressors, ranging in duration from 3-6 days
(LaPlant et al., 2009; Hodes et al., 2015a). In addition, there are commonly used stress-based
models that do not rely on exposure to variable stressors, including learned helplessness and
chronic social defeat stress (Vollmayr and Henn, 2001; Hollis and Kabbaj, 2014), in addition to
chronic administration of corticosterone (Sterner and Kalynchuk, 2010). Overall, this is not to
say that differences in stress-based models is a limitation. On the contrary, different protocols
could produce different depressive-like phenotypes, and this can be exploited for a better
understanding of the underlying biology of different aspects of the human condition.
It can be argued that stress-based models of MDD have strong predictive, face, and
construct validity. Predictive validity in animal models of MDD is generally concerned with the
response to antidepressant agents or manipulations. Several studies, primarily conducted in
males, demonstrate alleviation of depressive-like phenotypes after chronic but not acute
treatment with a variety of antidepressants, and no alleviation by agents that do not show clinical
efficacy in MDD (reviewed in (Willner, 1997)). Construct validity refers to strong theoretical
rationale, which could refer to underlying neurobiological mechanisms or theories of etiology.
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Construct validity of stress-based models is supported by strong theoretical rationale that links
stress exposure to MDD, and by evidence of similar neurobiological underpinnings to the human
condition (Kessler, 1997; Kendler et al., 1999; Willner, 2017). Finally, in support of the face
validity of these models, exposure to stressors produces a variety of behavioural and
physiological alterations that parallel symptoms and biomarkers of MDD. To name a few, the
effects of chronic stress include increased anhedonia-like behaviour, cognitive impairments,
changes in body mass, reduced hippocampal volume, dysregulation of HPA axis function, and
elevated markers of inflammation in the brain and periphery (reviewed in Krishnan and Nestler,
2011; Vollmayr et al., 2007; Wainwright and Galea, 2013; Willner, 2017). It is critical to note
that stress-based models of depression were developed using male rodents, and for decades
thereafter have almost exclusively used male subjects. Therefore, it is imperative to keep in mind
that our current knowledge surrounding the outcomes of stress exposure remains to be primarily
derived from male subjects, and thus may not always translate to females.
1.3

Immune Dysregulation in Major Depressive Disorder

The evidence of immune dysregulation in MDD is extensive (Miller and Raison, 2016; Felger,
2019). At least a subset of individuals with MDD present with hallmarks of increased
inflammation, both systemically and in the cerebral spinal fluid, and this is supported by several
meta-analyses of the literature (Dowlati et al., 2010; Liu et al., 2012; Haapakoski et al., 2015;
Wang and Miller, 2018). These meta-analyses indicate that interleukin-1β (IL-1β), interleukin-6
(IL-6) and, tumor necrosis factor-α (TNF-α) are reliably increased in individuals with MDD.
Intriguingly, increased systemic inflammation can be predictive of future depression, as one
study found that elevated IL-6 concentrations in children at age 9 predicted MDD at age 18
19

(Khandaker et al., 2014). Further, increased depression symptoms or MDD are commonly
observed in response to interferon therapy in a number of diseases, including hepatitis, multiple
sclerosis, and malignant melanoma (Franscina Pinto and Andrade, 2016), supporting the
hypothesis that inflammation may precede and drive MDD. Based on the collective evidence, it
is thought that chronic low-grade inflammation is implicated in the etiology of a subtype of
MDD. Inflammation may also be linked to antidepressant efficacy, as poor treatment response is
associated with the inability of antidepressants to normalize dysregulated inflammatory profiles
(Syed et al., 2018).
Microglia, the resident immune cells of the brain and the primary orchestrators of the
neuroinflammatory response (Kettenmann et al., 2013), have also received attention in MDD
research (Setiawan et al., 2015, 2018). Microglia are highly dynamic cells that are capable of
structural remodeling in response to pathological events or environmental perturbations such as
stress exposure (Figure 1.3) (Kreutzberg, 1996; Walker et al., 2013). In the healthy adult brain,
microglia typically assume a ramified morphology, characterized by thin, highly branched
processes that continuously survey the surrounding parenchyma for signs of pathology (Wu et
al., 2015; Wolf et al., 2017). Emerging evidence indicates that beyond surveillance, microglia
participate in healthy brain functions including activity-dependent synaptic plasticity and
learning and memory (Parkhurst et al., 2013; Schafer et al., 2013; Sipe et al., 2016). Microglia
are activated in response to pathological events or homeostatic perturbations, a process
characterized by substantial morphological changes including retraction of processes and
enlargement of the soma, and this is coupled with increased phagocytic activity and enhanced
secretion of pro-inflammatory cytokines (Wolf et al., 2017; Dubbelaar et al., 2018). At the
extreme end of the spectrum, microglia can assume an amoeboid morphology completely void of
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processes (Figure 1.3). This tight structure-function link has allowed researchers to utilize
microglial morphology or protein expression as proxies for functional or activational state
(Karperien et al., 2013). In humans, positron emission tomography (PET) radiotracers have been
used to measure the binding of translocator protein (TSPO), which is overexpressed in microglia
that are activated under inflammatory conditions (Rupprecht et al., 2010). An approximately
30% increase TSPO density was found in several brain regions in individuals with MDD during
a Major Depressive Episode (MDE), and symptom severity was significantly associated with
increased TSPO density in the anterior cingulate cortex (ACC) (Setiawan et al., 2015). More
recently, the same group reported that longer durations of untreated MDD were associated with
increased TSPO density (Setiawan et al., 2018). Thus, that the evidence collectively indicates
that inflammation is involved in both the onset and progression of MDD.

Figure 1.3 Microglia morphology in the adult brain. Microglia assume a wide spectrum of morphologies, ranging from
ramified microglia with highly branched thin processes in the healthy brain, to amoeboid microglia completely void of processes
under inflammatory conditions.
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The link between inflammation and MDD is also substantiated by animal models.
Although mostly derived from male subjects, there is evidence that neuroimmune processes are
altered in animal models of MDD (Hodes et al., 2015b; Calcia et al., 2016) and that
neuroimmune signaling may underlie stress-induced depressive- or anxiety-like behaviours
(Hodes et al., 2014; McKim et al., 2018). For example, indices of increased microglial activation
are often reported in stress-based animal models of depression, as supported by a systematic
review of the literature (Calcia et al., 2016). Stress-based models also report increased
concentrations of inflammatory cytokines in the brain and periphery, although correlations
between the two are not always observed (Farooq et al., 2012; Weber et al., 2017). Notable roles
of microglia in stress-induced behavioural changes have also been described. For example, in
male mice and rats, blocking the CUS-induced alterations in microglia rescued depressive-like
behaviour (Kreisel et al., 2014). In male mice, increased anxiety-like behaviour after repeated
social defeat stress was driven by the trafficking of peripheral inflammatory monocyte into the
brain (Wohleb et al., 2013), and microglia were later found to be responsible for this recruitment
of monocytes (McKim et al., 2018). Recently, the same group demonstrated similar effects of
social defeat stress to increase microglial activation and brain monocyte accumulation in female
mice (Yin et al., 2019). Thus, stress-based animal models provide further evidence that immune
dysregulation can be a product and a driver of depressive-like pathology.
1.3.1

Immunomodulatory actions of estrogens

Sex differences in immune functions are well documented and found across the lifespan,
mediated in part by chromosomal sex and sex hormones (Klein and Flanagan, 2016). These
differences in immune responses are thought to contribute to sex differences in the prevalence
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and course of various diseases (Klein and Flanagan, 2016). For example, when compared to
males, females are more susceptible to autoimmune diseases but less susceptible to infectious
diseases (Van Lunzen and Altfeld, 2014). In the central nervous system, the anti-inflammatory
effects of estrogens have been documented in models of stroke and brain injury, which robustly
engage the inflammatory response (Pozzi et al., 2006). For example, in ischemic stroke models,
estradiol reduces infarct volume and improves behavioral outcomes (Suzuki et al., 2009; Villa et
al., 2016). In further support of its anti-inflammatory actions, estradiol or selective estrogen
receptor modulators significantly ameliorate microglia inflammatory activity and the production
of inflammatory cytokines in response to acute inflammatory challenges, both in vitro and in
vivo (Vegeto et al., 2001, 2008; Baker et al., 2004; Brown et al., 2010; Ishihara et al., 2015).
More recently, studies have also unveiled substantial sex differences in microglia, both during
development and in adulthood (reviewed in (Villa et al., 2019)). In the adult brain, intriguing sex
differences are found in microglial transcriptome and neuroprotective functions (Villa et al.,
2018). Female microglia are neuroprotective in a model of ischemia, and this feature is
maintained when microglia are transplanted into male brains, suggesting that some of the sexspecific features of microglia are independent of circulating ovarian hormones (Villa et al.,
2018).
Estradiol can also produce pro-inflammatory effects, indicating that its
immunomodulatory actions are complex (Straub, 2007). Although beyond the focus of this
thesis, many factors can determine the immunomodulatory actions of estradiol, including age,
the nature of the inflammatory challenge, the dose and timing of estradiol administration in
relation to disease, and the target tissue examined (reviewed in (Straub, 2007)). For example, in
aged females, a neurotoxic rather than neuroprotective effect of estradiol is observed in ischemic
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stroke (Johnson and Sohrabji, 2005; Nordell et al., 2003; Selvamani and Sohrabji, 2010),
suggesting that the immunomodulatory and neuroprotective effects of estrogens may vary across
the lifespan. Overall, given that biological sex influences immune function and that estrogens
have immunomodulatory properties, it is conceivable that these properties could be implicated in
MDD- or stress-related inflammation, but as discussed below, this topic remains understudied.
1.3.2

Sex differences in MDD-related inflammation

The current knowledge surrounding sex and sex hormone differences in inflammation and
immune processes within the context of MDD is sparse. Relatively few studies to date have
examined whether biological sex influences the relationship between peripheral inflammatory
markers and depression, and the available evidence remains equivocal, likely because age,
menstrual phase, and time of day are not consistently considered. One study reported that MDD
was associated with altered inflammatory profiles in women, including increased IL-8 and IFNγ, and reduced IL-5 (Birur et al., 2017). On the other hand, no significant differences in
inflammatory profiles were found between men with or without MDD (Birur et al., 2017). These
findings are in contrast with a large cohort study that found elevated inflammatory mediators to
be associated with MDD in men but not women, including increased concentrations of the acute
phase reactant C-reactive protein (CRP) (Ramsey et al., 2016). Indeed, several other studies also
report higher CRP levels to be associated with MDD in men but not women (Elovainio et al.,
2009; Vogelzangs et al., 2012; Vetter et al., 2013). On the other hand, another study found that
higher levels of CRP were associated with specific depression symptoms and greater depression
severity in women with MDD, but no such associations were found in men with MDD (KöhlerForsberg et al., 2017). The apparent inconsistencies in the literature may point to an insufficient
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consideration of factors such as age and steroid hormones, which can influence both MDD and
the inflammatory profile. For example, across the menstrual cycle, higher levels of estradiol are
associated with reduced CRP levels (Gaskins et al., 2012), indicating an anti-inflammatory effect
of estradiol. Both androgens and glucocorticoids also possess immunomodulatory properties
(Coutinho and Chapman, 2011; Trigunaite et al., 2015) and circulating levels of androgens
display circadian variation in men (Brambilla et al., 2009), as do glucocorticoids in both sexes
(Dickmeis, 2009). Thus, an insufficient consideration of time of day can contribute to additional
variability in the findings. By accounting for age, time of day, and menstrual cycle phase, future
studies should carefully consider the role of steroid hormones in deciphering the relationship
between inflammation and MDD in both men and women.
Other studies in non-depressed healthy individuals have investigated sex differences in
the depressogenic effects of an inflammatory challenge. In response to a bacterial endotoxin,
healthy women show greater increases in depressed mood and feelings of social
disconnectedness relative to men (Moieni et al., 2015). Further, feelings of social
disconnectedness in response to the challenge were positively correlated with IL-6 and TNF-α
levels in women but not in men (Moieni et al., 2015). Another study also found that women
exhibited a larger inflammatory response to a bacterial endotoxin relative to men, but this effect
was not associated with larger modifications in mood or state anxiety in women (Engler et al.,
2016). Thus, while it appears that women mount a larger immune response to an acute
inflammatory challenge (Moieni et al., 2015; Engler et al., 2016), whether this translates to
greater alterations in mood is not clear.
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Very few animal studies to date have systematically investigated whether biological sex
or sex hormones influence the relationship between inflammation and depressive-like
endophenotypes. These studies have generally investigated sex differences the inflammatory
consequences of stress (Hudson et al., 2014; Bollinger et al., 2016), or sickness behaviour
following an inflammatory challenge (Pitychoutis et al., 2009; Adzic et al., 2015; Brkic et al.,
2016; Sens et al., 2017). A study in rats found that the effects of stress on microglial activation in
the mPFC were sex-dependent (Bollinger et al., 2016). At baseline, females display more
activated microglia than males, but following acute or chronic restraint stress, only female rats
displayed reduced microglial activation (Bollinger et al., 2016). These findings are of interest
considering other reports, predominantly in males, showing the opposite trend of increased
microglial activation following stress exposure (Calcia et al., 2016). Because alterations in
microglial activity have been shown to underlie stress-induced depressive-like behaviour
(Kreisel et al., 2014), the findings of Bollinger and colleagues could have implications for sex
differences in the behavioural consequences of stress exposure. Another study investigated sex
difference in whether prior exposure to stress can prime the neuroinflammatory response to a
subsequent stressor (Hudson et al., 2014). Specifically, adult mice were initially exposed to three
days of repeated variable stress, then exposed to an acute restraint stressor 6 weeks later. Male
mice that were stressed on both occasions displayed a sensitization of IL-1β in the hippocampus
and frontal cortex relative to male mice that were only exposed to acute restraint (Hudson et al.,
2014). Interestingly, while baseline cytokine concentrations were higher in female mice, neither
the initial exposure to variable stress, nor the re-exposure to an acute stressor had any significant
effects on cytokine concentrations in the hippocampus or frontal cortex (Hudson et al., 2014).
While keeping in mind that the literature directly examining sex as a factor in the neuroimmune
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consequences of stress is extremely limited, it appears that males and females may show
differential neuroinflammatory responses to stress, which could be linked to sex hormones and
may contribute to sex differences in MDD.
Activation of the immune system using infectious or inflammatory agents induces a host
of sickness behaviours that markedly overlap with a number of MDD symptoms, including
reduced food intake, anhedonia, lethargy, and reduced activity (Maes et al., 2012). Thus,
sickness behaviour is utilized as an immunological model of depression, and is generally
achieved via the administration of bacterial endotoxins or inflammatory cytokines (reviewed in
(Remus and Dantzer, 2016)). Sickness behaviour can be useful in modeling depression occurring
in a subpopulation of individuals in which inflammatory processes are central to the disease
mechanisms, but caution should be taken in generalizing findings to other subtypes of
depression. Few studies to date have examined sex differences in sickness behaviour and its
neurobiological correlates (Pitychoutis et al., 2009; Adzic et al., 2015; Brkic et al., 2016; Sens et
al., 2017). Irrespective of sex, acute lipopolysaccharide (LPS) administration in mice resulted in
increased depressive- and anhedonia-like behaviour (Sens et al., 2017). However, LPS resulted
in longer lasting reductions in grooming behaviour and serotonergic turnover in females, and
longer lasting reductions in overall food consumption in males (Sens et al., 2017), suggesting sex
differences in the duration of behavioural and neurochemical alterations in response to LPS. In
rats, another study reported a rather surprising finding of reduced immobility in the forced swim
test following LPS treatment in females, but no significant behavioural alteration in males
(Pitychoutis et al., 2009). This was coupled with a larger increase in serotonergic turnover in
females relative to males (Pitychoutis et al., 2009). In another study, male and female rats
showed similar behavioural alterations following seven days of LPS treatment, including
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increased depressive-like behaviour, reduced sucrose consumption, and reduced activity (Adzic
et al., 2015). Despite the similarities in behavioural outcomes, reduced hypothalamic brain
BDNF was detected in females only, and increases in the inflammatory enzyme cyclooxygenase2 (COX-2) were detected in males only (Adzic et al., 2015). Using a similar experimental design,
the same group found evidence of nuclear translocation of the glucocorticoid receptor in the
frontal cortex of male, but not female rats, in response to LPS treatment, despite similar
behavioural outcomes (Brkic et al., 2016). Collectively, the data do not strongly support a higher
susceptibility of either sex to the behavioural consequences of inflammatory activation.
However, the neurobiological mechanisms driving the behavioural consequences of
inflammatory agents may differ between males and females, therefore these models can be useful
in identifying targets for sex-specific pharmacotherapies in inflammation-related MDD.
1.4

Neurobiology of Major Depressive Disorder

Individuals with depression present with anatomical, functional, neurochemical, cellular, and
molecular abnormalities across several brain regions, but corticolimbic regions are particularly
highlighted (Krishnan and Nestler, 2008; Koolschijn et al., 2009; Lorenzetti et al., 2009;
Schmaal et al., 2016; Dean and Keshavan, 2017; Drysdale et al., 2017; Labonté et al., 2017). The
sections below summarize the role of the hippocampus and frontal cortex in MDD and its
models, as these regions were the focus of experiments described in Chapters 2-4.
1.4.1

The hippocampus in MDD and stress-based models

The hippocampus is a limbic region that has been extensively examined in the context of MDD.
Several studies report reduced hippocampal volume in individuals with MDD relative to
controls, an effect which is corroborated by meta-analyses (McKinnon et al., 2009; Schmaal et
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al., 2016). Hippocampal volume reductions are primarily observed in individuals with MDD
persisting longer than two years, and are generally limited to children and middle-aged to older
adults (McKinnon et al., 2009), pointing to protective factors in younger adults. Interestingly,
MDD-related volumetric reductions may be more apparent in men than in women (Frodl et al.,
2002; Kronmüller et al., 2009), however this trend is not seen across all studies (MacQueen et
al., 2003). These differences may be driven by age, as the mean age of participants was
substantially younger in the study by MacQueen et al., suggesting that the sex differences
volumetric reductions may be more robust later in adulthood. Further, one study found increased
hippocampal volume in antidepressant-responding women relative to non-responding women,
but this effect was not seen in men (Vakili et al., 2000). Taken together, pre-menopausal women
may be more resistant to MDD-related hippocampal volume reductions, and treatment efficacy
may be more tightly liked to hippocampal volume restoration in women. Intriguingly, one study
found that prescribed antidepressants were associated with increased neurogenesis in the
hippocampus of women, but not men (Epp et al., 2013), suggesting a possible mechanism of
volumetric restoration.
Post-mortem studies indicate that the hippocampus is compromised in MDD beyond
gross volumetric reductions. For example, MDD is associated with decreased expression of preand post-synaptic genes in the dentate gyrus and CA1 subfields of the hippocampus (Duric et al.,
2013), indicating alterations in synaptic function or reductions in synapse number. Further, the
packing density of glia, pyramidal, and granule cells is increased in all hippocampal subfields,
suggesting a reduction in neuropil which could be linked to overall volumetric reductions
(Stockmeier et al., 2004). The number of granule neurons is also reduced in the anterior, but not
posterior, dentate gyrus of individuals with untreated MDD (Boldrini et al., 2013), perhaps
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contributing to reports of overall reduced hippocampal volume (McKinnon et al., 2009). The
restriction of this effect to the anterior region is also of importance, as that hippocampus shows
functional heterogeneity across the anterior-posterior axis, such that the anterior hippocampus
(ventral in rodents) plays a more prominent role in affective function and stress regulation, while
the posterior hippocampus (dorsal in rodents) plays a more prominent role in cognitive function
(Fanselow and Dong, 2010). However, it is important to note that the ventral hippocampus also
plays important roles in cognition, including spatial working memory, contextual fear
conditioning, olfactory working memory, and olfactory pattern separation (Ferbinteanu et al.,
2003; Rudy and Matus-Amat, 2005; Kesner et al., 2011; Weeden et al., 2014). Recently, wholetranscriptome RNA-sequencing also showed significant alterations in inflammation-related genes
in the hippocampus of individuals with MDD (Mahajan et al., 2018). Thus, collectively, the
hippocampus appears to be compromised in MDD on a number of levels, ranging from gross
morphology to cellular, synaptic, and molecular abnormalities.
The hippocampus highly expresses GRs (McEwen et al., 1968; Reul and De Kloet,
1985), and there is a wealth of evidence from rodent studies indicating that this region is
particularly vulnerable to stress exposure. For example, repeated or chronic stress exposure
reduces adult hippocampal neurogenesis (discussed below), results in dendritic atrophy in
pyramidal neurons of the CA3 region, and in alterations in hippocampal gene expression
(reviewed in (McEwen et al., 2016)). Importantly, stress exposure can result in sex-dependent
effects on neuronal architecture in the hippocampus. For example, in CA3 pyramidal neurons,
chronic restraint stress produced atrophy of the apical dendritic arbor in male rats, but the basal
dendritic arbor in female rats (Galea et al., 1997; McLaughlin et al., 2010). Sex differences in the
effects of stress on the hippocampus could be influenced by the sex hormones, as they modulate
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many aspects of hippocampal plasticity. Ovarian hormones, for example, influence adult
hippocampal neurogenesis (discussed ahead), the density of hippocampal synapses (Woolley and
McEwen, 1992), neuronal excitability in CA1 and CA3 regions (Scharfman et al., 2003), and
long-term potentiation (LTP) in the CA1 region (Warren et al., 1995). Thus, it is likely that
interactions between stress and ovarian hormones can influence structural and functional
plasticity in hippocampus.
1.4.2

Adult hippocampal neurogenesis: overview and functional significance

The hippocampus is a highly plastic structure that maintains the ability to produce new neurons
throughout life in many mammalian species including humans (Eriksson et al., 1998; Gould et
al., 1999; Boldrini et al., 2018). Adult-born granule neurons in the hippocampus arise from a
population of neural stem cells (NSCs) and undergo several consecutive developmental stages
before integrating into the existing hippocampal circuitry (Kempermann et al., 2015; Gonçalves
et al., 2016). More specifically, type 1 radial glia-like cells (RGLs) reside in the subgranular
zone (SGZ) of the hippocampal dentate gyrus and are thought to represent the pool of NSCs that
give rise to adult-born granule cells. Type 1 cells can generate proliferating Type 2 intermediate
progenitor cells (IPCs), which in turn give rise to Type 3 neuroblasts. Neuroblasts can
subsequently differentiate and mature into granule neurons. A simplified illustration of the
developmental stages of adult-born hippocampal neurons is depicted in Figure 1.4. For the
purposes of this thesis, the process of adult hippocampal neurogenesis can be separated into four
general stages: cell proliferation, migration, differentiation, and survival. Different experimental
manipulations can affect one or more of these stages (Galea et al., 2013; Lucassen et al., 2015;
Opendak and Gould, 2015), and this can be examined using various endogenous or exogenous
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markers. For example, cell proliferation can be examined using the endogenous protein Ki67,
which is expressed during all active phases of the cell cycle but not during G 0 phase (Scholzen
and Gerdes, 2000). The polysialylated neuronal cell adhesion molecule (PSA-NCAM) is highly
expressed in newly generated and migrating cells (Bonfanti, 2006), thus it’s expression can be
used to examine cells undergoing migration into the granule cell layer (GCL). Immature neurons
can be examined through the expression of doublecortin (DCX), a microtubule-associated
protein that is expressed in immature neurons for 21 days after production in adult rats (Brown et
al., 2003). Finally, adult-born cells can be identified through the administration of exogenous
markers, including 5-bromo-2-deoxyuridine (BrdU). BrdU is a DNA synthesis marker that
incorporates into the DNA of dividing cells by replacing thymidine nucleotides within a 2-hour
window after administration (Miller and Nowakowski, 1988; Taupin, 2007). As such, BrdU
allows for cell “birth-dating”, and its co-expression with the neuronal marker NeuN can be used
to determine the proportion of BrdU-expressing cells that have differentiated into neurons.

Figure 1.4 Stages of adult hippocampal neurogenesis. Radial glia-like neural progenitor cells give rise to mature granule
neurons in the dentate gyrus.
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Adult hippocampal neurogenesis is implicated in at least some functions of the
hippocampal formation at large, including pattern separation, anxiety, and regulation of the
neuroendocrine stress response (Christian et al., 2014; Anacker and Hen, 2017; Toda and Gage,
2018; Toda et al., 2019). Reduced hippocampal neurogenesis is observed in all animal models of
depression including those that utilize exposure to stressors (Bessa et al., 2009; Brummelte and
Galea, 2010; David et al., 2009; Gould et al., 1998; Green and Galea, 2008; Keilhoff et al.,
2006). Further, factors that alleviate depression symptoms, including chronic antidepressant
treatment and exercise, increase neurogenesis in the hippocampus (Bjørnebekk et al., 2006,
2005; Malberg et al., 2000). In males, adult hippocampal neurogenesis has been shown to be
required for the efficacy of antidepressants in tests of anxiety (Santarelli et al., 2003) and to
reverse HPA axis dysregulation (Surget et al., 2011). More recently, chemogenetic inhibition of
neurogenesis specifically in the ventral dentate gyrus was shown to increase susceptibility to
social defeat stress in male mice (Anacker et al., 2018), indicating that neurogenesis can confer
stress resilience. In another recent study, chemogenetically suppressing the activity of new
hippocampal neurons, without manipulating their number, blocked the antidepressant efficacy of
fluoxetine in male and female mice (Tunc-Ozcan et al., 2019), although data was not separated
by sex and the proportion of males versus females per group was not reported. The same study
showed that activating new hippocampal neurons reversed the depressive-like effects of chronic
stress exposure (Tunc-Ozcan et al., 2019). As mentioned previously, in humans, prescribed
antidepressants were associated with increased neurogenesis in the hippocampus of females, but
not males (Epp et al., 2013). Based on the collective evidence, a “neurogeneic hypothesis” of
depression has been put forth, theorizing that reductions in adult hippocampal neurogenesis are
33

implicated in MDD, and that treatment efficacy is related to a restoration of neurogenesis (Eliwa
et al., 2017). It is important to note, however, that research surrounding the functional
significance of neurogenesis has, to date, been almost exclusively performed in male subjects.
Although the exact role of new neurons in the dentate gyrus remains somewhat elusive,
especially in females, adult hippocampal neurogenesis is often utilized as a neuroplastic marker
in animal models of depression.
The effects of stress on adult hippocampal neurogenesis can be sex-dependent. For
example, exposure to acute predator odor or foot shock stress reduced cell proliferation in male
rats, but no such effect was observed in female rats (Falconer and Galea, 2003; Shors et al.,
2007). Sex-dependent alterations in hippocampal neurogenesis are also reported in animal
models of chronic or repeated stress (Hillerer et al., 2013; Westenbroek et al., 2004). In
individually housed rats, hippocampal cell proliferation was reduced after chronic foot-shock
stress in males but increased in females (Westenbroek et al., 2004). Social isolation alone, which
itself is a stressor, also resulted in differential effects on cell proliferation depending on sex, with
decreased cell proliferation in females and no significant change in males (Westenbroek et al.,
2004). Another study in rats examined sex differences in the effects of repeated restraint stress
on hippocampal neurogenesis, and found reductions in cell proliferation only in males, and
reductions in cell survival only in females, after a stress incubation period (Hillerer et al., 2013).
Taken together, sex differences in the effects of stress can be observed across distinct stages of
neurogenesis (i.e. proliferation and survival), and depend on the stress paradigm (acute, repeated,
chronic). Because sex hormones are potent regulators of adult hippocampal neurogenesis
(discussed below), sex differences in the consequences of stress on neurogenesis may be in part
due to sex difference in the hormone milieu, however this has not been directly examined.
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1.4.3

Adult hippocampal neurogenesis: regulation by ovarian hormones

There is convincing evidence that estrogens are important players in the regulation of adult
hippocampal neurogenesis (Mahmoud et al., 2016b). This evidence is derived from studies that
have investigated the influence of endogenous fluctuations and exogenous manipulations of
estrogens. For example, in both rats and mice, higher levels of hippocampal cell proliferation are
observed in proestrous females relative to estrous and diestrous females (Lagace et al., 2007;
Rummel et al., 2010; Tanapat et al., 1999; Tzeng et al., 2014), reaching levels 50% higher than
during diestrus (Tanapat et al., 1999). This evidence supports a pro-proliferative effect of
estradiol, which peaks during proestrus (Butcher et al., 1974). In further support of this notion, in
young-adult female rats, cell proliferation was reduced when examined one-week postovariectomy, and acute estradiol replacement restored cell proliferation to levels of sham
controls, however this effect is dose-dependent and non-linear (Barha et al., 2009; Tanapat et al.,
2005; Tanapat et al., 1999). Further, acute estradiol replacement fails to rescue cell proliferation
levels when administered 4 weeks post-ovariectomy (Tanapat et al., 2005), indicating that
progenitor cells in the hippocampus may become less sensitive to the effects of estradiol after a
longer duration of ovarian hormone deprivation.
Relatively fewer studies have examined the effects of chronic estradiol replacement on
the survival of new hippocampal neurons, but findings overall indicate that effects depend on the
timing of estradiol exposure relative to that of cell proliferation. Specifically, the survival of new
neurons is enhanced in cell populations that are produced after the initiation of estradiol
treatment (McClure et al., 2013), but is suppressed in cell populations that are produced prior to
the initiation of estradiol treatment (Barker and Galea, 2008; Chan et al., 2014). In other words,
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the hormone-related environment during which the cells are generated may determines the
outcome of chronic estradiol treatment on cell survival. Few studies have investigated the
influence of progesterone on neurogenesis, whether in isolation or in unison with estrogens. One
study found that a single dose of progesterone given 24 hours after estradiol administration
decreased the estradiol-induced enhancement of cell proliferation (Tanapat et al., 2005). Another
study found that chronic progesterone alone did not affect the survival of new neurons (labeled
with BrdU 24 hours prior to 21 days of treatment), but partially restored an estradiol-benzoate
reduction in survival (Chan et al., 2014). These studies therefore suggest that progesterone may
antagonize some of the effects of estradiol on cell proliferation or survival.
Given the complexity of estrogen signaling, the mechanisms by which estrogens
influence adult hippocampal neurogenesis have not been fully deciphered. However, the effects
of estradiol on cell proliferation in the dentate gyrus appear to be at least partially mediated
through ERα and ERβ. In adult ovariectomized female rats, treatment with the ERα-selective
agonist propylpyrazole-triol (PPT), or the ERβ-selective agonist diarylpropionitrile (DPN),
increased cell proliferation, suggesting that both ER subtypes participate in the pro-proliferative
effects of estradiol. In addition, it is likely that estrogens can upregulate cell proliferation through
direct interactions with ERs on progenitor cells in the SGZ, as both ERs were found to colocalize
with progenitor cells, albeit at low levels (Mazzucco et al., 2006). Interestingly, treatment with
the GPER agonist G1 decreased cell proliferation in adult ovariectomized rats (Duarte-Guterman
et al., 2015), indicating an estradiol-independent role of GPER in hippocampal neurogenesis, or
alternatively an antagonistic effect of GPER and ERα/β activation to maintain levels of
neurogenesis. Lastly, unlike classical ERs, GPER did not co-localize with progenitor cells in the
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SGZ (Duarte-Guterman et al., 2015), indicating that the effects of GPER activation on
neurogenesis may be indirect.
1.4.4

The frontal cortex in MDD and stress-based models

The prefrontal cortex (PFC) is another brain region implicated in the pathogenesis of MDD. The
PFC can be roughly separated into ventromedial (vm) and dorsolateral (dl) subregions on the
basis of differential network connectivity, and differences in function and neuroanatomical
features (Ongur, 2000; Kringelbach and Rolls, 2004). In general, dlPFC regions play a prominent
role in cognitive and executive functions, whereas vmPFC regions are more linked to emotional
and affective functions (Koenigs and Grafman, 2009). However it is important to note that this is
a simplistic view of the human PFC, and that considerable debate remains surrounding how
different subregions should be defined and labeled (Dixon et al., 2017). Nonetheless, functional
imaging studies indicate that both regions display dysregulated activity patterns in MDD, albeit
in opposite directions. Specifically, MDD is associated with a hyperactive vmPFC but a
hypoactive dlPFC (Biver et al., 1994; Greicius et al., 2007; Drevets et al., 2008), and these
alterations are putatively linked to mood and cognitive disturbances, respectively. More recently,
imaging studies have explored MDD-related perturbations in functional connectivity between
brain regions. For example, one study found that different patterns of dysfunctional connectivity
may be linked to various subtypes or features of depression, and more specifically that
dysregulated frontostriatal and orbitofrontal connectivity patterns were associated with
anhedonia (Drysdale et al., 2017). Further, in a meta-analysis of resting state functional
connectivity studies, MDD was found to be characterized by hypoconnectivity in frontoparietal
regions important for regulation of attention and emotion (Kaiser et al., 2015). On a cellular and
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molecular level, there are also reductions in the expression of synapse-related genes and an
overall reduction in synapse number in the PFC of individuals with MDD (Feyissa et al., 2009;
Kang et al., 2012). Further, in a recent meta-analysis of genome-wide association studies that
included data from over 800,000 individuals, enrichment analyses highlight the importance of
prefrontal brain regions in gene variants associated with MDD (Howard et al., 2019).
There is also considerable debate and controversy surrounding what (if anything)
constitutes the rodent PFC and homologies to the human PFC (Laubach et al., 2018). However
there is general agreement that what is considered to be the rodent PFC is homologous to regions
in the human anterior cingulate cortex (ACC) (Laubach et al., 2018). It is also clear that there is
substantial divergence between the rodent and human PFC, and that there are regions in the
human dlPFC that do not exist in rodents (Petrides, 2005). While keeping this in mind, stress
exposure in rodent models also results in molecular, architectural, and functional alterations in
the frontal cortex (Arnsten, 2009; McEwen et al., 2016; Csabai et al., 2018). Interestingly, there
are sex and hormone differences in the effects of stress exposure on neuronal architecture in this
region. For example, the effects of repeated restraint stress on the apical dendritic arbor of
pyramidal neurons in the anterior cingulate and prelimbic regions of the mPFC were in opposite
directions in male versus female rats (Garrett and Wellman, 2009). Specifically, dendritic
atrophy was observed in males, and dendritic expansion was observed in females, and this effect
in females was dependent on estradiol (Garrett and Wellman, 2009). There are also sex
differences in the effects of stress on neurons in the infralimbic region of the mPFC that project
to the basolateral amygdala (BLA; Shansky et al., 2010, 2009), a circuit that is implicated in fear
and anxiety. In male rats, these neurons are resistant to chronic restraint stress-induced dendritic
atrophy (Shansky et al., 2009), but interestingly, the same population of neurons displays an
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expansion of dendritic arbor in females rats treated with estradiol and exposed to the same stress
paradigm (Shansky et al., 2010). In non-BLA projecting mPFC neurons, male rats show apical
dendritic atrophy in response to chronic restraint stress (Shansky et al., 2009), but females are
resistant to changes in dendritic arborization regardless of estradiol treatment (Shansky et al.,
2010). Thus, stress exposure results in sex- and circuit- specific changes in dendritic arborization
that are in some instances dependent on estradiol, and this may contribute to sex differences in
MDD.
1.5

Behavioural and neuroendocrine tests

Across experiments presented in Chapters 2-4, we assessed animals on a battery of behavioural
and neuroendocrine tests after stress exposure. These tests are briefly overviewed below.
1.5.1

Forced swim and tail suspension tests

The forced swim test (FST) is one of the most commonly used tools for antidepressant screening
that is also employed as a behavioural readout in animal models of depression (Slattery and
Cryan, 2012). The FST was developed using rats but has also been modified for use in mice
(Porsolt et al., 1977, 1978). In brief, rodents are subjected to an inescapable swimming session,
and the latency to assume an immobile posture or the total time spent immobile are scored.
Immobility in the FST is reduced by a broad range of antidepressants, suggesting high predictive
validity, and resulting its wide use as a screening tool in drug development (reviewed in Cryan
and Slattery, 2012; Petit-Demouliere et al., 2005). The idea that increased immobility in the FST
is indicative of depressive-like behaviour was therefore adopted retrospectively, based on the
observations that pharmacological antidepressants or electroconvulsive treatment can reduce
immobility in the FST (Katz, 1981; Willner, 1997). In addition, antidepressant that enhance
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serotonergic tone selectively increase swimming, whereas those that enhance catecholaminergic
tone selectively increase struggling (Detke et al., 1995). Importantly, the rat FST generally
requires two swimming sessions, which are thought to be required for eliciting “leaned
helplessness” in the second session (Slattery and Cryan, 2012). In mice, for reasons that remain
unknown, the effects of antidepressant agents or manipulation to induce depressive-like
phenotypes can be observed with only one swimming session (Slattery and Cryan, 2012).
Further, compared to rats, mice typically show higher baseline levels of immobility in the FST
(Can et al., 2012).
The Tail Suspension Test (TST) is an additional putative test for depressive-like
behaviour and a commonly used tool for antidepressant screening (Steru et al., 1985; Cryan et
al., 2005). Although the TST is used in mice (Can et al., 2011), it is conceptually very similar to
the FST. The TST is based on the observation that when subjected to an acute tail suspension
stressor, mice will display an immobile posture after initially engaging in escape-oriented
movements (Steru et al., 1985). Similar to the FST, immobility in the TST can be reduced by
antidepressant agents and increased by manipulations such as chronic stress exposure (reviewed
in Cryan et al., 2005).
1.5.2

Sucrose preference and consumption tests

Anhedonia refers to the reduced ability to experience interest or pleasure, and is one of the two
core symptom of MDD, the other being depressed mood (American Psychiatric Association,
2013). The consumption of, or the preference for, a palatable sucrose solution, are two putative
measures of anhedonia-like behaviour that are commonly used in rats and mice (Willner, 2017;
Liu et al., 2018). These tests are typically performed in the home cage, where rodents are given a
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choice between a palatable sucrose solution and plain water. Sucrose consumption is measured
relative to overall body mass, whereas sucrose preference is calculated as the percentage of
sucrose consumed over total amount of liquid consumed. A decrease in sucrose consumption or
preference is presumed to represent a reduction in the hedonic value of sucrose, or a reduction in
the motivation to consume sucrose (Scheggi et al., 2018). Sucrose consumption or preference are
reduced in stress-based animal models of depression, and are sensitive to chronic antidepressant
treatment (Willner, 2017). Importantly, as with most other behavioural tests, the sucrose
preference and consumption tests were developed and have been primarily validated using male
subjects.
1.5.3

Novelty suppressed feeding test

Comorbid anxiety disorders are common in MDD, especially in women (Marcus et al., 2008).
The novelty suppressed feeding test (NSF) is used as a measure of anxiety-like behaviour in rats
and mice, based on the phenomenon of hyponeophagia (Dulawa and Hen, 2005). After a period
of food deprivation, rodents are individually placed in a novel open arena containing food in the
center, and the latency to begin feeding is used as an index of anxiety-like behaviour. NSF is
thought to be a conflict-based test, in which the animal faces a choice between entering the
center to consume the food or avoiding entry into the potentially dangerous arena (Dulawa and
Hen, 2005). Adding to the predictive validity of this test, latency to feed is sensitive to chronic,
but not acute, administration of classical antidepressants (Bodnoff et al., 1988; Santarelli et al.,
2003; Dulawa and Hen, 2005). This mirrors the actions of these drugs in humans, in which
alleviation of MDD symptoms typically requires weeks of treatment (Blier, 2003). Interestingly,
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the ability of antidepressants to reduce latency to feed in NSF has been shown to require adult
hippocampal neurogenesis in male mice (Santarelli et al., 2003).
1.5.4

Dexamethasone suppression test

Some individuals with MDD have impaired HPA axis negative feedback inhibition, which can
be revealed using the dexamethasone (DEX) suppression test (Ising et al., 2007; Stetler and
Miller, 2011). DEX is a potent synthetic glucocorticoid that selectively binds to GRs, and as
DEX does not readily access the brain, its effects are thought to be primarily mediated via
actions at the level of the pituitary (Miller et al., 1992; Cole et al., 2000). DEX fails to effectively
suppress cortisol in some individuals with MDD (Ising et al., 2007; Stetler and Miller, 2011),
indicating impairments in HPA axis negative feedback inhibition. DEX can be also be used to
assess the glucocorticoid-mediated negative feedback function of the HPA axis in rodents
(Gobinath et al., 2016). The ability of DEX to suppress corticosterone can be tested in response
to an acute stressor (Gobinath et al., 2016), but few studies have used the DEX suppression test
within valid animal models of MDD (Nollet et al., 2012).
1.6

Thesis Overview and Objectives

Given the complex roles of ovarian hormones in MDD, this thesis sought to clarify the role of
ovarian hormones by examining their influence on the outcomes of stress exposure in female rats
and mice. More specifically, the experiments in this thesis explored whether and how ovarian
hormones can influence depressive-like behaviour, antidepressant efficacy, and neuroplastic and
neuroimmune correlates both under non-stress conditions and in response to stress exposure. To
this end, we systematically examined the effects of ovarian hormone deprivation (Chapters 2-4),
and estradiol and ER agonist replacement (Chapter 4), on the abovementioned outcomes using
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female mice and rats. Below are the specific objectives and hypotheses of the experiments
described in Chapters 2-4:
Chapter 2 investigated the role of ovarian hormones in depressive-like endophenotypes and
antidepressant efficacy within a chronic unpredictable stress model in female rats. We
hypothesized that long-term ovarian hormone deprivation would increase the expression of
depressive-like phenotypes under chronic stress conditions and reduce antidepressant efficacy
and associated neuroplasticity.
Chapter 3 explored how ovarian hormones can influence the behavioural and
neuroinflammatory consequences of sub-chronic stress exposure in female mice. We
hypothesized that ovarian status would dictate the behavioural and neuroinflammatory response
to stress.
Chapter 4 aimed to dissect the contribution of ERα and ERβ to the effects of 17β-estradiol
under chronic stress conditions in female mice, with a focus on behavioural, neuroplastic, and
neuroimmune outcomes. We hypothesized that 17β-estradiol would protect against the
development of depressive-like phenotypes and that its actions would be differentially mediated
by ER and ER.
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Chapter 2: Ovarian hormones, but not fluoxetine, impart resilience within a chronic
unpredictable stress model in middle-aged female rats
2.1

Introduction

Women are more than twice as likely as men to develop depression, a disparity that is
particularly striking during the reproductive years of women (Gutiérrez-Lobos et al., 2002).
Notably, periods that involve dramatic fluctuations and/or reductions in ovarian hormones, such
as the postpartum and perimenopause, carry an increased risk of developing depression in
women (Hendrick et al., 1998; Cohen et al., 2006; Soares, 2014). Together, these data provide
compelling evidence for a role of ovarian hormones in the pathoetiology of depression.
Indeed, in healthy women, pharmacologically-induced reductions in ovarian hormones
triggered sub-clinical depression scores, and estradiol concentrations were negatively associated
with depressive symptoms (Frokjaer et al., 2015). In addition, withdrawal from a hormone
simulated pregnancy increased depressive symptoms in women with a history of postpartum
depression (Bloch et al., 2000). Thus, ovarian hormone fluctuations contribute to the
development of depressive symptoms in women. Similarly in rats, estradiol withdrawal after
hormone simulated pregnancy leads to depressive-like phenotypes (Galea et al., 2001; Green and
Galea, 2008; Green et al., 2009). Importantly, in this model, treatment with estradiol or an
estrogen receptor (ER) β agonist prevented the development of depressive-like behaviors (Galea
et al., 2001; Green et al., 2009). Ovariectomy itself can increase depressive- and anxiety-like
behaviors while treatment with estradiol or selective estrogen receptor modulators (SERMs) can
restore this effect (Okada et al., 1997; Walf et al., 2004; Bekku and Yoshimura, 2005; Li et al.,
2014). Taken together, these findings corroborate the notion that reductions in ovarian hormones
44

may increase the risk for developing depressive-like phenotypes. However, most of these studies
did not utilize a model of depression, and thus the face and construct validity of such studies is
uncertain. The present study aimed to fill this gap by investigating the role of ovarian hormones
in the development of depressive-like phenotypes within a valid animal model of depression.
Ovarian hormones are also implicated in antidepressant efficacy (Thase et al., 2005). For
example, in postmenopausal women with depression, antidepressant treatment was more
successful at alleviating symptoms when prescribed alongside hormone therapy than when given
alone (Thase et al., 2005), suggesting that ovarian hormones may enhance antidepressant
efficacy. Furthermore, in women with depression, estradiol has been given as an adjunct therapy
or a standalone antidepressant, with some success (Ahokas et al., 2001; Rasgon et al., 2007;
Moses-Kolko et al., 2009). Similarly, 17β-estradiol treatment in ovariectomized rats augmented
the effects of sertraline, a selective serotonin reuptake inhibitor (SSRI), to reduce immobility in
the forced swim test (Sell et al., 2008). However, this latter study was not conducted in
conjunction with an animal model of depression, and thus it is unclear whether similar findings
would be obtained from animals with depressive-like phenotypes. Our current study aimed to
determine whether ovarian hormones influence antidepressant efficacy in an animal model of
depression in middle-aged rats.
The hippocampus exhibits compromised structural plasticity in depressed patients, as a
meta-analysis showed that untreated depression is associated with reduced hippocampal volume,
which is seen two years after diagnosis (McKinnon et al., 2009). Decreased hippocampal
neurogenesis is observed in all animal models of depression (Green and Galea, 2008; Bessa et
al., 2009; Wainwright et al., 2011), and reductions in neural progenitor cells (NPCs) are detected
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in the hippocampus of individuals with depression (Boldrini et al., 2012). Conversely,
antidepressant treatment restores the reductions in neurogenesis and NPCs in animal models and
individuals with depression, respectively (Green and Galea, 2008; Bessa et al., 2009; Boldrini et
al., 2012). Notably, antidepressant use results in a greater increase in hippocampal volume in
depressed women than depressed men (Vakili et al., 2000), and the pro-neurogenic effects of
antidepressants are seen in post-mortem tissue of women, but not men (Epp et al., 2013). Thus,
ovarian hormones may modulate the effects of antidepressants on neurogenesis in the
hippocampus.
There is also a growing recognition for the role of inflammation in depression and
chronic stress (Miller et al., 2009). Remarkably, microglial activation is increased in the
prefrontal cortex, insula, and anterior cingulate cortex by approximately 30% in depressed
patients relative to controls (Setiawan et al., 2015). Increased inflammation and microglial
activation in the hippocampus are also evident in animal models of chronic stress (Frank et al.,
2007; Kreisel et al., 2014). Despite the well-established anti-inflammatory effects of ovarian
hormones in a variety of disease models (Habib and Beyer, 2015), to our knowledge, the
influence of ovarian hormones on microglia in relation to chronic stress or SSRI exposure has
not been investigated, and thus the current study aimed to fill this gap.
Disturbances in the hypothalamic-pituitary-adrenal (HPA) axis are arguably the best
characterized endocrine markers of depression. Specifically, a meta-analysis showed that
depressed individuals display elevated levels of serum cortisol (Stetler and Miller, 2011), and at
least a subset of depressed individuals show impairments in the HPA negative feedback system
(Ising et al., 2007; Stetler and Miller, 2011). Antidepressant efficacy is more tightly linked to the
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restoration of HPA function in women compared to men (Binder et al., 2009), and hypogonadal
women have impaired HPA negative feedback function (Maes et al., 1992; Young et al., 1993).
Thus, similar to the effects of ovarian hormones on the behavioral efficacy of antidepressants,
ovarian hormones may potentiate the efficacy of antidepressants to restore HPA axis
dysfunction.
In this study, we investigated whether ovarian hormones impart resilience against the
behavioral and endocrine outcomes of chronic unpredictable stress in middle-aged female rats.
We further investigated whether ovarian hormones influence the efficacy fluoxetine, an SSRI,
under conditions of chronic stress. We examined depressive- and anxiety-like behaviors (forced
swim test, novelty suppressed feeding test, and sucrose preference test), endocrine measures
(corticosterone concentrations and HPA axis negative feedback function), and neuroplastic and
neuroimmune markers (neurogenesis, PSA-NCAM, and microglia number and morphology). We
hypothesized that ovarian hormones would be associated with resilience against the expression
of depressive-like phenotypes under chronic stress conditions, and that antidepressant efficacy
would be modulated by ovarian status in middle-aged female rats.

2.2

Methods

Animals
Forty female Sprague-Dawley rats (Charles River Laboratories, Montreal, Canada), weighing
200–250g, were used in this study. Animals were pair-housed in a female-only colony room and
given ad-libitum access to food (Purina rat chow) and water. Colony rooms were temperature
and humidity controlled (21 ± 1°C; 50 ± 10%, respectively), and maintained on a 12-hour
light/dark cycle (lights on at 07:00). All procedures were approved by the Animal Care
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Committee at the University of British Columbia and performed in agreement with ethical
guidelines set by the Canadian Council on Animal Care. All efforts were made to reduce the
number of animals used and to minimize their suffering.
Surgery
Animals were randomly assigned to receive bilateral ovariectomy (OVX, n=20) or sham surgery
(Sham, n=20), which were performed at approximately five months of age, as we have done
previously (Barha et al., 2010). Surgeries were performed under isoflurane anesthesia, with
ketamine (30mg/kg, Bimeda-MTC, Cambridge, ON), xylazine (2mg/kg, Bayer HealthCare,
Toronto, ON) and bupivacaine (applied locally; 4mg/kg, Hospira Healthcare Corporation,
Montreal, QC). Following recovery, animals were handled only during cage cleaning procedures,
and left otherwise undisturbed until the beginning of the chronic unpredictable stress (CUS)
procedure at approximately 9 months of age.
BrdU administration
To label dividing progenitor cells in the dentate gyrus and their progeny, all rats received two
intraperitoneal injections of 5-bromo-2'-deoxyuridine (BrdU; 200mg/kg; Sigma–Aldrich, St.
Louis, MO, USA), given 8 hours apart, one day prior to the initiation of CUS. Two BrdU
injections were chosen due to the lower rates of cell proliferation in the hippocampus of middleaged rodents (Kuhn et al., 1996; Rao et al., 2005). Further, the timing of BrdU administration
was chosen to delineate the effects of CUS (and subsequently antidepressant treatment) on the
survival of newly produced cells, independent of effects on cell proliferation.
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Chronic Unpredictable Stress (CUS)
A CUS paradigm was used as we have done previously (Wainwright et al., 2011), with some
modifications. Briefly, all animals were exposed to a variety of stressors, applied twice daily in a
semi-random order at unpredictable times for a duration of 6 weeks. We allowed for at least 2
hours between stressors. The stressors and their descriptions are listed in Table 2.1.
Stressor

Duration

Description

Wet bedding

2 hours

200 ml of tap water in home cage, rats moved to a dry and clean cage afterwards

Food and water deprivation

4 hours

Rats deprived of food and water, always prior to the sucrose preference test

Tail pinch

5 mins

Plastic clothespin placed at base of tail

Cage tilt

2 hours

Home cage tilted at 45°

Elevated platform

5 mins

Rats placed on a plexiglass platform (20x20 cm) at 90 cm above ground.

Continuous lighting

36 hours

Colony lights on for 36 hours

Restraint

1 hours

Rats restrained in well ventilated plexiglass tubes

Social isolation

18 hours

Rats individually housed from 15:00-10:00

Soiled cage

2 hours

Rat pairs placed in cage soiled by other rats. Rats moved to a clean cage
afterwards

White noise

1 hour

Rats exposed to 80 dB of white noise

Strobing light

1 hour

Strobing light at 1flash/second in an otherwise dark room, during light cycle

Tail bleed

2 mins

Blood sample taken via tail vein nick

Food deprivation

16 hours

Rats deprived of food but not water

Table 2.1 Stressors included in the Chronic Unpredictable Stress paradigm. Two stressors were presented
daily, in a pseudo-random order, for a duration of 6 weeks.
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Drug preparation and treatment
The first 3 weeks of CUS were utilized to induce depressive-like phenotypes. During the last 3
weeks of CUS (timeline depicted in Figure 2.1), rats received daily subcutaneous injections of
fluoxetine hydrochloride (Sequoia Research Products Ltd, Pangbourne, UK) or vehicle (Veh).
Fluoxetine was dissolved in 5% DMSO (Sigma–Aldrich, St. Louis, MO, USA) in 0.9% saline,
and given at a dose of 5mg/kg. Vehicle treatment consisted of 5% DMSO in 0.9% saline. Thus,
we obtained four treatment groups (n=10 each), with drug and ovarian status as the betweensubject variables: (i) vehicle-treated sham-operated rats (Veh-Sham); (ii) fluoxetine-treated
sham-operated rats (FLX-Sham); (iii) vehicle-treated ovariectomized rats (Veh-OVX); and (iv)
fluoxetine-treated ovariectomized rats (FLX-OVX). An intermediate dose of fluoxetine at
5mg/kg was chosen to in order to avoid a possible ceiling effect, which may mask potential
differences between ovarian status groups in the response to treatment. This rationale was based
on prior work in ovariectomized middle-aged female rats showing that while 10mg/kg FLX
decreased immobility in the forced swim test without hormone replacement, a low dose of
1.5mg/kg FLX decreased immobility only when administered in conjunction with estradiol
replacement (Récamier-Carballo et al., 2012).
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BrdU

D22

D41

FLX/Veh

D42

D43

D44

D45

FST #2,
Perfusion

D1

FST #1

Surgery

D0

DEX

4 months

NSF

CUS

Figure 2.1 Timeline depicting the sequence of experimental events. Sham surgery (Sham) or bilateral ovariectomy (OVX)
were performed at 5 months of age. Following a four month delay, rats were subjected to 6 weeks of chronic unpredictable stress
(CUS; 24 hours after bromodeoxyuridine (BrdU) administration). Fluoxetine (FLX) or vehicle (Veh) treatment were
administered daily for the final 3 weeks of CUS. Behavioral and neuroendocrine testing were initited 24 hours after the final day
of CUS, in the order shown (one test/day), with the exception of the sucrose preference test, which was administered weekly
througout CUS (not shown). Ninety minutes after the second session of FST, the animals were perfused and tissue was collected.
D indicates day of experiment, beginning at BrdU administration on D0. NSF = novelty suppressed feding, DEX =
dexamethasone suppression test, FST = forced swim test.

Behavioral testing
Behavioral testing occurred following the 6 weeks of CUS, with the exception of the sucrose
preference test, which was administered weekly (see Figure 2.1).
Sucrose preference test. Rats were acclimatized to the 1% sucrose solution and the two-bottle
procedure by introducing two identical bottles to their home cage for 24 hours, one containing
1% sucrose and the other tap water. After acclimatization, the sucrose preference test was
administered once prior to CUS to obtain a baseline measure of sucrose preference, and weekly
thereafter until the termination of CUS (last test was on the last day of CUS). Briefly, rats were
single-housed and simultaneously deprived of food and water for 4 hours, then presented with
two bottles, one containing 1% sucrose and the other tap water. The test lasted 1 hour beginning
at the start of the dark-phase (19:00-20:00hrs), after which the rats were re-paired with cage
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mates. All bottles were weighed before and after the test, and sucrose preference was calculated
using the formula: sucrose preference = (sucrose consumed/(sucrose + water consumed)) × 100.
The right-left placement of the sucrose and water bottles were counter-balanced for all animals
between test days.
Novelty-Suppressed Feeding Test (NSF). The apparatus consisted of an open arena (60 × 60 ×
50 cm) in which three pellets of a palatable food (Kellogg’s Froot Loops) were placed in the
center. Prior to the test, and to avoid neophobic reactions, the rats were acclimatized to the food
by introducing four Froot Loops to the home cage for three consecutive days. On test day, the
food-deprived rats (18 hours) were individually placed in the arena, at a consistent corner of the
chamber, and the latency to start feeding was measured. The rats were then immediately returned
to the home cage, and the amount of Purina rat chow (in grams) consumed within the first hour
was measured. The NSF arena was thoroughly cleaned with 70% EtOH between animals.
Forced Swim Test (FST). The FST was conducted as we previously described (Wainwright et
al., 2011). Briefly, each rat was subjected to two FST sessions in a vertical glass cylinder filled
with clean water (25 ± 0.5 °C) to a depth of 30 cm. Rats were individually placed in the cylinder
for 15 minutes in the first session, and 5 minutes in the second session, which occurred 24 hours
later. The test was video-taped, and behavior was subsequently scored using the BEST
Collection Software (Educational Consulting, Hobe Sound, FL, USA), by an observer blinded to
experimental condition. Time spent in each of three distinct behaviors was scored: (1)
Immobility = floating with only those movements necessary to maintain the head above water;
(2) Swimming = active paddling movements of forelimbs and/or hindlimbs; and (3) Struggling =
vigorous climbing-like movements, with forelimbs surfacing above the water.
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Blood sampling for basal corticosterone quantification
To assess changes in basal corticosterone levels throughout CUS, blood samples were collected
every 10 days via the tail-vein, wherein the first sample was collected prior to the first stressor on
day 1 of CUS. The procedure was consistently performed between 07:00-07:45hrs and
completed within 2 minutes of touching the home cage to avoid acute stress-induced increases in
corticosterone. Blood samples were allowed to clot over night at 4°C, then centrifuged at 1000 x
g for 15 minutes and serum aliquots were stored at -20°C until processing.
Dexamethasone Suppression Test
To evaluate the integrity of the glucocorticoid-dependent negative-feedback function of the HPA
axis, the Dexamethasone suppression test (DEX) was administered 48 hours after the termination
of CUS (see Figure 2.1). DEX was administered between 8:00-10:30hrs to all rats in order to
avoid major circadian fluctuations in corticosterone. In short, 3 hours following the
administration of Dexamethasone (in propylene glycol; i.p.; 100 ug/kg; Sigma), blood was
collected via the tail vein immediately before and after 30 minutes of restraint stress, and again
30 minutes after the termination of restraint (60 minutes after the first collection). Rats were left
undisturbed in their home cages during recovery from restraint. Blood samples were allowed to
clot over night at 4°C, then centrifuged at 1000 x g for 15 minutes and serum aliquots were
stored at -20°C until processing.
Estrous cycle phase determination
In order to account for potential effects of estrous cycle phase on behavior and cell proliferation,
vaginal cells were collected by lavage on experimental days 42-45 (Figure 2.1), estrous cycle
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phase was determined as previously described (Brummelte and Galea, 2010a). Given that the
animals were in middle age at the beginning of CUS, the analysis of vaginal cells was also
intended to determine if any rats in the sham group had reached persistent anestrous, however all
rats were found to be cycling.
Tissue collection
Ninety minutes following the second FST session, animals were deeply anesthetized with
sodium pentobarbital and blood was collected via cardiac puncture. Animals were then
transcardially perfused with cold 0.9% saline followed by 4% paraformaldehyde (PFA, Sigma–
Aldrich) in 0.1M phosphate buffer (PB). Brains were extracted immediately and post-fixed in
4% PFA for 24 hours, then transferred to 30% sucrose solution in 0.1M PB (pH 7.4) and stored
at 4 °C until sectioning. Brains were sliced in 40μm coronal sections using a Leica SM2000R
microtome (Richmond Hill, ON, Canada), and were stored at -20 °C in a cryoprotective medium
(0.1M PBS, 30% ethylene glycol and 20% glycerol; Sigma) until processing. Adrenals, thymus
and ovaries (in sham-operated rats) were also extracted and weighed. Blood samples were
allowed to clot over night at 4°C, then centrifuged at 1000 x g for 15 minutes and serum aliquots
were stored at -20°C until processing.
Immunohistochemistry
All staining was performed on free-floating brain sections, and unless otherwise specified,
incubation periods were conducted at room temperature and on a rotator.
BrdU. Sections were rinsed 3x10 minutes with 0.1M Tris-phosphate buffer (TBS; pH 7.4)
between each of the following steps. After a 30 min incubation in 0.6% hydrogen peroxide
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(H2O2), sections were transferred to 2N HCL for 30 min at 37 °C to denature DNA. Sections
were then incubated in 0.1M Borate buffer for 10 min then blocked in TBS+ (containing 0.1%
Triton X and 3% normal donkey serum (NDS)) for 30 min. Sections were then transferred to the
primary antibody solution (1:200 mouse monoclonal antibody against BrdU, Roche Diagnostics,
Laval, Quebec, Canada) in TBS+ at 4 °C for 20 h, and then the secondary antibody solution for 4
h (1:200 anti-mouse IgG biotinylated, Vector Laboratories, Burlington, Ontario, Canada) in
TBS+. Next, tissue was incubated in avidin-biotin complex for 1.5 h (ABC; Elite kit; 1:50;
Vector Laboratories). Immunoreactants were visualized by a peroxidase-diaminobenzidine
(DAB) reaction (Vector Laboratories) for 7 min. Finally, sections were mounted on glass slides
and allowed to dry, then counterstained with cresyl violet, dehydrated in increasing graded
ethanol, defatted with xylenes, and cover-slipped with Permount.
Ki67. Sections were rinsed 3x10 min with 0.1M phosphate-buffered saline (PBS; pH 7.4)
between each of the following steps. After a 25 min incubation in 0.3% H 2O2, sections were
transferred to a primary antibody solution for 16 h, containing 1:1000 Rabbit anti-Ki67 (Vector
Laboratories) monoclonal antibody solution in 0.1M PBS, 1% Normal Goat Serum (NGS,
Vector Laboratories), and 0.5% Triton X. Afterwards, sections were incubated in a secondary
antibody solution for 1 h, containing 1:200 biotinylated Goat anti-rabbit IgG (Vector
Laboratories, in 0.1M PBS), then in ABC (Vector Laboratories) for 40 min. Finally,
immunoreactivity was visualized with a 5 min DAB reaction (Vector Laboratories) and sections
were mounted on glass slides and allowed to dry. Tissue was dehydrated in increasing graded
ethanol, defatted with xylenes, and cover-slipped with Permount.
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BrdU/NeuN. Sections were rinsed 3x10 min with 0.1M PBS (pH 7.4) between each of the
following steps. Sections were incubated for 24 hat 4 °C in a primary antibody solution
containing 1:250 mouse anti-NeuN (Chemicon/Millipore), 3% Triton-X + 3% Normal donkey
Serum (NDS) in 0.1M PBS. Tissue was then transferred to a secondary antibody solution for 18
h at 4°C containing 1:200 donkey anti-mouse Alexa 488 (Invitrogen, Eugene, OR) in 0.1M PBS.
Next, sections were incubated in 4% PFA for 10 min, then washed 2x10 min in 0.9% NaCl. To
denature DNA, sections were subsequently incubated in 2N HCl at 37 °C for 30 min. Sections
were then transferred to a primary antibody solution for 24 h at 4°C, containing 1:500 Rat antiBrdU (AbD Serotech, Oxford, UK) in 0.1M PBS + 3%NDS + 3% Triton-x. Next, sections were
incubated in 1:500 Donkey anti-rat Cy3 (Jackson ImmunoResearch, Westgrove, PA) in 0.1M
PBS for 24 h at 4°C. Sections were mounted on glass slides and cover-slipped with PVADABCO.
PSA-NCAM. Sections were rinsed 5x10 min with 0.1M TBS (pH 7.4) between each of the
following steps. Sections were incubated in 0.3% H2O2 for 20 min, then transferred to a primary
antibody solution at 4°C for 48 h, containing 1:1000 mouse anti-PSA-NCAM
(chemicon/Millipore) in 0.1M PBS + 0.3% Triton-X + 3% Normal horse Serum (NHS). Next,
sections were incubated in a secondary antibody solution containing 1:250 horse anti-mouse IgG
biotinylated (Vector) in 0.1M PBS for 24 h at 4°C. Sections were then incubated in ABC for 2 h,
and immunoreactivity was visualized with a 5 min DAB reaction (Vector Laboratories). Sections
were finally mounted on glass slides and allowed to dry, then dehydrated in increasing graded
ethanol, defatted with xylenes, and cover-slipped with Permount.
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Iba-1. Sections were rinsed 3x10 min with 0.1M PBS (pH 7.4) between each of the following
steps. Following a 25 min incubation in 0.3% H2O2, sections were blocked for 1 h with 10%
normal goat serum (NGS) in 0.5% Triton X in 0.1 M PBS. Next, sections were incubated in a
primary antibody solution for 18 h, containing 1:1000 anti-Iba-1 (Wako, Osaka, Japan) in 10%
NGS and 0.4% Triton X in 0.1M PBS. Afterwards, sections were transferred to a secondary
antibody solution of 1:500 biotinylated anti-rabbit (Vector Laboratories) in 0.4% Triton-X and
2.5% NGS in PBS. Then, sections were incubated in ABC (Vector Laboratories) in 0.4% TritonX in PBS for 1 h, and immunoreactants were visualized by a Ni-DAB reaction (Vector
Laboratories) for 7 min. Finally, sections were mounted on glass slides and allowed to dry, then
counterstained with cresyl violet, dehydrated in increasing graded ethanol, defatted with xylenes,
and cover-slipped with Permount.
Microscopy and cell counting
An experimenter blinded to treatment condition completed all immunohistochemical
quantification under a Nikon E600 microscope equipped with epifluoresence. Representative
photomicrographs are depicted in Figure 2.2. BrdU- and Ki67-immunoreactive (ir) cells were
counted under 100 × magnification in every 10th section of the hippocampus along the rostralcaudal axis. To obtain an estimate of total immunoreactive cells in the dentate gyrus, raw
numbers were multiplied by 10 (Hamson et al., 2013). BrdU- and Ki67-ir cells in the hilus were
counted separately from those in the granule cell layer (GCL) and subgranular zone (SGZ, band
approximately 50μm between the GCL and hilus). Counts were segregated in this way as cells in
the hilus are considered ectopic and give rise to a distinct population of cells (Cameron et al.,
1993). Furthermore, cells were quantified separately in the dorsal and ventral regions of the
57

hippocampus, according to previously established coordinates (Banasr et al., 2004). The dorsal
hippocampus is thought to be functionally distinct from the ventral hippocampus with the former
being more important for spatial learning, and the latter being more important for stress and
affect (Fanselow and Dong, 2010). To determine the proportion of BrdU-ir cells of neuronal
phenotype, BrdU-ir cells in every 10th section of the hippocampus were examined for coexpression of NeuN under 60 × magnification. An exhaustive count of PSA-NCAM and Iba-1-ir
cells was completed in four hippocampal sections per animal, two sections each from the dorsal
and ventral regions of the hippocampus (Kondratiuk et al., 2015), with approximately the
following respective coordinates: (Bregma -3.12, -3.48, 6.00, and -6.36). PSA-NCAM-ir cells
were counted in the GCL only, whereas Iba-1-ir cells were counted in the GCL+SGZ and within
an approximately 50μm band of the molecular layer (ML). Dentate gyrus areas (GCL and Hilus)
were measured using digitized images of the sections and the software ImageJ (NIH).
Morphological analysis of Iba-1 immunoreactive cells
An experimenter blinded to treatment condition performed morphological analysis of Iba-1
immunoreactive cells in the GCL+SGZ. Specifically, using the measure feature of the NISElements Basic Research software (Nikon) and under a Nikon E600 microscope, the number and
length of processes were measured in 20 randomly selected cells from each animal, including 10
cells each in the dorsal and ventral regions of the hippocampus. The average length of processes
was calculated for each cell, using the total length and number of processes for that cell, and
subsequently an average value was taken for each animal, following previously established
methods (Nemeth et al., 2014).
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Figure 2.2 Representative photomicrographs of the granule cell layer in the dentate gyrus. (A) BrdU-immunoreactive (ir;
red), (B) NeuN-ir (green) (C) BrdU/NeuN-ir (merged image), (D) Ki67-ir, (E) BrdU-ir. (F) Iba-1-ir and (G) PSA-NCAM-ir cells.
Images A-C, F, and G viewed at 40× magnification, D and E at 100× magnification.

Serum hormone quantification
Radioimmunoassay kits were used according to the manufacturers’ instructions to quantify
serum corticosterone (Corticosterone, double-antibody RIA, MP Biomedicals, Solon, OH) and
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17β-estradiol concentrations (Estradiol, Ultra-sensitive RIA, Beckman Coulter, Mississauga,
Ontario). Samples were run in duplicates, and inter- and intra-assay coefficients were < 10%.
Statistical analyses
All statistical tests were performed using Statistica software (Tulsa, OK). Behavioral measures
(Forced swim test, Novelty Suppressed Feeding, Sucrose Preference Test), serum 17β-estradiol
concentrations and organ mass were each analyzed using factorial analysis of variance
(ANOVA) with ovarian status (Sham, OVX) and drug treatment (Veh, FLX) as the betweensubject factors. Percent sucrose preference and percent change in body mass were analyzed using
repeated-measures ANOVA with ovarian status (Sham, OVX) and drug treatment (Veh, FLX) as
the between-subjects variables, and week as the within-subject variable. Serum corticosterone
(CORT) concentrations (basal or after DEX challenge) were each analyzed using a repeatedmeasures ANOVA with day (1, 10, 20, 30, 40) or time (0, 30, 60 min) as the within-subject
variable, and ovarian status (Sham, OVX) and drug treatment (Veh, FLX) as the betweensubjects variables. Ki67-ir, BrdU-ir, Iba-1-ir and PSA-NCAM-ir cells, and the percentage of
BrdU/NeuN colabeled cells were each analyzed using a repeated-measures ANOVA with
ovarian status (Sham, OVX) and drug treatment (Veh, FLX) as the between-subjects variables,
and hippocampal region (dorsal, ventral) and dentate gyrus area (GCL+SGZ, hilus, or
GCL+SGZ, ML) as the within-subject variables. A priori we expected differences between
ovarian status groups on antidepressant efficacy. Post-hoc tests utilized Newman-Keul’s
comparisons and any a priori comparisons were subjected to a Bonferroni correction (α=0.05).
Unless otherwise stated adding estrous cycle phase as a covariate did not significantly alter the
results.
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2.3

Results

Ovariectomy increased immobility and decreased swimming and struggling in the forced
swim test
As predicted, OVX increased immobility in the FST (Figure 2.3A; F(1, 36) = 15.99, p = 0.0003,
main effect of ovarian status). Interestingly, fluoxetine treatment did not significantly alter
immobility in either group (p= 0.20), and there was no treatment by ovarian status interaction
(p=0.83). Similarly, OVX decreased swimming and struggling in the FST (Figure 2.3B and C;
F(1, 36) = 10.40, p < 0.003, F(1, 36)=4.68, p=0.037, respectively; main effect of ovarian status),
but there were no other significant effects (all p’s > 0.2). When analyzing with estrous phase as a
covariate, there was a significant behaviour by ovarian status interaction (F(2,70)=3.71,
p=0.029), in which OVX increased immobility (p<0.0002), decreased swimming (p<0.003), but
had no significant effect on struggling (p>0.3).
Ovariectomy increased anxiety-like behavior in the novelty suppressed feeding test
As expected, OVX increased latency to feed in the NSF (Figure 2.3D; F(1, 36)= 18.50, p<
0.0001, main effect of ovarian status), but there were no other significant effects or interactions
(all p’s >0.2). A priori comparisons revealed only a trend for fluoxetine to increase latency to
feed in Sham rats (p=0.09). Importantly, the groups did not differ on home cage food
consumption in the hour following NSF (all p’s > 0.1).
Ovariectomy increased anhedonia-like behavior in the sucrose preference test
Because drug treatment was initiated after 3 weeks of CUS, we ran a repeated measures ANOVA
on sucrose preference with only weeks 4-6 of CUS as the within-subject variable. This revealed a
significant CUS week by ovarian status interaction (F(2, 72)=5.1, p=0.009), in which, as
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expected, OVX rats had significantly lower sucrose preference on week 4 (p<0.0004; Figure
2.3E). Further, there was a significant CUS week by drug treatment interaction (F(2, 72)=3.39,
p=0.039), such that fluoxetine treatment significantly increased sucrose preference on week 6 of
CUS (p < 0.025) but not any other week (all p’s > 0.4), regardless of ovarian status (Figure
2.3F). There were also significant main effects (ovarian status, and CUS week; all p’s < 0.008),
but no other significant interactions (all p’s > 0.08). Importantly, the groups did not differ
significantly on baseline sucrose preference prior to CUS (all p’s >0.05).
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Figure 2.3 Effects of ovariectomy (OVX) and/or fluoxetine (FLX) treatment on behavior in the forced swim (A-C), novelty
suppressed feeding (D), and sucrose preference (E-F) tests. In comparison to Sham controls, OVX significantly increased
immobility (A), and reduced swimming (B) and struggling (C) in the forced swim test, but fluoxetine treatment did not have
significant effects (A-C). (D) OVX significantly increased latency to feed in the novelty suppressed feeding test, but there was no
significant effect of fluoxetine treatment (p=0.09 for FLX to increase latency to feed in Sham rats). OVX significantly decreased
percent sucrose preference on week 4 of CUS, in comparison to Sham controls (E). Fluoxetine significantly increased percent
sucrose preference on week 6 of CUS, relative to vehicle treatment (F). * Indicates p < 0.05, ** indicates p <0.0004, and ***
indicates p <0.0001 in relation to Sham controls. # Indicates p<0.025 in comparison to vehicle treatment. Veh = vehicle, FLX =
fluoxetine. Data is represented in mean values + standard error of the mean (SEM).

Fluoxetine treatment significantly decreased body mass in OVX groups
Fluoxetine treatment significantly reduced the percent change in body mass in OVX but not
sham rats from week 4 of CUS onwards, when compared to weeks 1-3 (all p’s<0.03; week by
drug treatment by ovarian status interaction: F(5, 180)=2.72, p=0.021; Figure 2.4A).
Additionally, on week 6, the percent change in body mass was significantly greater in fluoxetinetreated OVX rats when compared to vehicle-treated OVX rats (p=0.047). There were also
significant main effects (ovarian status and CUS week, all p’s< 0.01), and a CUS week by drug
treatment interaction (p>0.00001), but no other significant main effects or interactions (all p’s
>0.15).
Ovariectomy impaired glucocorticoid-dependent negative feedback on the HPA axis
OVX rats had significantly higher post-stress (DEX 30) CORT concentrations compared to
Sham rats (p <0.0001; time by ovarian status interaction; Figure 2.4B, F(2, 62)=7.63, p=0.0001).
There were no significant differences in serum CORT concentrations at baseline (DEX 0,
p=0.74) or after recovery from stress (DEX 60, p=0.94). Fluoxetine significantly reduced poststress (DEX 30) CORT concentrations in Sham (p=0.023) but not OVX (p=0.33) rats. There was
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also a significant main effect of ovarian status (p=0.005), and a trend toward a drug treatment
effect with fluoxetine attenuating CORT concentrations (p=0.097).
Sham rats showed an initial increase in percent change in basal CORT that was reduced by
ovariectomy
OVX rats showed no significant percent change in baseline CORT across all days of CUS
examined, but the percent change was significantly lower than Sham groups across the first
twenty days (Figure 2.4C, F(3, 87)=3.83, p=0.013, time by ovarian status interaction). In Sham
rats, the percent change in CORT was significantly reduced by day 40 in comparison to days 10
and 20 (p’s <0.05). There were also significant main effects of time (p=0.017) and ovarian status
(p=0.0006), but no other significant effects.
Ovariectomy reduced relative adrenal mass and modulated the effect of fluoxetine
treatment on relative adrenal mass.
OVX significantly reduced relative adrenal mass (Figure 2.4D, F(1,35)=5.90, p<0.02, ovarian
status by drug treatment interaction). Interestingly, post-hoc tests revealed only weak trends for
fluoxetine to decrease relative adrenal mass in Sham rats (p=0.096) and to increase relative
adrenal mass in OVX rats (p=0.093). There was also a significant main effect of ovarian status
(F(1,35)=61.53, p<0.0001) but no other significant effects. Additionally, the groups did not
differ on relative thymus mass (all p’s > 0.15).
Ovariectomy decreased serum 17β-estradiol concentrations
As expected, OVX significantly decreased serum 17β-estradiol concentrations in samples
collected prior to perfusion (Figure 2.4E, F(1,36)=18.88, p=0.0001, main effect of ovarian
status). There were no other significant effects or interactions (all p’s >0.4).
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Figure 2.4 Percent change in body mass, adrenal mass, and corticosterone and 17β-estradiol concentrations. (A) Percent
change in body mass across weeks of chronic unpredictable stress (CUS). Fluoxetine treatment significantly reduced body mass
in ovariectomized (OVX) but not sham rats from week 4-6 of CUS when compared to weeks 1-3; * indicates p<0.03. Fluoxetine
treatment significantly decreased body mass in OVX rats on week 6, relative to vehicle treatment; # indicates p<0.05. (B)
Corticosterone (CORT) concentrations in the dexamethasone (DEX) suppression test. OVX rats had significantly higher poststress CORT concentration relative to Sham rats (DEX 30); * indicates p=0.0001. Fluoxetine significantly reduced post-stress
CORT in sham rats only, relative to vehicle treatment; # indicates p=0.023. (C) Percent change in basal serum CORT was
significantly higher in Sham relative to in OVX groups across the first twenty days; * indicates p=0.013. In Sham rats, the
percent change in CORT was significantly reduced by day 40 in comparison to days 10 and 20; $ indicates p’s <0.05. (D) OVX
significantly reduced adrenal/body mass ratio; * indicates p<0.02. (E) 17β-estradiol concentrations from serum taken on
perfusion day. OVX significantly decreased serum 17β-estradiol relative to Sham; * denotes p=0.0001. OVX = ovariectomy, Veh
= vehicle, FLX = fluoxetine. Data is represented in mean values ± SEM.

Ovarian status and fluoxetine treatment did not significantly affect dentate gyrus volume
Apart from the expected volume differences between the GCL and hilus (F(3, 102)=323.84,
p<0.00001, main effect of region), there were no significant differences between ovarian status
or drug treatment groups (all p’s >0.3). Thus, the number of immunoreactive cells, instead of
density, was used in all analyses.
Fluoxetine treatment increased the number of Ki67-ir cells in the GCL: dependent on
hippocampal region and ovarian status
Fluoxetine treatment significantly increased the number of Ki67-ir cells in both the dorsal and
ventral GCL+SGZ (p’s< 0.008) but not in the hilus (p’s >0.94; Figure 2.5A, F(1, 36)=9.00,
p<0.005, region by area by treatment interaction). Furthermore, when compared to Sham groups,
OVX groups had a significantly higher number of Ki67-ir cells in the GCL+SGZ (p<0.006) but
not in the hilus (p=0.96; area by ovarian status interaction F(1, 36)=4.261, p=0.046). A priori, we
expected differences in the effects of fluoxetine treatment based on ovarian status, and
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comparisons revealed that in relation to vehicle, fluoxetine treatment significantly increased the
number of Ki67-ir cells in both the dorsal and ventral GCL+SGZ in OVX rats (p’s <0.0002), but
only in the ventral GCL+SGZ in Sham rats (ventral p=0.00017, dorsal p=0.96). In order to
account for the effects of estrous cycle phase on cell proliferation (Tanapat et al., 1999), the
number of Ki67-ir cells were analyzed with estrous phase as a covariate, but this did not change
the main findings, and there were no significant effects of the covariate (all p's>0.78).
Fluoxetine increased the number of PSA-NCAM-ir cells in the ventral GCL in an ovarian
status-dependent manner
There was a strong trend for fluoxetine treatment to increase the number of PSA-NCAM-ir cells
in the ventral but not dorsal GCL+SGZ (F(1, 33)=3.884, p=0.057, region by treatment
interaction; Figure 2.5B). A priori comparisons indicated that fluoxetine significantly increased
the number of PSA-NCAM-ir cells in the ventral GCL+SGZ of OVX animals (p=0.0025), but
not in any other group or region (all p’s>0.1). There was a significant main effect of region
(F(3,108)=101.16, p=0.0000), a trend for a main effect of fluoxetine treatment (p=0.084) but no
other significant effects (all p’s>0.3).
Fluoxetine treatment increased the number of BrdU-ir cells in the dorsal GCL in an
ovarian status-dependent manner
Interestingly, fluoxetine treatment significantly increased the number of BrdU-ir cells in the
dorsal GCL of OVX rats (Figure 2.5C; F(1, 34)=7.42, p=0.01; region by ovarian status by
treatment interaction). As expected, there was a main effect of region and of area on BrdU-ir (all
p’s<0.0001). There were no other significant main effects or interactions (all p’s > 0.1).
Additionally, there were no group differences in the percentage of BrdU/NeuN colabeled cells,
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such that the average percentage of colabeled cells was above 75% for all groups (Table 2.2; all
p’s> 0.75).
Ovarian status

Drug treatment

% of BrdU/NeuN colabeled cells

Sham

Veh

77.50 ± 6.77

FLX

75.85 ± 4.90

Veh

75.35 ± 7.08

FLX

77.54 ± 4.65

OVX

Table 2.2 Percentage of BrdU/NeuN colabeled cells in the granule cell layer of the dentate gyrus. The groups did not differ
significantly (all p’s>0.75). Data in means ± standard error of the mean. Veh= vehicle, FLX=fluoxetine, OVX=ovariectomy.

Fluoxetine treatment decreased the number of Iba-1-immunoreactive cells in the ventral
GCL, but had no effect on the average length of microglial processes
Fluoxetine treatment significantly decreased the number of Iba-1-ir cells in the GCL+SGZ
(p=0.0011; Figure 2.5D) but not the ML (p=0.55; F(1, 35)=4.56, p=0.04 area by treatment
interaction), and there was a trend towards a main effect of drug treatment ( p<0.06). Planned
comparisons revealed that fluoxetine decreased the number of Iba-1-ir cells in the ventral
(p=0.000008, p=0.008 in Sham and OVX, respectively) but not dorsal (p=0.016, p= 0.39, in
Sham and OVX, respectively) GCL+SGZ. There were main effects of region and of area (all
p’s<0.0001), but no other significant effects (all p’s>0.1). The average length of processes was
significantly higher in the ventral relative to the dorsal GCL+SGZ, regardless of ovarian status
(Table 2.3; F(1, 35)=6.75, p=0.014, main effect of region). There were no other significant main
effects or interactions (all p’s>0.19).
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Figure 2.5 Number of Ki67, PSA-NCAM, BrdU, and Iba-1 immunoreactive cells in the dentate gyrus. (A) Fluoxetine
increased Ki67-immunoreactive (ir) cells in the dorsal and ventral granule cell layer (GCL) and subgranular zone (SGZ) in
ovariectomized (OVX) rats, and in the ventral GCL+SGZ in Sham rats, relative to vehicle treatment. (B) Fluoxetine increased
PSA-NCAM-ir cells in the ventral GCL+SGZ in OVX rats, compared to vehicle treatment. (C) Fluoxetine increased BrdU-ir
cells in the dorsal GCL+SGZ in OVX rats, compared to vehicle treatment. (D) Fluoxetine treatment significantly decreased Iba1-ir cells in the ventral GCL, relative to vehicle treatment. Data is represented in mean values + SEM. Veh = vehicle, FLX =
fluoxetine, OVX = ovariectomy. * indicates p <0.01, ** indicates p <0.003, *** indicates p<0.0002, and # indicates p <0.000001,
in relation to vehicle treatment.
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Ovarian status

Sham

OVX

Drug treatment

Average length of processes
dorsal dentate gyrus

ventral dentate gyrus

Veh

149.22 ± 4.76

158.73 ± 4.33

FLX

152.06 ± 5.05

157.63 ± 4.91

Veh

154.15 ± 4.11

162.01 ± 6.18

FLX

159.40 ± 2.65

162.59 ± 4.01

Table 2.3 Average length of processes of Iba-1-immunoreactive cells in the granule cell layer of the dentate gyrus. The
average length of processes was significantly higher in the ventral dentate gyrus relative to the dorsal dentate gyrus (p=0.014),
but there were no other significant main effects or interactions (all p’s>0.19). Data in means ± standard error of the mean. Veh =
vehicle, FLX = fluoxetine, OVX = ovariectomy.

Higher levels of estradiol were associated with reduced immobility in the forced swim test
Interestingly, serum estradiol concentrations were negatively correlated with percent time spent
immobile in FST in fluoxetine (r = -0.65, p = 0.043; Figure 2.6A) but not vehicle treated rats (r =
0.098, p = 0.79; Figure 2.6B).

A

B

Figure 2.6 Correlations between serum estradiol concentrations and percent time spent immobile in the forced swim test
in Sham rats. Serum estradiol concentrations were negatively correlated with percent immobility in the forced swim test in
fluoxetine-treated rats ((A) r = -0.65, p = 0.043) but not vehicle-treated rats ((B) r = 0.098, p = 0.79). If the outlier (serum
estradiol=25.8 pg/ml) is removed from the analysis in (A), the correlation between serum estradiol concentrations and percent
time spent immobile is strengthened (r= -0.81, p=0.007).
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2.4

Discussion

Here, we report that under conditions of chronic stress, long-term ovarian hormone deprivation
increased the vulnerability of middle-aged female rats to develop depressive-like behavioral and
endocrine phenotypes. Interestingly, we found that fluoxetine treatment showed weak behavioral
and endocrine efficacy; fluoxetine treatment increased sucrose preference only in the last week
of CUS and improved HPA negative feedback in Sham but not ovariectomized rats. Fluoxetine
treatment was also associated with significant changes in neurogenesis, PSA-NCAM and
microglia expression, in a region-specific and ovarian status-dependent manner. To our
knowledge, this is the first report to integrate the behavioral, neurogenic, and neuroendocrine
consequences of long-term ovarian hormone deprivation in tandem with chronic stress and
antidepressant treatment. A schematic summary of findings is included in Figure 2.7.
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Figure 2.7 Schematic summary of behavioral, endocrine, and neural findings. (A) The effects of long-term ovariectomy in
comparison to Sham controls. (B) The effects of fluoxetine compared to vehicle treatment, separated by ovarian status. OVX:
ovariectomy, FLX: fluoxetine, Veh: vehicle, FST: Forced Swim Test, NSF: Novelty Suppresses Feeding, SPT: Sucrose
Preference Test, DEX: dexamethasone.  indicates significant increase,  indicates significant decrease, = indicates no
significant change. * indicates significance only in week 4 of chronic unpredictable stress, ** indicates significance only i n week
6 of chronic unpredictable stress.

Ovarian hormones imparted resilience against the development of anxiety- and depressivelike behaviors under chronic stress conditions
Long-term ovarian hormone deprivation markedly increased the percent time spent immobile
and decreased the percent time spent swimming in the FST, compared to Sham controls. This
indicates that under conditions of chronic stress, ovarian hormones may afford resilience against
the development of depressive-like behavior. Our findings are in partial agreement with a study
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indicating that long-term, but not short-term, ovarian hormone deprivation increased immobility
in the FST in mice subjected to CUS (Lagunas et al., 2010). However, much of the previous
literature on the role of ovarian hormones in depressive-like behavior is comprised of studies in
which animals are not subjected to any prior stress manipulations or model of depression
(Rachman et al., 1998; Récamier-Carballo et al., 2012; Li et al., 2014). While these studies
demonstrate that short-term ovariectomy alone (1-5 weeks) increased immobility in the FST,
long-term ovariectomy (3 - 15 months) did not alter immobility in the FST (de Chaves et al.,
2009; Estrada-Camarena et al., 2011). Therefore, these past findings suggest that the increase in
depressive-like behavior as a result of ovariectomy alone may be transient. Taken together with
our current data, this indicates that long-term ovarian hormone deprivation may result in a state
of enhanced vulnerability to depressive-like phenotypes in the face of chronic stress.
In a similar manner, in the present study we found that long-term ovarian hormone
deprivation increased anxiety-like behavior in the novelty suppressed feeding test, in comparison
with Sham controls. This agrees with previously reported anxiolytic effects of estradiol and
estrogen receptor agonists (Lund et al., 2005; Walf and Frye, 2005), and with studies indicating
increased anxiety-like behavior with longer periods of ovarian hormone depletion (Picazo et al.,
2006; Lagunas et al., 2010). Here, we observe a trend for fluoxetine to increase latency to feed in
Sham, but not ovariectomized rats. This is not completely surprising given previous reports
suggesting anxiogenic effects of fluoxetine treatment (Silva et al., 1999; Belzung et al., 2001;
Leuner et al., 2004). Interestingly, one study found that chronic fluoxetine treatment increased
anxiety-like behavior in female but not male rats (Leuner et al., 2004). This sex difference
coupled with our current data suggests that ovarian hormones may be implicated in the
anxiogenic effects of fluoxetine, however this requires further investigation.
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In line with our other behavioral findings, sucrose preference was also significantly
reduced by long-term ovariectomy. Because there were no differences between ovarian status
groups in baseline sucrose preference prior to CUS, it appears that long-term ovariectomy does
not itself produce anhedonia-like behavior, but rather increases the susceptibility to anhedonialike behavior under chronic stress conditions. Importantly, this effect was not seen at all time
points, however this may not be surprising given that sucrose anhedonia is less robust in female
compared to male rodents (Dalla et al., 2005, 2008; Grippo et al., 2005; Kamper et al., 2009).
Regardless of ovarian status, fluoxetine treatment resulted in a significant increase in sucrose
preference after the last week of CUS, but had no significant effect on behavior in any other test
(NSF and FST). This indicates that in middle-aged female rats, a 5mg/kg dose of fluoxetine may
be efficacious in alleviating some but not all depressive-like behavioral phenotypes. Our findings
are somewhat inconsistent with another study showing that non-efficacious doses of fluoxetine
and estradiol, when administered in concert, act synergistically to reduce immobility in the FST
in ovariectomized middle-aged female rats (Récamier-Carballo et al., 2012). However, important
differences between the study by Recamier-Carballo et al. and ours may explain the
inconsistencies in findings. These differences include the length of ovarian hormone deprivation
(4 months in the current study versus 3 weeks in Récamier-Carballo et al., 2012), treatment
regimen (3 weeks of fluoxetine treatment in our study versus 3 injections within 24 hours in
Récamier-Carballo et al., 2012), and condition (rats were exposed to chronic stress in our study
but were stress-naive in Recamier-Carballo et al., 2012). Our data are, however, consistent with
previous studies in which estradiol was shown to increase resilience. For example, estradiol
replacement in ovariectomized rats reduced the incidence of helplessness after inescapable shock
(Bredemann and McMahon, 2014). In addition, estradiol afforded resilience to cognitive deficits
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in the face of repeated stress (Wei et al., 2014). Collectively, findings from this study and others
indicate that ovarian hormone deprivation may result in a state of enhanced vulnerability to the
deleterious effects of chronic stress.
It is important to note that it is not possible to ascertain the reason behind the lack of
behavioural efficacy of fluoxetine treatment in the FST or NSF from the current data. In order to
address this caveat, future work in middle-aged female rats should compare the response to
additional doses of fluoxetine, and/or other SSRIs. However, it is also important to note that
although SSRIs are the first-line pharmacological treatment for major depression, only a third of
patients will respond to these drugs following initial treatment (Trivedi et al., 2006; Kornstein et
al., 2013). Even in patients that are initially responsive to treatment, up to 57% will have
depressive symptoms return due to a loss of drug efficacy. Thus, our findings are at least
somewhat consistent with the clinical literature, and perhaps it is not surprising that we see
limited behavioral efficacy with SSRIs in this report.
17β-estradiol was associated with a facilitated antidepressant-like effect of fluoxetine to
decrease immobility in the forced swim test
Higher levels of serum 17β-estradiol were associated with reduced immobility in the FST only in
the fluoxetine-treated Sham group (fluoxetine-treated ovariectomized group had undetectable
estradiol levels). Because the same relationship was not seen in the vehicle treated Sham group,
this suggests that in chronically stressed female rats, higher levels of endogenous 17β-estradiol
may facilitate the effect of fluoxetine to reduce immobility in the FST. Our findings are in line
with a previous report demonstrating that in ovariectomized rats, sub-optimal doses of 17βestradiol act synergistically with fluoxetine to reduce immobility in the FST (Récamier-Carballo
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et al., 2012). Our findings also parallel the human literature, which indicates that in postmenopausal women with depression, SSRIs are more efficacious in alleviating symptoms when
prescribed in conjunction with hormone therapy (Thase 2005), however other studies have failed
to show this effect (Kornstein et al., 2013). The mechanisms that underlie the ovarian hormonemediated enhancement of antidepressant efficacy are not clearly delineated. However, estradiol
increases serotonergic tone via enhanced serotonin synthesis (Bethea et al., 1999), reduced
degradation (Gundlah et al., 2002), decreased autoreceptor-mediated inhibition (Lu and Bethea,
2002), and possibly reduced serotonin transporter levels (Frokjaer et al., 2015). Thus, such
mechanisms may be at play in the facilitation of antidepressant effects.
Ovarian hormones imparted resilience against glucocorticoid-dependent negative feedback
impairment
Coinciding with our behavioral results, long-term OVX rats that had undergone CUS exhibited
impaired HPA negative feedback compared to Sham rats in the dexamethasone suppression test.
This finding signifies that ovarian hormones may protect against HPA negative feedback
impairment in the context of chronic stress. In general, ovarian hormones potentiate acute stressinduced activation of the HPA axis (Burgess and Handa, 1992) and impair HPA negative
feedback inhibition (Weiser and Handa, 2009). These findings may initially seem contradictory
to our current data in which DEX suppression of CORT release was reduced in OVX rats.
However, a critical consideration is that in the aforementioned studies, the subjects were not
previously exposed to chronic stress. Thus, these findings coupled with our own suggest that the
role of ovarian hormones to regulate HPA axis negative feedback may be drastically affected by
chronic stress. Intriguingly, our findings translate to a study of pre- and post- menopausal
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women, all of whom were diagnosed with depression, in which resistance to DEX suppression
was found in a significantly higher proportion of postmenopausal women as compared to
premenopausal women (Young et al., 1993). Furthermore, our data are also consistent with the
finding that estradiol improved HPA negative feedback function in the DEX suppression test in
women made hypogonadal (Lee et al., 2012). Lastly, we found that fluoxetine improved HPA
negative feedback function in Sham, but not ovariectomized rats. To our knowledge, there are no
studies examining antidepressant efficacy to normalize HPA negative feedback function in
depressed women with differing estradiol levels. Taken together, this suggests that ovarian
hormones may protect against HPA axis negative feedback dysregulation in women with
depression, and similarly as a result of chronic stress exposure in female rodents.
In the present study, basal levels of serum CORT were reduced in OVX relative to Sham
rats, but the percent change in basal CORT did not change throughout CUS, while it was
increased in Sham controls. This finding is in agreement with prior research indicating that
ovarian hormones exert stimulatory effects on basal HPA axis activity (see Goel et al., 2014 for
review).
Fluoxetine treatment increased neurogenesis and PSA-NCAM in a region-specific and
ovarian status-dependent manner
In the present study, we found no significant differences in levels of cell proliferation (Ki67
expression), neurogenesis (BrdU/NeuN), or PSA-NCAM expression in the dentate gyrus of
vehicle treated Sham and long-term OVX middle-aged rats. These findings are in accordance
with previous literature showing that unlike short-term ovariectomy (1 week), long-term
ovariectomy (3-4 weeks) does not produce significant changes in neurogenesis (Tanapat et al.,
78

1999) or PSA-NCAM expression (Banasr et al., 2001). The normalization of neurogenesis levels
following longer periods of ovariectomy is unlikely related to de novo synthesis of estrogens in
the brain, as after three weeks of ovariectomy, levels of estradiol in the hippocampus of adult
female rats are not detectable (Barker and Galea, 2009), and hippocampal estradiol correlates
with plasma estradiol (Kato et al., 2013). Thus, alternative mechanisms may be at play in the
return of neurogenesis levels after long-term ovariectomy, including ovariectomy-induced
reductions in basal corticosterone (Goel et al., 2014). Together, our results indicate that in
middle-aged rats exposed to chronic stress, long-term deprivation of ovarian hormones does not
alter neurogenesis or PSA-NCAM expression in the dentate gyrus.
Fluoxetine treatment increased cell proliferation, neurogenesis, and the expression of
PSA-NCAM within the dentate gyrus. These findings are in line with prior reports indicating that
chronic treatment with fluoxetine upregulates the same markers (Malberg et al., 2000; Guirado et
al., 2012). Although in older age fluoxetine did not increase neurogenesis in the dentate gyrus
(Couillard-Despres et al., 2009), our findings are consistent with others showing that fluoxetine
upregulated PSA-NCAM in middle-aged male rats (Guirado et al., 2012). Interestingly, our
current data show that fluoxetine treatment, when initiated after BrdU administration, increased
adult hippocampal neurogenesis, unlike what is seen in stress-naïve, young adult male rats
(Malberg et al., 2000). Indeed, our finding is consistent with another study using young adult
female rats (Vega-Rivera et al., 2015), perhaps indicating a sex difference in the effect of
fluoxetine administration on the survival of new neurons. Interestingly, the fluoxetine-mediated
upregulation of cell proliferation, neurogenesis, and PSA-NCAM was seen despite its lack of
behavioral efficacy in the majority of tests, suggesting that these neural changes are not
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necessarily synonymous with behavioral efficacy, partially consistent with the existing literature
in young adult male rats and mice (Bessa et al., 2009; Santarelli, 2003).
Somewhat surprisingly, the effect of fluoxetine treatment to enhance cell proliferation
(Ki67-ir cells) was seen in both the dorsal and ventral hippocampus of OVX rats, but only in the
ventral hippocampus of Sham rats. Similarly, fluoxetine-mediated enhancement of neurogenesis
and PSA-NCAM was exclusive to OVX rats, in the dorsal and ventral hippocampus,
respectively. Thus, contrary to our initial expectations, the potential for plasticity in response to
fluoxetine treatment is not reduced with long-term ovarian hormone deprivation, but rather
appears to be enhanced. The mechanism underlying this unexpected finding is not clear,
however, because ovarian hormone generally have stimulatory effects on the HPA axis (Goel et
al., 2014)), it is possible that higher levels of basal corticosterone in Sham rats may interact with
fluoxetine to prevent the upregulation of cell proliferation observed in OVX rats. Considering
that in the present study there were no significant differences in the effects of fluoxetine on
behavior between OVX and Sham groups, the functional consequences of this differential
upregulation of neuroplasticity based on the ovarian hormone milieu remain elusive.
Interestingly, fluoxetine treatment improved HPA negative feedback function in Sham
rats, but had more profound pro-neurogenic effects in OVX rats. This is somewhat inconsistent
with previous research in young adult male rodents, in which newly generated hippocampal
neurons were shown to be required for antidepressants to improve HPA axis negative feedback
function (Surget et al., 2011), and data indicating that hippocampal neurogenesis may be
important for HPA negative feedback regulation (Snyder et al., 2011). This discrepancy is
interesting, as it suggests that the relationship between hippocampal neurogenesis and HPA axis
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function may differ between males and females. It is important to note that it is not without
precedent that neurogenesis may have different functions or links to behavior/stress in males
versus females, as sex differences in neurogenesis have been noted in response to spatial learning
(Chow et al., 2013; Yagi et al., 2016), trace eyeblink conditioning (Dalla et al., 2009), acute and
chronic stress (Falconer and Galea, 2003; Westenbroek et al., 2004), adolescent stress exposure
(Barha et al., 2011), and chronic estradiol treatment (Barker and Galea, 2008).
Fluoxetine treatment reduced microglial number in the ventral dentate gyrus but had no
significant effect on microglial morphology
Regardless of ovarian status, fluoxetine treatment significantly reduced the number of Iba-1-ir
microglia in the ventral dentate gyrus, partially consistent with previous findings showing
imipramine treatment reverses the initial increase and subsequent decline in microglial number
as a result of chronic unpredictable stress (Kreisel et al., 2014). However, our data provide no
evidence for alterations in microglial activation with fluoxetine treatment, as there was no effect
of fluoxetine on the number or length of processes of Iba-1-ir cells. Thus, our findings suggest
that SSRI treatment may be associated with a reduction in microglia-mediated
neuroinflammation, however this requires further investigation as microglial function depends on
its activational state (Kettenmann et al., 2011) and levels of pro- versus anti-inflammatory
cytokines. Importantly, our findings are in partial agreement with human literature suggesting
that antidepressant treatment is associated with a reduction of peripheral inflammation, as
measured by reduced pro-inflammatory cytokines such as IL-6 (Basterzi et al., 2005) and TNF- α
(Tuglu et al., 2003), findings that were confirmed by a meta-analysis (Eller et al., 2008). Taken
together with our present findings, this suggests that antidepressants may exert their effects, at
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least in part, through the amelioration of microglia-mediated neuroinflammation in the
hippocampus.
Our findings reveal no baseline differences in the number or morphology of Iba-1-ir
microglial cells between OVX and Sham groups. This is somewhat surprising considering that
ovarian hormones inhibit microglial proliferation in vivo (Ganter et al., 1992), and can directly
alter microglial function and morphology both in vivo and in vitro (Habib and Beyer, 2015). Our
findings are also in contrast with a study in middle-aged female rats, in which Iba-1 mRNA
expression in the hippocampus was significantly increased when measured approximately 40
days after ovariectomy (Sárvári et al., 2014). However, in our present study, the period of
ovarian hormone deprivation was substantially longer (4 months), and thus compensatory
mechanisms may be at play to return baseline levels of Iba-1 expression.
Ovarian status-dependent effects of fluoxetine on body mass
Fluoxetine treatment reduces body mass or attenuates weight gain in rodents (McGuirk et al.,
1992). In the present study, fluoxetine reduced body mass in OVX rats only. Although the
functional outcome of fluoxetine-induced body mass reduction is unknown, ovarian hormones
appear to protect against this effect.
2.5

Conclusions

In summary, ovarian hormones afforded resilience against the development of depressive-like
phenotypes in middle-aged female rats exposed to chronic unpredictable stress. Long-term
ovariectomy increased depressive- and anxiety-like behaviors in the forced swim, novelty
suppressed feeding, and sucrose preference tests after exposure to chronic unpredictable stress.
Further, long-term ovariectomy resulted in significant impairments in HPA axis negative
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feedback inhibition, as revealed by the dexamethasone suppression test. Thus, our behavioral and
endocrine findings converge to suggest that ovarian hormones may be key determinants of stress
resilience. With the exception of the sucrose preference and dexamethasone suppression tests,
chronic fluoxetine treatment at 5mg/kg did not produce antidepressant-like effects, regardless of
ovarian status. However, higher levels of endogenous 17β-estradiol were associated with a
facilitation of fluoxetine to decrease immobility in the forced swim test. Despite its limited
efficacy, fluoxetine treatment was associated with reduced microglial number in the ventral
dentate gyrus, and increased cell proliferation, neurogenesis, and PSA-NCAM expression,
effects that varied by ovarian status and region. Our findings underscore the need for considering
the role of ovarian hormones in stress-resilience, depression, antidepressant efficacy, and the
neural correlates of antidepressant use in females.
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Chapter 3: Ovarian status dictates the neuroinflammatory and behavioral consequences of
sub-chronic stress exposure in middle-aged female mice
3.1

Introduction

Major Depressive Disorder (MDD), a leading cause of disability and ill-health worldwide
(Friedrich, 2017), is approximately twice more prevalent in women than men (Kessler and
Bromet, 2013; Salk et al., 2017). In addition to this robust difference in prevalence rates, disease
presentation and pathophysiology differ significantly between men and women (reviewed in Eid
et al., 2019). Although there is an encouraging increase in studies investigating sex differences in
depression and in animal models of stress exposure, studies that target female-specific factors
that may contribute to risk or resilience to depression remain scarce. Ovarian hormones play a
role in mood regulation and influence depression in women (Brummelte and Galea, 2010b;
Soares, 2013; Hantsoo and Epperson, 2015) and therefore represent one such target. For
example, there is an increased susceptibility to develop depression during the reproductive years
in women compared to men (Gutiérrez-Lobos et al., 2002). These data provide the basis for the
hypothesis that ovarian hormones may increase risk for depression in women. Other lines of
evidence, however, support the contrasting hypothesis that ovarian hormones may afford
resilience against depression. Specifically, events that are characterized by large reductions in
ovarian hormones, including the postpartum and perimenopause, are associated with an
increased risk for depression in women (Cohen et al., 2006; Freeman et al., 2004; Hendrick et al.,
1998; Soares, 2014). In rodent studies, ovariectomy alone increases depressive-like behavior in
the short term and increases susceptibility to the development of depressive-like behavior in
response to chronic stress exposure in the long term (Lagunas et al., 2010; Li et al., 2014;

84

Mahmoud et al., 2016a). Taken together, this literature highlights the complex and seemingly
paradoxical roles of ovarian hormones in mood regulation and depression. Importantly, ovarian
hormones regulate a wide range of physiological processes and systems that are compromised in
depression, including stress response and immune systems (Goel et al., 2014; Klein and
Flanagan, 2016). Therefore, examining the interplay between endocrine and immune systems in
the context of stress exposure may clarify the role of ovarian hormones in depression.
There is mounting evidence of immune dysregulation in depression (Hodes et al., 2015;
Miller and Raison, 2016). At least a subpopulation of individuals with MDD present with
increased markers of inflammation, supported by several meta-analyses which highlight that IL-6
and TNF-α are increased in the blood and cerebral spinal fluid (Dowlati et al., 2010; Liu et al.,
2012; Haapakoski et al., 2015; Wang and Miller, 2018). Further, poor antidepressant efficacy has
been linked to an inability to normalize dysregulated inflammatory processes (Syed et al., 2018).
Stress exposure, a major risk factor for depression (Kendler et al., 1999), can also activate
inflammatory responses in the brain and periphery (Gouin et al., 2012; Felger et al., 2015).
Importantly, sex differences exists across many immune processes, mediated in part by sex
hormones (Klein and Flanagan, 2016). Several reports document the anti-inflammatory actions
of estrogens and progesterone in the brain; in response to acute inflammatory challenges in vitro
and in vivo, estradiol, selective estrogen receptor modulators (SERMs), and progesterone have
all been shown to ameliorate microglia inflammatory activity and the secretion of
proinflammatory cytokines including IL-1β, TNF-α, and IL-6 (Vegeto et al., 2001; Suuronen et
al., 2005; Tapia-Gonzalez et al., 2008; Smith et al., 2011; Lei et al., 2014). Further, in models of
ischemic stroke and brain injury, both estrogens and progesterone have well-documented
neuroprotective and anti-inflammatory properties (Sayeed and Stein, 2009; Villa et al., 2016).
85

However, the immunomodulatory actions of estrogens and progesterone are complex, as they can
produce pro-inflammatory and neurotoxic effects depending on many factors, including age and
sex (Hsieh et al., 2016; Selvamani and Sohrabji, 2010a; Straub, 2007). Despite the recognition
that ovarian hormones influence immune processes, the role of ovarian hormones at the
intersection of depression and immune dysregulation is not well known. This is particularly
important during the transition to menopause, a time of heightened risk for MDD (Freeman et al.,
2004; Cohen et al., 2006) that is also marked by substantial changes in ovarian and immune
function (Burger et al., 2002; Giefing-Kröll et al., 2015). The current study targets this gap in the
literature by examining how the ovarian hormone milieu can influence the depressogenic and
inflammatory consequences of stress exposure in middle-aged mice.
A better understanding of endocrine-immune interactions in the pathogenesis of
depression may be achieved by investigating downstream intracellular signaling pathways that
are elicited by stress exposure. Mitogen-activated protein kinase (MAPK) pathways represent a
logical target, as they regulate a wide range of cellular processes in response to diverse stimuli,
including hormones and cytokines (Cargnello and Roux, 2011). Further, studies in humans and
animal models of depression indicate that MAPK signaling pathways are compromised in the
disorder (Miller and Raison, 2006; Hollos et al., 2018; Wang and Mao, 2019). The extracellular
signal-regulated kinase (ERK) subfamily of MAPKs has received most attention in the context of
depression (Wang and Mao, 2019), however the stress-activated protein kinases, c-Jun NH2terminal kinase (JNK) and p38 MAPK, may also be implicated (Miller and Raison, 2006; Hollos
et al., 2018). Here, we quantified phosphorylated MAPKs to explore cellular mechanisms that
may underly the role of ovarian hormones in risk or resilience in the face of stress exposure.
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Disruptions in synaptic function and number are evidenced following stress and thought
to be key factors in the pathogenesis of stress-related disorders such as depression (Duman et al.,
2016). The prefrontal cortex (PFC) may be particularly vulnerable; in addition to reports of
reduced PFC volume in depression (Drevets, 2000; Drevets et al., 2008), post-mortem studies
find reductions in the number of synapses and in the expression of synapse-related genes in the
PFC (Feyissa et al., 2009; Kang et al., 2012). In rodent models, chronic stress exposure results in
dendritic remodeling in the frontal cortex and hippocampus (reviewed in McEwen et al., 2016),
in addition to alterations is spines and synaptic markers (Orlowski et al., 2012; Workman et al.,
2013). Importantly, neuronal remodeling in the frontal cortex and hippocampus in response to
stress is influenced by sex and sex hormones (Galea et al., 1997; Shansky et al., 2009, 2010).
Further, inflammatory processes could be implicated in synaptic alterations in stress and
depression, as synaptic pruning is mediated by microglia during development and possibly in
disease (Paolicelli et al., 2011; Hong et al., 2016). Therefore, examining synaptic markers may
also clarify endocrine-immune interactions in stress and depression.
In this study, we used female mice to examine the effects of long-term ovariectomy on
the behavioral and inflammatory consequences of sub-chronic stress exposure in middle age. We
chose middle age because few studies have examined this important time point in females, and
because perimenopause represents a time of increased vulnerability to depression in women. We
measured cytokine concentrations in the periphery, and in the hippocampus and frontal cortex,
areas known to be susceptible to stress exposure and compromised in depression (McKinnon et
al., 2009; Howard et al., 2019). We also quantified phosphorylated MAPKs and postsynaptic
density protein 95 (PSD-95) in the frontal cortex. We hypothesized that ovarian hormone
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deprivation will dictate behavioral outcomes and modulate cytokines, cell signaling proteins, and
PSD-95 expression in response to stress exposure.
3.2

Methods

Animals and surgery
Young-adult female C57BL/6N mice were purchased from Charles River Laboratories (Quebec,
Canada). Mice received bilateral ovariectomy (OVX; n = 14) or sham surgery (Sham; n = 14) at
Charles River Laboratories in young adulthood at 8 weeks of age, and arrived at our facility at 9
weeks of age. Mice were group housed (2-3/cage) in a temperature- and humidity- controlled
colony room (21 ± 1°C; 50 ± 10% humidity), maintained on a 12-hour light/dark cycle (lights on
at 07:00 h), and provided ad libitum access to food and water. Mice were left undisturbed, apart
from weekly cage changing, until the beginning of further experimental manipulations in middle
age, at 11-months-old. The reason mice were tested at middle age was two fold: 1) this is a time
of heightened vulnerability to depression in women (Freeman et al., 2004; Cohen et al., 2006)
that few animal studies target, and 2) previous rodent studies suggest that differences in
susceptibility to stress exposure may emerge only after longer periods of ovarian hormone
deprivation (Lagunas et al., 2010). Although our ovariectomized groups may not closely model
the menopausal transition as surgery was performed in young adulthood, our sham-operated
groups were tested during the transition to reproductive senescence, and as such are an
appropriate model for the menopausal transition (Koebele and Bimonte-Nelson, 2016). All
procedures were approved by the Animal Care Committee at the University of British Columbia
and were performed in accordance with the ethical guidelines set by the Canadian Council on
Animal Care.
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Sub-chronic variable stress exposure
In each ovarian status condition (OVX, Sham), half the mice were exposed to 6 days of subchronic variable stress, adapted from previous methods (Hodes et al., 2015a; Labonté et al.,
2017). We chose a 6-day paradigm to examine group differences in early indicators of immune
dysregulation in response to stress. Mice in the stress condition were transferred to a separate
colony room and allowed to acclimatize for two weeks prior to stress exposure. Stress-exposed
mice were housed separately to avoid the transmission of stress-induced olfactory cues to nonstressed mice (Brechbuhl et al., 2013). The protocol consisted of three stressors, applied once per
day on days 1-3, and repeated on days 4-6 (see timeline in Figure 3.1). Mice were exposed to
foot shock stress on days 1 and 4 (100 shocks at 0.45mA, randomly distributed across 1 hour),
tail suspension stress on days 2 and 5 (1 hour, suspended using laboratory tape, mid-way across
the tail), and restraint stress on days 3 and 6 (1 hour, in a well-ventilated 50ml falcon tube, in the
home cage). Mice in non-stress groups were handled daily for 5 minutes across days 1-6, but
otherwise left undisturbed. Body weight was monitored daily across the stress exposure period
and in non-stressed controls.
Behavioral testing
A battery of behavioral tests was conducted between experimental days 7 and 9 (Figure 3.1). All
mice underwent behavioral testing, and except for the sucrose preference test, all tests were
conducted under red light conditions and in designated testing rooms. Animals were acclimatized
to the rooms for 1 hour prior to testing.
Splash test (ST). Self-grooming behavior in the ST was used as an index of self-care-like and
motivational behavior, adapted from previous methods (Hodes et al., 2015a; Isingrini et al.,
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2010). Mice were sprayed three times on the back with a 10% sucrose solution (in tap water),
then individually placed in an empty clean cage for 5 mins. The test was filmed, and time spent
grooming was scored by an experimenter blinded to condition. Immediately after the selfgrooming test, mice were individually housed in clean cages, deprived of food in preparation for
the novelty suppressed feeding test, and returned to their colony room. Mice remained
individually housed for the remainder of the experiment as per Hodes et al., 2015a.
Novelty Suppressed Feeding (NSF). The NSF test was used to assess anxiety-like behavior, and
testing was performed according to published protocols (Hodes et al., 2015a; Santarelli et al.,
2003). Mice were food-deprived overnight, then individually placed in an arena (50x50x20cm)
covered with clean bedding and a single pellet of regular chow in the centre. Latency to start
feeding was measured as an index of anxiety-like behavior. Mice that did not feed within 10
minutes were removed from the arena and assigned a latency of 600 seconds in the analysis.
Bedding was replaced between mice. To account for potential appetite differences between
groups, home cage latency to feed and amount of food consumed within 5 minutes were
measured.
Sucrose Consumption Test (SCT). The SCT was used to assess anhedonia-like behavior and
performed according to previous protocols (Hodes et al., 2015a). Mice were first acclimatized to
two bottles in the home cage, both filled with tap water. After 24 hours and following the NSF
test, the bottles were replaced with two new bottles, one containing tap water and the other 1%
sucrose (in tap water). The right-left position was counterbalanced between animals in each
condition. The bottles were removed 24 hours later, weighed, then returned to the cage for an
additional 24 hours with the right-left position switched for each mouse. Importantly, to avoid
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hunger-related changes in sucrose consumption, sucrose was presented after food was returned to
the home cage following NSF.
Forced Swim Test (FST). The FST was used to assess stress-coping behavior and was
conducted according to standard protocols (Can et al., 2012). Mice were individually placed in a
4L glass beaker filled with clean water at 25 ± 0.5°C to a depth of 15cm for a duration of 6
minutes. The test was filmed, and an observer blinded to experimental condition scored two
aspects of passive-coping behavior: 1) latency to first bout of immobility and 2) amount of time
spent immobile across the duration of the test. Passive-coping behavior was defined as
immobility with only movements necessary to remain floating or to keep the head above water.

Figure 3.1 Experimental timeline. Mice received bilateral ovariectomy or sham surgery at 8 weeks of age. At 11 months of age,
mice in the stress condition were subjected to foot shock stress on days 1 and 3, tail suspension stress on days 2 and 4, and
restraint stress on days 3 and 6. All mice were tested on the splash test on day 7, the novelty suppressed feeding test on day 8, the
forced swim test on day 9, and the sucrose consumption test on days 8-10 (starting after NSF on day 8). Tissue was collected on
day 10.

Tissue collection and processing
Mice were euthanized via rapid decapitation, and trunk blood was collected into EDTA-coated
tubes then centrifuged at 4°C and 1,000 × g. for 15 minutes and plasma was stored at -80°C.
Immediately following decapitation, the frontal cortex and hippocampus were micro-dissected
on a cold surface, flash-frozen on dry ice, then stored at -80°C. Frontal cortex was collected
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anterior to the genu of the corpus collosum, and the entire rostral-caudal extent of the
hippocampus was collected. Adrenal glands were also collected and weighed immediately.
Electrochemiluminescence immunoassay kits from Meso Scale Discovery (MSD;
Rockville, MD) were used according to manufacturer instructions for cytokine, PSD-95, and cell
signaling protein measurements. A Sector Imager 2400 (MSD) was used to read the plates, and
data was analyzed using the Discovery Workbench 4.0 software from MSD. Frontal cortices and
hippocampi from all mice were homogenized individually using an Omni Bead Ruptor (Omni
international, Kennesaw, GA) with 200µl and 150µL of cold lysis buffer, respectively.
Homogenates were centrifuged at 4°C and 1,000 × g. for 15 minutes, and stored at -80°C. For all
assays (cytokine, PSD-95, cell signaling phosphoproteins), frontal cortex and hippocampus
values were normalized to total protein concentrations, which were quantified using the Pierce
Micro BCA Protein Assay Kit (ThermoFisher Scientific) used according to manufacturer
instructions, with samples run in triplicates. Cell signaling proteins and PSD-95 were only
quantified in the frontal cortex, as hippocampal tissue remaining after cytokine quantification
was insufficient for these assays.
Cytokine quantification in brain and plasma
V-PLEX proinflammatory Panel 1 kits (Mouse) from MSD (Rockville, MD) were used to
measure cytokine concentrations in plasma, frontal cortex, and hippocampus. Plates arrived precoated with primary antibodies for the simultaneous quantification of Interferon- γ (IFN-γ),
Interleukin-1β (IL-1β), Interleukin-2 (IL-2), Interleukin-4 (IL-4), Interleukin-5 (IL-5),
Interleukin-6 (IL-6), chemokine (C-X-C motif) ligand 1 (CXCL1), Interleukin-10 (IL-10),
Interleukin-12p70 (IL-12p70), and tumor necrosis factor-α (TNF-α). This panel was chosen
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because it allows for the quantification of several pro- and anti-inflammatory cytokines as well
as the chemokine CXCL1, thus provides a comprehensive view of the cytokine milieu. All
samples were run in duplicates, and sample and secondary antibody incubations were performed
according to manufacturer instructions. Lower limits of detection (LLOD), which differed
between analytes and plates (2 plates total), were as follows: IFN-γ: 0.033-0.076 pg/ml; IL-1β:
0.048-0.069 pg/ml; IL-2: 0.32-0.79pg/ml; IL-4: 0.077-0.091 pg/ml; IL-5: 0.097-0.10 pg/ml; IL-6:
0.83-0.85 pg/ml; CXCL1: 0.15-0.17 pg/ml; IL-10: 0.18-0.62 pg/ml; IL -12p70: 11.8-13.1 pg/ml;
TNF-α: 0.082-0.096 pg/ml. In plasma, IL -12p70 was not detectable in 75% of samples, and IL-4
was not detectable in 79% of samples, and thus were not included in analyses.
Cell signaling phosphoprotein and PSD-95 quantification in the frontal cortex
Cell signaling phosphoproteins (phospho-ERK1/2 (pERK1/2), pMEK1/2, pJNK, pp33, and
pSTAT3) and PSD-95 were measured in frontal cortex samples using kits from MSD (Rockville,
MD). Primary antibody pre-coated plates were used for sample and secondary antibody
incubations according to manufacturer’s instructions, with samples run in duplicates, and results
reported after normalization to total protein concentrations in each sample.
Radioimmunoassays for hormone quantification in plasma
Plasma corticosterone concentrations from samples collected at euthanasia were quantified using
a commercially available radioimmunoassay kit used in accordance with manufacturers’
instructions (corticosterone double-antibody radioimmunoassay kit, MP biomedicals, Solon,
OH). To avoid handling-induced elevations in circulating glucocorticoids, trunk blood samples
were collected within 2 minutes of the experimenter entering the colony room. The inter- and
intra-assay coefficients of variation were below 10%.
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An Ultra-Sensitive Estradiol Radioimmunoassay kit (Beckman Coulter, Prague, Czech
Republic) was used according to manufacturers’ instructions to measure 17β-estradiol
concentrations in plasma samples collected at euthanasia. Assay sensitivity is 2.2pg/ml, and
average inter- and intra-assay coefficients of variation were below 10%.
Vaginal cytology for estrous cycle assessment
Estrous cycle stage can affect behavior, measures of neural plasticity, and immune function
(Woolley et al., 1990; Beagley and Gockel, 2003; Meziane et al., 2007), thus vaginal lavage
samples were obtained on behavioral testing days, and estrous stage was determined according to
previous methods (Cora et al., 2015). Plasma was collected on the last day for estradiol
quantification. We expected irregular estrous cycling in at least a proportion of sham-operated
mice as they were middle-aged at testing. Mice in persistent diestrus, persistent estrus, or that
displayed abnormalities in the length or order of estrous cycle stages were all classified as
irregularly cycling, as we have done previously (Galea et al., 2018). Ovariectomized mice were
also lavaged to control for potential effects of the procedure.
Statistical analyses
All statistical analyses were performed using Statistica software (Tulsa, OK). Behavioral
measures, cytokine concentrations, IL-6:IL-10 ratio, corticosterone concentrations, PSD-95, and
cell signaling protein levels were each analyzed using factorial analysis of variance (ANOVA),
with ovarian status (OVX, Sham) and stress condition (stress, non-stress) as the between-subject
factors. Body mass was used as a covariate when analyzing sucrose consumption, immobility in
the forced swim test, self-grooming behavior in the splash test, and adrenal mass. Estrous cycle
stage (proestrus, non-proestrus) was used as a covariate in behavioral analyses. 17β-estradiol
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concentrations were used as a covariate in corticosterone, cytokine, cell signaling, and PSD-965
analyses. Covariate effects are only mentioned when significant. Post-hoc analyses utilized
Newman-Keul’s comparisons and any a priori comparisons were subjected to a Bonferroni
correction. A Chi-square test was used to compare the frequency of mice that had regular estrous
cycles between sham-operated groups. To assess whether cycle regularity affected outcomes in
sham-operated mice, we analyzed data from sham-operated mice separately using ANOVAs with
cycle regularity (regular, irregular) and stress condition (stress, non-stress) as the betweensubject factors. Specifically, we analyzed all behavioral outcomes and key cytokines and cell
signaling phosphoproteins that were found to be significantly affected in initial ANOVAs.
However, we did not find any significant effects of cycle regularity nor of the interaction
between stress condition and cycle regularity (all p’s >0.2), therefore these analyses are not
further reported in the results section. Pearson’s correlations were performed between variables
of interest. Outliers that fell more than 2.5 standard deviations away from the mean were
removed from analyses. Principal Component Analyses (PCA) were used to reduce the cytokine
data into a smaller number of uncorrelated variables and to obtain information about the amount
of variance accounted for by potential cytokine networks within the data. PCAs were followed
by ANOVAs on individual principal component scores as we have done previously (Eid et al.,
2019a), to assess the effects of ovarian status and stress exposure on cytokine networks.
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3.3

Results

Body mass was significantly reduced across days of stress exposure regardless of ovarian
status
Long-term ovariectomy significantly increased body mass (F(1, 24)=22.72, p<0.0001), therefore
to investigate the effects of sub-chronic stress exposure we calculated body mass as a percentage
of mass on experimental day 1. Body mass percentage decreased significantly across the 6 days
of stress exposure (F(4, 96)=32.967, p<0.0001; stress condition by day interaction; Figure 3.2).
Specifically, in stress-exposed groups, there was a significant decline on day 3 relative to day 2,
and on every day thereafter (p’s <0.006). Body mass percentage was also significantly different
between stress and non-stress groups on days 3-6 (p’s <0.007). There were also significant main
effects of stress condition and day (p’s<0.0001), a trend toward a significant day by ovarian
status interaction (p=0.064), but no other significant main effects or interactions (p’s >0.095).

Figure 3.2 Body mass across days, shown as a percentage of body mass on experimental day 1. Regardless of ovarian status,
body mass decreased significantly across days with sub-chronic stress exposure; * indicates p<0.007, significantly different from
day-matched non-stress groups, and stress groups on prior day/s of stress exposure. Data in means ± standard error of the mean.
OVX, ovariectomized
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Long-term ovariectomy reduced circulating 17β-estradiol concentrations but stress
exposure did not affect 17β-estradiol concentrations or estrous cycling
Plasma 17β-estradiol concentrations were significantly reduced by long-term ovariectomy (F(1,
18)=9.20, p=0.007; main effect of ovarian status). Stress condition did not affect 17β-estradiol
concentrations, nor did the interaction of stress condition and ovarian status (all p’s >0.2; Table
3.1). These results do not change when analyzing estrous cycle regularity as a covariate: a
significant main effect of ovarian status remains (p = 0.018), but there was no significant main
effect of the covariate, and no significant effect of stress condition nor a stress condition by
ovarian status interactions (p’s >0.2). Within sham-operated groups, there was no significant
difference in the frequency of mice that had regular estrous cycles (χ2(1) = 0.31, p = 0.58; Table
3.1). Further, there were no significant differences in 17β-estradiol concentrations between
regularly vs. irregularly cycling mice, regardless of stress condition (all p’s >0.4). It should be
noted that 17β-estradiol concentrations in sham-operated groups were considerably lower than
what would be expected in young-adult intact mice (~20-60pg/ml across estrous cycle (Walmer
et al., 1992)), indicating our that sham-operated groups were in a transitional state to
reproductive senescence.
Group

17β-estradiol (pg/ml)

% of mice regularly cycling

Sham, non-stress

10.34. ± 1.85

42.86

Sham, stress

10.32 ± 2.20

28.57

OVX, non-stress

4.30 ± 0.96

N/A

OVX, stress

7.52 ± 0.71

N/A

Table 3.1 Plasma 17β-estradiol concentrations from trunk blood at decapitation and percentage of sham-operated mice
with regular estrous cycles. Data in means ± standard error of the mean. OVX, ovariectomized.
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Basal plasma corticosterone concentrations and adrenal mass did not differ significantly
between groups
Basal plasma corticosterone concentrations did not differ significantly between groups (all p’s
>0.3; Table 3.2), but there was a significant covariate effect of plasma 17β-estradiol
concentrations (p = 0.027). Similarly, adrenal mass was not significantly affected by ovarian
status, stress exposure, nor their interaction (p’s>0.3; Table 3.2).
Group

CORT (pg/ml)

Adrenal mass (mg)

Sham, non-stress

42.48 ± 8.99

6.99 ± 0.66

Sham, stress

33.79 ± 6.70

8.06 ± 0.53

OVX, non-stress

31.92 ± 6.88

8.50 ± 0.88

OVX, stress

39.58 ± 8.62

8.16 ± 0.69

Table 3.2 Basal plasma corticosterone concentrations and adrenal mass. Data in means ± standard error of the mean. OVX,
ovariectomized; CORT, corticosterone.

Ovariectomy reduced latency to immobility under non-stress conditions, and sub-chronic
stress exposure reduced latency to immobility in sham-operated mice only
Under non-stress conditions, ovariectomy significantly decreased latency to immobility in the
FST (p=0.01; a priori comparisons; ovarian status by stress condition interaction: F(1,
18)=1.8372, p=0.19). Further, exposure to sub-chronic stress significantly decreased the latency
to immobility in sham-operated (p=0.012; Figure 3.3A) but not in ovariectomized mice (p=0.54).
There was also a significant main effect of stress condition (p=0.025) but not of ovarian status
(p=0.22). The percentage of time spent immobile in FST did not significantly differ between
groups (all p’s >0.09; Table 3.3)
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Sub-chronic stress exposure decreased sucrose consumption regardless of ovarian status
Stress exposure significantly reduced sucrose consumption (F(1, 23)=4.87, p=0.038; main effect
of stress condition; Figure 3.3B). There was also a trend for ovariectomy to reduce sucrose
consumption (F(1, 23)=3.98, p=0.067), but no other significant effects (p’s>0.4). In comparison,
water consumption was not significantly affected by body mass, ovarian status, stress condition,
nor their interaction (all p’s >0.4; Table 3.3).

Figure 3.3 Latency to first bout of immobility in the Forced Swim Test and sucrose consumption in the Sucrose
Consumption Test. (A) Ovariectomy significantly reduced latency to immobility under non-stress conditions, and sub-chronic
stress exposure reduced latency to immobility in sham-operated mice only; # indicates p=0.01 and *indicates p=0.012. (B) Stress
exposure decreased sucrose consumption, regardless of ovarian status, and there was a trend for ovariectomy to reduce sucrose
consumption; * indicates p=0.038, main effect of stress condition. FST = forced swim test; OVX = ovariectomy. Data in means +
standard error of the mean.
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Sub-chronic stress exposure and ovarian status did not significantly affect behavior in the
splash and novelty suppressed feeding tests
Anxiety-like behavior as measured in the novelty suppressed feeding test and self-grooming
behavior in the splash test were not significantly altered by ovariectomy, sub-chronic stress
exposure, nor their interaction (all p’s >0.1; Table 3.3).
Group

% time spent immobile in FST

Latency to feed in NSF (s)

% time spent grooming in ST

H2O consumption (g)

Sham, non-stress

64.96 ± 5.37

542.83 ± 36.35

14.35 ± 3.04

8.29 ± 0.81

Sham, stress

58.79 ± 2.94

521.29 ± 40.01

19.98 ± 1.53

7.00 ± 0.44

OVX, non-stress

73.62 ± 2.05

507.86 ± 59.72

14.71 ± 4.31

8.00 ± 0.79

OVX, stress

65.88 ± 3.55

600.00 ± 0.00

18.32 ± 2.78

9.14 ± 1.26

Table 3.3 Behavioral data. Data in means ± standard error of the mean. OVX, ovariectomized; FST, forced swim test; NSF,
novelty suppressed feeding; ST, splash test.

Principal component (PC) analyses in cytokine data:
Frontal cortex: PC1 scores were reduced by long-term ovariectomy, and PC2 scores were
increased by stress exposure in sham-operated mice only
The model generated 3 principal components, accounting for 81.8% of the variance within the
frontal cortex cytokine dataset. Variance explained by principal component 1 (PC1) = 52.8%,
PC2 = 17.1 %, and PC3 = 11.9%. Factor loadings are shown in Table 3.4. ANOVA results reveal
that ovariectomy significantly reduced PC1 scores (F(1, 24)=5.23, p=0.031; main effect of
ovarian status; Figure 3.4A), but there was no significant main effect of stress condition, nor an
ovarian status by stress condition interaction (p’s >0.6). As such we will refer to PC1 as “Ovarian
hormone sensitive” cytokines. Stress significantly increased PC2 scores in sham (p = 0.008), but
not ovariectomized mice (p = 0.51; a priori comparisons, ovarian status by stress condition
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interaction: F(1, 24)=2.526, p<0.13; Figure 3.4B). There was also a significant main effect of
stress condition (p = 0.019), but not of ovarian status (p = 0.55). For PC3 scores, there were no
significant main effects of ovarian status or stress condition, nor a significant interaction (p’s
>0.19). Thus, in the frontal cortex we identify 8 cytokines that were proportionally more
sensitive to ovarian hormone status based on component loadings(IL-2, IL-4 IL5, IL-6, IL-10,
TNF-α, IL-12p70 and the chemokine CXCL1) and 3 cytokines sensitive to both stress and
ovarian hormone status (IL-1β, TNF-α and IL-4).
Hippocampus: Stress exposure increased PC2 scores regardless of ovarian status, and there
were trends for long-term ovariectomy to increase PC1 and decrease PC2 scores
The model generated 3 principal components, accounting for 81.4% of the variance within the
hippocampus cytokine dataset. Variance explained by principal component 1 (PC1) = 58.0%,
PC2 = 14.8%, and PC3 = 8.6%. Factor loadings are shown in Table 3.4. ANOVAs reveal a weak
trend for ovariectomy to increase PC1 scores (F(1, 23)=3.02, p=0.096; main effect of ovarian
status; Figure 3.4C), and no significant main effect of stress condition, nor an ovarian status by
stress condition interaction (p’s >0.3). Stress significantly increased PC2 scores regardless of
ovarian status (F(1, 23)=4.40, p=0.047; Figure 3.4D), and there was a trend toward significance
for ovariectomy to decrease PC2 scores (F(1, 23)=3.67, p=0.068), but no significant stress
condition by ovarian status interaction (p > 0.6). For PC3 scores, there were no significant main
effects of ovarian status or stress condition, nor a significant interaction (p’s >0.3). Thus, these
analyses in the hippocampus identify 8 cytokines that were sensitive to ovarian hormone status
based on component loadings (IL-2, IL-4 IL5, IL-6, IL-10, TNF-α, IL-12p70, IFN-γ) and 3
cytokines sensitive to stress (IL-1β, TNF-α and the chemokine CXCL1).
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Plasma: PC scores did not differ significantly between groups
The model generated 2 principal components, accounting for 48.2% of the variance within the
plasma cytokine dataset. Variance explained by principal component 1 (PC1) = 29.0%, and PC2
= 19.2%. Factor loadings are shown in Table 3.4. ANOVAs reveal no significant main effects of
stress condition or ovarian status, nor a significant interaction for PC1 or PC2 scores (p’s > 0.06;
Figure 3.4E-F).

Frontal cortex

Hippocampus

Plasma

Cytokine

PC1

PC2

PC3

PC1

PC2

PC3

PC1

PC2

IFN-γ

0.22

-0.30

0.91

0.85

-0.03

-0.24

0.59

0.17

IL-10

0.93

-0.21

0.25

0.90

-0.19

0.09

-0.25

0.25

IL-1β

0.22

0.85

0.36

0.45

0.58

-0.35

0.59

-0.67

IL-2

0.90

0.00

-0.08

0.89

-0.19

-0.17

0.73

-0.25

IL-5

0.87

-0.23

0.08

0.65

-0.30

0.71

0.24

0.65

IL-6

0.77

0.10

-0.09

0.88

-0.007

0.19

0.67

0.24

CXCL1

0.73

0.35

-0.30

0.17

1.13

0.44

0.65

0.03

TNF- α

0.75

0.47

0.18

0.64

0.54

-0.31

0.26

0.67

IL-12p70

0.90

-0.11

-0.17

0.92

-0.16

0.064

N/A

N/A

IL-4

0.49

-0.66

0.04

0.89

-0.11

0.09

N/A

N/A

Table 3.4 Principal component analyses loading table. High loadings indicated in bold.
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Figure 3.4 Principal component analyses scores in cytokine data. (A) Long-term ovariectomy significantly decreased
Principal Component (PC) 1 scores in frontal cortex; * indicates p=0.031, main effect of ovarian status. (B) Exposure to subchronic stress increased PC2 scores in the frontal cortex in sham-operated mice only; * indicates p=0.008, significantly higher
than non-stress sham-operated group. (C) There was a weak trend (p=0.096) for ovariectomy to increase PC1 scores in the
hippocampus. (D) Sub-chronic stress exposure increased PC2 scores in the hippocampus, regardless of ovarian status, and there
was a trend for ovariectomy (p=0.064) to reduce PC2 scores; * indicates p=0.047, main effects of stress condition. There were no
significant group differences in PC1 or PC2 scores in plasma (E-F). PC = principal component; OVX = ovariectomy. Data in
means + standard error of the mean.

Individual cytokine ANOVAs:
Long-term ovariectomy reduced the concentrations of several cytokines in the frontal
cortex
Long-term ovariectomy significantly reduced the concentrations of the following
cytokines/chemokine in the frontal cortex: TNF-α (F(1, 24)=5.41, p=0.029; Figure 3.5A);
CXCL1 (F(1, 24)=4.44, p=0.046; Figure 3.5B); IL-10 (F(1, 22)=9.80, p=0.0049; Figure 3.5C);
IL-12p70 (F(1, 24)=6.40, p=0.018; Figure 3.5D), IFN-γ (F(1, 23)=5.89, p=0.023; Figure 3.5E),
and IL-6 (F(1, 24)=4.16, p=0.05; Figure 3.5F). For each of these cytokines, there was no
significant main effect of stress condition, and no stress condition by ovarian status interaction
(p’s > 0.2).
Sub-chronic stress exposure significantly increased IL-1β in the frontal cortex of shamoperated mice only
Exposure to stress increased IL-1β concentrations in the frontal cortex of sham-operated
(p=0.018, a priori comparison) but not ovariectomized mice (p=0.98; F(1, 24)=3.1706, p=0.088;
stress condition by ovarian status interaction; Figure 3.5G). There was also a trend toward a
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significant main effect of stress exposure to increase IL-1β (p= 0.082), but no significant main
effect of ovarian status (p = 0.32).

Sub-chronic stress exposure significantly decreased IL-4 in the frontal cortex
Stress exposure significantly reduced IL-4 concentrations in the frontal cortex (F(1, 24)=5.28,
p=0.031; main effect of condition; Figure 3.5H). This effect was driven by a larger decrease in
sham-operated mice, as a priori comparisons reveal a trend toward a significant difference
between sham-operated groups (p = 0.041) but not between ovariectomized groups (p = 0.28).
There was also a trend toward significance for ovariectomy to reduce IL-4 (p = 0.085), but no
significant stress condition by ovarian status interaction (p = 0.46). There were no significant
effects of stress condition or ovarian status, nor an interaction to affect IL-2 (P’s > 0.25; Figure
3.5I) or IL-5 (p’s>0.25; Figure 3.5J) concentrations in the frontal cortex.
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Figure 3.5 Cytokine concentrations in the frontal cortex, normalized by total protein concentrations. Long-term
ovariectomy reduced the concentrations of TNF-α (A) CXCL1 (B), IL-10 (C), IL-12p70 (D), IFN-γ (E), and IL-6 (F) regardless
of stress exposure; * indicates significant main effects of ovarian status (p’s <0.05). (G) Stress exposure increased IL-1β in the
frontal cortex of sham-operated mice only; * indicates p = 0.018, significantly higher than non-stress sham group. (H) Stress
exposure significantly reduced IL-4; inset graph depicts main effect of stress condition, * indicates p = 0.031, significantly lower
than non-stress. Concentrations of IL-2 (I) and IL-5 (J) did not differ significantly between groups. OVX, ovariectomized; IL,
interleukin; CXCL1, chemokine (C-X-C motif) ligand 1; TNF-α, tumor necrosis factor-α; IFN-γ, Interferon- γ. Data in means +
standard error of the mean.

Long-term ovariectomy increased IL-2, IL-5, and IL-6 concentrations in the hippocampus
Long-term ovariectomy significantly increased IL-2 (F(1, 22)=8.92, p<0.007; Figure 3.6A), IL-5
(F(1, 22)=8.37, p=0.008; Figure 3.6B), and IL-6 (F(1, 23)=5.80, p=0.024; Figure 3.6C)
concentrations in the hippocampus. For each of these cytokines, there was no significant main
effect of stress condition, nor a stress condition by ovarian status interaction (all p’s >0.18).
Sub-chronic stress exposure increased IL-1β in the hippocampus of sham-operated mice
only, and decreased IL-12p70 concentrations regardless of ovarian status
Sub-chronic stress exposure increased IL-1β concentrations in the hippocampus of shamoperated (p=0.04) but not ovariectomized mice (p=0.78; F(1, 23)=1.82, p=0.19; a priori
comparison; stress condition by ovarian status interaction; Figure 3.6D). There were no
significant main effects of stress condition (p=0.09) or ovarian status (p>0.5). Regardless of
ovarian status, exposure to sub-chronic stress significantly decreased hippocampal IL-12p70
concentrations (F(1, 23)=4.38, p=0.048; Figure 3.6E). There was no significant main effect of
ovarian status nor an ovarian status by stress condition interaction (p’s >0.1). There was also a
weak trend for stress exposure to reduce IL-10 (p=0.082; Figure 3.6F), but no significant group
differences for hippocampal IL-4 (p’s > 0.2; Figure 3.6G), IFN- γ (p’s > 0.29; Figure 3.6H),
TNF-α (p’s > 0.27; Figure 3.6I), or CXCL1 (p’s > 0.3; Figure 3.6J).
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Figure 3.6 Cytokine concentrations in the hippocampus, normalized by total protein concentrations. Long-term
ovariectomy significantly increased concentrations of IL-2 (A), IL-5 (B), and IL-6 (C) in the hippocampus; * indicates p<0.03,
main effect of ovarian status. (D) Stress exposure increased IL-1β in the hippocampus of sham-operated mice only; * indicates p
= 0.04, significantly higher than non-stress sham group. (E) Sub-chronic stress exposure significantly decreased IL-12p70
concentrations, regardless of ovarian status; inset graph depicts main effect of stress condition, * indicates p<0.05, significantly
lower than non-stress. Hippocampal concentrations of IL-10 (F), IL-4 (G), IFN- γ (H), TNF-α (I), and CXCL1 (J) did not
significantly differ between groups. OVX, ovariectomized; IL, interleukin; CXCL1, chemokine (C-X-C motif) ligand 1; TNF-α,
tumor necrosis factor-α; IFN-γ, Interferon- γ. Data in means + standard error of the mean.

Ovariectomy significantly increased plasma CXCL1 concentrations
Ovariectomy significantly increased CXCL1 concentrations in plasma (F(1,20)=6.62, p=0.018;
main effect of ovarian status; Figure 3.7A), but there was no significant main effect of stress
condition (p=0.23) nor an ovarian status by stress condition interaction (p = 0.53). There were
trends toward significance for an ovarian status by stress condition interaction to affect plasma IL10 (F(1, 20)=3.85, p=0.064; Figure 3.7B) and IL-6 (F(1, 19)=3.2520, p=0.087; Figure 3.7C)
concentrations, but no significant main effects of ovarian status nor stress condition in both cases
(p’s > 0.19). There were no significant main effects of stress condition or ovarian status nor a
significant interaction for plasma IL-5 (all p’s >0.29; Figure 3.7D), TNF-α (p’s > 0.14; Figure
3.7E), IFN-γ (p’s > 0.4; Figure 3.7F), IL-2 (p’s > 0.6; Figure 3.7G), or IL-1β (p’s > 0.2; Figure
3.7H).
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Figure 3.7 Cytokine concentrations in plasma. (A) Ovariectomy significantly increased CXCL1 concentrations in plasma; *
indicates p= 0.018, main effect of ovarian status. There were no significant group differences in plasma concentrations of IL-10
(B), IL-6 (C), IL-5 (D), TNF-α (E), IFN-γ (F), IL-2 (G), or IL-1β (H). OVX, ovariectomized; IL, interleukin; CXCL1, chemokine
(C-X-C motif) ligand 1; TNF-α, tumor necrosis factor-α; IFN-γ, Interferon- γ. Data in means + standard error of the mean.
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Sub-chronic stress exposure increased IL-6:IL-10 ratio in the frontal cortex and
hippocampus in sham-operated mice only
IL-6:IL-10 ratios were analyzed as an indicator of pro- to anti-inflammatory cytokine balance as
previously described (Wood et al., 2015; de Brito et al., 2016). In both brain regions, sub-chronic
stress exposure significantly increased IL-6:IL-10 ratio in sham-operated mice only (frontal
cortex: p = 0.033; ovarian status by stress condition interaction: F(1, 22)=4.72, p=0.041, Figure
3.8A; hippocampus: p = 0.015; a priori comparisons; stress condition by ovarian status
interaction: F(1, 23)=1.9553, p=0.17, Figure 3.8B). In the hippocampus, there was also a
significant main effect of condition, with stress increasing the ratio (p=0.025), but not of ovarian
status (p=0.87), and there were no significant main effects in the frontal cortex (p’s >0.12).
Finally, under non-stress conditions, ovariectomy significantly increased IL-6:IL-10 ratio in the
frontal cortex only (p = 0.014; Figure 3.8A). For plasma IL-6:IL-10 ratios, there were no
significant main effects, nor a significant interaction (all p’s >0.3; Figure 3.8C).
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Figure 3.8 Interleukin-6 to interleukin-10 ratio in the frontal cortex (A), hippocampus (B), and plasma (C). (A)
Ovariectomy significantly increased IL-6:IL-10 ratio in the frontal cortex, and sub-chronic stress exposure increased IL-6:IL-10
ratio in sham-operated mice only. * indicates p= 0.014 and # indicates p=0.033, significantly higher than non-stress sham group.
(B) sub-chronic stress exposure increased IL-6:IL-10 ratio in the hippocampus in sham-operated mice only. # indicates p=0.015,
significantly higher than non-stress sham group. (C) There were no significant group differences in plasma IL-6:IL-10 ratio.
OVX, ovariectomized; IL, interleukin. Data in means + standard error of the mean.

pERK1/2 and pMEK1/2 were significantly reduced by long-term ovariectomy and the
effects of stress were dependent on ovarian status
Ovariectomy significantly decreased pERK1/2 and pMEK1/2 expression in the frontal cortex
under non-stress conditions, relative to sham-operated mice (both p’s = 0.032). Sub-chronic
stress exposure significantly decreased pERK1/2 expression in sham-operated mice (p= 0.023),
but not in ovariectomized mice (p=0.35; ovarian status by stress condition interaction: F(1,
24)=5.68, p=0.025 , Figure 3.9A). Conversely, sub-chronic stress exposure significantly
increased pMEK1/2 expression in ovariectomized mice (p= 0.042), but not in sham-operated
mice (p = 0.31; significant ovarian status by stress condition interaction F(1, 24)=5.065, p=0.034,
Figure 3.9B). A similar, albeit non-significant trend was observed for pp38 expression (ovarian
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status by stress condition interaction (F(1, 24)=3.844, p=0.062; Figure 3.9C), and there were no
significant main or interaction effects for pJNK or pSTAT3 expression (all p’s >0.14; Figure
3.9D-E).

Figure 3.9 Cell signaling phosphoprotein expression in the frontal cortex, normalized by total protein levels. (A) Under
non-stress conditions, ovariectomy decreased pERK1/2 expression, and stress exposure decreased pERK1/2 expression in shamoperated mice only; * indicates p = 0.032, significant difference between non-stress groups; # indicates p = 0.023, relative to nonstress sham-operated mice. (B) Under non-stress conditions, ovariectomy decreased pMEK1/2 expression, and stress exposure
increased pMEK1/2 expression in ovariectomized mice only; * indicates p =0.032, significant difference between non-stress
groups; # indicates p =0.042, relative to non-stress ovariectomized mice. There were no significant group differences in pp38 (C),
pJNK (D), and pSTAT3 (F) expression. Data in means + standard error of the mean. OVX, ovariectomized; ERK, extracellular
signal-regulated kinase; JNK, c-Jun NH2-terminal kinase. Data in means + standard error of the mean.
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PSD-95 expression was not significantly affected by ovariectomy or sub-chronic stress
exposure
Expression of the postsynaptic scaffolding protein PSD-95 was utilized as a synaptic marker and
a proxy measure of excitatory synapse density (Wainwright et al., 2016a). PSD-95 expression
was previously found to be reduced by approximately 40% in the PFC of individuals with
depression (Feyissa et al., 2009), Here, PSD-95 expression in the frontal cortex was not
significantly affected by stress condition, ovarian status, nor their interaction (all p’s >0.4; Table
3.5).
Group

PSD-95 (signal/ug protein)

Sham, non-stress

376.11 ± 53.53

Sham, stress

412.56 ± 54.68

OVX, non-stress

415.88 ± 31.09

OVX, stress

445.36 ± 18.38

Table 3.5 Postsynaptic density protein-95 expression in the prefrontal cortex. Data in means ± standard error of the mean.
OVX, ovariectomized; PSD-95, postsynaptic density protein-95.

Reduced latency to immobility in the forced swim test was associated with increased IL6:IL-10 in the frontal cortex and hippocampus
Pearson’s correlations were performed between behavioral measures and markers of
neuroinflammation that were significantly affected by stress exposure in an ovarian statusdependent manner. We found that reduced latency to immobility in the forced swim test was
significantly associated with increased IL-6:IL-10 in the frontal cortex (r = - 0.43, p = 0.048;
Figure 3.10A) and hippocampus (r = - 0.43, p = 0.044; Figure 3.10B). However, there were no
significant correlations between latency to immobility and IL-1β concentrations in the frontal
cortex (r = - 0.11, p = 0.6) or hippocampus (r = 0.04, p = 0.85).
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Cell signaling phosphoproteins were positively correlated with cytokines in the frontal
cortex
As expected, we found significant positive correlations between several cytokines and cell
signaling phosphoproteins in the frontal cortex, after correcting for multiple comparisons.
Pearson’s correlation coefficients and p values are provided in Table 3.6.

Figure 3.10 Correlation between passive-coping behavior and pro- to anti-inflammatory cytokine balance in the frontal
cortex (A) and hippocampus (B). Reduced latency to immobility was significantly associated with increased IL-6:IL-10 in the
frontal cortex (A; r = - 0.43, p = 0.048) and hippocampus (B; r = - 0.43, p = 0.044). FST, forced swim test; IL, interleukin.
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pERK1/2

pMEK1/2

pp38

pJNK

pSTAT3

-0.30

0.16

-0.09

0.25

-0.09

p=0.12

p=0.40

p=0.63

p=0.192

p=0.65

0.51

0.69*

0.79*

0.57

0.71*

p=0.005

p<0.001

p<0.001

p=0.002

p<0.001

0.17

0.08

0.25

0.10

0.11

p=0.40

p=0.67

p=0.19

p=0.60

p=0.59

0.39

0.49

0.67*

0.40

0.65*

p=0.04

p=0.008

p<0.001

p=0.034

p<0.001

0.20

0.53

0.46

0.49

0.46

p=0.30

p=0.004

p=0.014

p=0.009

p=0.015

0.45

0.64*

0.69*

0.48

0.56

p=0.021

p<0.001

p<0.001

p=0.013

p=0.003

0.55

0.65*

0.81*

0.489

0.68*

p=0.002

p<0.001

p<0.001

p=0.008

p<0.001

0.09

0.49

0.45

0.54

0.30

p=0.67

p=0.008

p=0.017

p=0.003

p=0.12

0.43

0.70*

0.72*

0.60*

0.61*

p=0.026

p<0.001

p<0.001

p=0.001

p=0.001

0.41

0.70*

0.73*

0.80*

0.58*

p=0.03

p<0.001

p<0.001

p<0.001

p=0.001

Frontal cortex
IL-1β

IL-2

IL-4

IL-5

IL-6

IL-10

IL-12p70

TNF-α

IFN-γ

CXCL1

Table 3.6 Correlations between cell signaling phosphoproteins and cytokine concentrations in the frontal cortex. Pearson’s
correlation coefficients (r) and p values. * and grey background indicate significant correlations after correcting for multiple
comparisons. IL, interleukin; CXCL1, chemokine (C-X-C motif) ligand 1; TNF-α, tumor necrosis factor-α; IFN-γ, Interferon- γ.
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3.4

Discussion

Here, we report profound effects of long-term ovariectomy on the central cytokine milieu,
evidenced by reduced cytokine concentrations in the frontal cortex but increased cytokine
concentrations in the hippocampus, in middle-aged female mice. Long-term ovariectomy also
reduced phosphorylated ERK1/2 and MEK1/2 expression in the frontal cortex in middle age.
Along with these neural changes in the frontal cortex and hippocampus, long-term ovariectomy
resulted in a modest increase in depressive-like behavior under non-stress conditions in middle
age. We further show ovarian status-dependent effects of sub-chronic stress exposure on cytokine
concentrations in the frontal cortex and hippocampus, as seen by increased IL-1β and a shift
toward a pro-inflammatory cytokine bias (IL-6:IL-10) in sham-operated mice only. Sub-chronic
stress exposure also decreased expression of phosphorylated ERK1/2 in the frontal cortex in
sham-operated mice only. Importantly, this was coupled with a greater behavioral susceptibility
to sub-chronic stress in sham-operated mice. These data suggest that ovarian hormones exert a
powerful influence on the neuroimmune environment in a region-dependent manner, and may
dictate certain behavioral and neuroinflammatory consequences of sub-chronic stress exposure.
Long-term ovariectomy modifies the cytokine signature under non-stress conditions and in
response to sub-chronic stress exposure
We observed brain region-specific effects of long-term ovariectomy (9 months) on cytokine
concentrations, with reductions in the frontal cortex and modest elevations in the hippocampus.
Indeed, more than 50% of the variance within the frontal cortex cytokine data was explained by
Principal Component 1 (PC1), which appeared to be largely accounted for by ovarian status.
Ovarian status also affected the hippocampal cytokine milieu, although to a lesser extent than in
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the frontal cortex. Overall, the principal component loadings indicated 7 overlapping cytokines
were important contributors to the first principle component (PC1) that was modified by longterm ovariectomy albeit in opposing directions between the frontal cortex and hippocampus (IL2, IL-4, IL-5, IL6, IL-10, IL-12p70, TNF-α). In terms of individual ANOVA analyses, more
distinct sets of cytokines were affected by long-term ovariectomy in the two brain regions, with
the exception of IL-6 which was increased in the hippocampus but decreased in the frontal
cortex. The effects of sub-chronic stress exposure on cytokine concentrations in the frontal
cortex and hippocampus were less pronounced. This is not surprising given the sub-chronic
nature of the stress paradigm (6 days), thus we would expect longer durations of stress exposure
to result in larger alterations in the cytokine milieu. However, component loadings indicate IL1β, TNF-α and the chemokine CXCL1 as important contributors to PC2 in the hippocampus,
which showed significant effects of sub-chronic stress exposure. Overall, we do not observe a
clear division of pro-inflammatory or anti-inflammatory cytokines, nor of T helper (Th) 1 and
Th2 type cytokines, in the contribution to PCs. This may not be surprising, as although cytokine
responses can be biphasic (i.e. an initial pro-inflammatory response followed by an antiinflammatory response), simultaneous pro- and anti-inflammatory responses can also be
observed. Indeed, a meta-analysis indicated that individuals with depression display increased
concentrations of IL-10, an anti-inflammatory Th2 type cytokine, in addition to increased proinflammatory cytokines (Köhler et al., 2017), perhaps representing a compensatory effect. It is
also important to note that all mice underwent behavioral testing, including the forced swim test
which is an acute stressor. Therefore, it is plausible that exposing non-stress controls to
behavioral testing may have masked some of the effects of sub-chronic stress exposure on
cytokine concentrations.
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An intriguing finding was that ovarian status impacted the neuroinflammatory
consequences of sub-chronic stress exposure, with overall more pronounced effects in shamoperated mice. Specifically, in the frontal cortex and hippocampus of sham-operated mice only,
stress exposure increased concentrations of the pro-inflammatory IL-1β and resulted in a shift
toward a pro-inflammatory cytokine bias (IL-6:IL-10). The exaggerated neuroinflammatory
response to stress in sham-operated mice was observed in tandem with a greater behavioral
susceptibility to sub-chronic stress exposure (discussed below). Our findings in sham-operated
females corroborate studies in male subjects, in which IL-1β was increased by chronic stress
exposure in the brain, and further found to be directly implicated in the behavioral consequences
of stress exposure (Goshen et al., 2008; Goshen and Yirmiya, 2009; Wohleb et al., 2014).
Further, the role of IL-6 in depression and stress-based models is well-established (reviewed in
Hodes et al., 2016), and a shift towards a higher IL-6: IL-10 ratio is associated with passivecoping in response to social defeat stress in male rats (Wood et al., 2015). Thus, our findings
suggest that in middle-aged females, ovarian hormones may potentiate the inflammatory
consequences of stress exposure. Given that ovariectomy was performed in young-adulthood,
sham-operated groups more closely approximate what occurs in normal transition to
reproductive senescence. Thus, the greater susceptibility to sub-chronic stress exposure in shamoperated mice may be linked to the endogenous changes in ovarian hormones at this time.
Indeed, this mirrors the human condition in which the transition to menopause is associated with
increased risk for depression (Freeman et al., 2004; Cohen et al., 2006).
Ovarian hormones, especially 17β-estradiol but also progesterone, have well established
anti-inflammatory properties (Bruce-Keller et al., 2000; He et al., 2004; Vegeto et al., 2008; Lei
et al., 2014). Consistent with this are the observed effects of long-term ovariectomy to increase
119

IL-6:IL-10 ratio in the frontal cortex and IL-6 concentrations in the hippocampus under nonstress conditions. Given the role of IL-6 in MDD (Dowlati et al., 2010; Liu et al., 2012), these
observations may be related to the modest increase in depressive-like behavior induced by longterm ovariectomy under non-stress conditions, which is in line with findings in humans (Schmidt
et al., 2015; Wilson et al., 2018). However, in the frontal cortex we also found that ovariectomy
reduced concentrations of other proinflammatory cytokines including IFN-γ and TNF-α. Further,
in both the frontal cortex and hippocampus we observed an exaggerated neuroinflammatory
response to stress in sham-operated, rather than ovariectomized mice, highlighted by increased
IL-1β and increased IL-6:IL-10 ratio. Importantly, the anti-inflammatory and neuroprotective
effects of estrogens have been investigated mostly in younger females and in models of brain
injury or stroke, and in response to acute inflammatory challenges or in vitro (Selvamani and
Sohrabji, 2010; Suzuki et al., 2009; Vegeto et al., 2003). Age is a critical consideration here, as
studies using older females have observed neurotoxic effects of estrogens in similar models
(Johnson and Sohrabji, 2005; Nordell et al., 2003; Selvamani and Sohrabji, 2010), partially
consistent with our finding here that exposure to sub-chronic stress resulted in a larger
neuroinflammatory response in sham-operated middle-aged mice. Future studies need to
consider age as a variable and should introduce 17β-estradiol and/or progesterone replacement to
further clarify the role of ovarian hormones in the neuroinflammatory outcomes of stress
exposure. Additionally, it would be important that future studies investigate whether changes in
estrous cyclicity in middle-aged animals can affect the outcomes of stress exposure, as the
current study was not powered to directly answer this question.
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Long-term ovariectomy and sub-chronic stress exposure interact to affect ERK signaling
Long-term ovariectomy reduced phosphorylated ERK1/2 and its upstream activator MEK1/2 in
the frontal cortex under non-stress conditions, and stress exposure reduced pERK1/2 expression
in sham-operated mice only. The observed reduction with long-term ovariectomy may not be
surprising, as this group had significantly lower circulating concentrations of estradiol, which
can rapidly activate ERK1/2 (Bi et al., 2002; Fernandez et al., 2008). Perhaps more intriguing
than baseline differences in pERK1/2 expression were the differential effects of stress exposure,
as abnormal ERK signaling has been observed in post-mortem brains of individuals with MDD
that died of suicide (Dwivedi et al., 2001, 2006; Hsiung et al., 2003; Duric et al., 2010; Labonté
et al., 2017). Notably, in human studies there are reports of reduced ERK1/2 expression and
activation in the prefrontal cortex and hippocampus of males and females with MDD (Dwivedi et
al., 2001, 2006; Hsiung et al., 2003), although data was not stratified by sex. Our results contrast
another study in which chronic stress exposure (21 days) increased pERK1/2 in the ventromedial
PFC of female mice (Labonté et al., 2017), but this study used young adult females whereas our
subjects were middle-aged. Collectively, past studies indicate that dysregulated ERK signaling is
implicated in depression and the outcome of stress exposure and our current findings extend
previous work to suggest that ovarian hormones can influence the outcomes of stress exposure
on ERK signaling in females. Moreover, although we did not test a causal link, we observe
significant positive correlations between several cytokines and cell signaling phosphoproteins in
the frontal cortex. This is to be expected as not only do cytokines activate all pathways examined
in this study, but MAPKs are also important regulators of cytokine production (Johnson and
Lapadat, 2002; Cargnello and Roux, 2011). More specifically, cytokines can interact with their
respective cell membrane receptors to directly activate ERK signaling (Cargnello and Roux,
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2011), and therefore it is possible that changes in pERK observed in this study could be a direct
result of alterations in the cytokine milieu. On the other hand, an alternative model linking
changes in cytokine profiles and pERK expression could involve the actions of 17β-estradiol.
Indeed, the effects of 17β-estradiol to ameliorate microglia inflammatory activity in vitro are
mediated at least in part via MAPK pathways (Baker et al., 2004). Therefore, it is possible that in
the current study, group differences in ovarian hormones could have resulted in differential
activation of ERK pathway to regulate cytokine expression. Using specific MAPK inhibitors or
cytokine antagonists, future experiments could assess the directionality and causality of the
observed relationships between cytokines and cell signaling phosphoproteins. In the present
study, due to limited tissue, we only examined cell signaling phosphoproteins in the frontal
cortex, therefore future studies should examine these signaling pathways in the hippocampus.
Long-term ovariectomy and stress did not significantly affect PSD-95 expression in the
frontal cortex in the present study. This finding is consistent with previous studies indicating that
although PSD-95 expression is sensitive to transient fluctuations in ovarian hormones (Spencer
et al., 2010), it is not modified two weeks post ovariectomy (Waters et al., 2009, 2015a; Zhang et
al., 2010; Spencer-Segal et al., 2012). Several studies have found reductions in PSD-95
expression in response to chronic stress exposure (Kallarackal et al., 2013; Kim and Leem, 2016;
Pacheco et al., 2017) suggesting that the shorter duration of stress exposure used in this study
may not be sufficient to produce significant modifications to PSD-95 expression in the frontal
cortex. Future studies should also examine the effects on PSD-95 expression in the hippocampus
and with longer durations of stress exposure.
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Ovarian status influenced behavior under non-stress conditions and in response to subchronic stress exposure
Under non-stress conditions, long-term ovariectomy alone impacted some measures of
depressive-like behavior, as seen by reduced latency to immobility in the forced swim test and a
trend toward reduced sucrose consumption. These behavioral differences may be linked to the
reported effects of long-term ovariectomy on cytokine concentrations in the brain. However, the
depressogenic effects of long-term ovariectomy were overall limited, as we did not observe
significant differences between sham-operated and ovariectomized mice in any other behavioral
measure. This is partially consistent with other studies in which the anxiogenic and
depressogenic effects of ovariectomy (Estrada-Camarena et al., 2011; Li et al., 2014) can recover
after more prolong periods of ovarian hormone deprivation (de Chaves et al., 2009; EstradaCamarena et al., 2011).
Exposure to sub-chronic stress reduced latency to immobility in the forced swim test in
sham-operated mice only, pointing to a greater susceptibility to stress-induced passive-coping
behavior. However, this effect was not seen across all measures, as sub-chronic stress exposure
increased anhedonia-like behavior and reduced body mass regardless of ovarian status,
suggesting similar susceptibilities in these domains. Further, we do not observe significant group
differences in the percentage of time spent immobile in the forced swim test, suggesting overall
modest behavioral effects of stress exposure, likely due to the sub-chronic nature of the paradigm
(6 days). In the forced swim tests, it is also plausible that ovariectomized mice had reached a
floor effect under non-stress conditions, leaving no room for sub-chronic stress exposure to
further reduce latency to immobility. However, the effect of stress to reduce latency to
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immobility in sham-operated mice was observed in concert with an exaggerated
neuroinflammatory response to stress and a reduction in pERK1/2 expression. Therefore, in
comparison with ovariectomized mice, we observe more robust effects of sub-chronic stress
exposure in sham-operated mice across several measures, perhaps supporting the interpretation
of greater overall susceptibility to the effects of sub-chronic stress exposure. Indeed, reduced
latency to immobility was significantly correlated with increased IL-6:IL-10 ratio in the frontal
cortex and hippocampus, suggesting that the greater susceptibility to stress-induced passivecoping behavior in sham-operated mice may be directly linked to the exaggerated
neuroinflammatory response to stress. There are several possible mechanisms by which
inflammation can ultimately influence depressive-like behavior. Notably, pro-inflammatory
cytokines can affect multiple neurotransmitter systems, including serotonergic, glutamatergic,
and dopaminergic systems (Miller et al., 2014; Felger, 2017; Haroon and Miller, 2017). For
example, in male mice, IL-1β has been shown to decrease synaptic availability of serotonin by
enhancing serotonin transporter activity, an effect that was directly linked to depressive-like
behavior (Zhu et al., 2010). Further, adult hippocampal neurogenesis, which is implicated in
stress resilience (Anacker et al., 2018), is reduced by inflammation (Ekdahl et al., 2003; Monje et
al., 2003), and regulated directly by IL-1β (Zunszain et al., 2012). Future studies should
investigate whether these mechanisms are implicated in the effects of ovarian hormones to
influence stress-induced inflammation and behavior.
Our current findings agree with a previous study in young adult female mice in which
exposure to a similar sub-chronic stress paradigm increased passive-coping behavior in shamoperated, but not ovariectomized mice (LaPlant et al., 2009). In contrast, other studies in rats and
mice found that long-term ovariectomy increased depressive-like behavior after chronic stress
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exposure (Lagunas et al., 2010; Mahmoud et al., 2016a). These dissimilarities may be reconciled
by comparing the duration of exposure to stressors, which spanned 4-6 weeks in studies showing
increased sensitivity to depressive-like behavior after long-term ovariectomy (Lagunas et al.,
2010; Mahmoud et al., 2016a), as opposed to 6 days in the current report and in LaPlant et al
(2009), where increased sensitivity to stress is observed in sham-operated females. Thus,
together with previous studies our current data indicate that ovarian hormones can confer either
risk or resilience, depending on stress paradigm.
3.5

Conclusions

In conclusion, long-term ovarian hormone deprivation significantly altered the neuroimmune
environment in a brain region-specific manner, reduced expression of ERK pathway
phosphoproteins in the frontal cortex, and modestly increased depressive-like behavior under
non-stress conditions, in middle-aged mice. Importantly, ovarian status dictated some of the
behavioral and neuroinflammatory outcomes of sub-chronic stress exposure. Specifically, shamoperated mice had a greater neuroinflammatory response to stress as seen by increased
concentrations of IL-1β and increased IL-6:IL-10 in the frontal cortex and hippocampus. We also
observed stress-induced reductions in pERK1/2 expression in the frontal cortex of sham-operated
mice only. This was coupled with an enhanced behavioral susceptibility to sub-chronic stress
exposure in sham-operated mice, as seen by increased passive-coping behavior in the forced
swim test. It is important to note ovariectomy was performed in young adulthood and outcomes
were examined in middle-age. Therefore, our sham-operated middle-aged mice, tested at a time
of transition to reproductive senescence, are perhaps a closer model of the menopausal transition.
With this in mind, it may not be surprising that the outcomes of stress exposure were more robust
in sham-operated mice, as this mirrors the human condition where the transition to menopause
125

carries an increased risk for depression. These findings underscore the importance of considering
the immunomodulatory properties of ovarian hormones in stress and depression research.
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Chapter 4: Selective activation of estrogen receptors α and β: Implications for depressivelike phenotypes in female mice exposed to chronic unpredictable stress
4.1

Introduction

Major depressive disorder (MDD) is a stress-related psychiatric disorder that affects
approximately twice more women than men (Kessler and Bromet, 2013; Salk et al., 2017). Given
this disparity in prevalence rates, a focus on female-specific factors that may contribute to
depression is warranted. Sex differences in prevalence rates first emerge around puberty (Salk et
al., 2017), suggesting that ovarian hormones may increase risk for depression in women.
However, periods associated with declines in ovarian hormones, including the postpartum and
perimenopause, are associated with a heightened risk for depression in women (Hendrick et al.,
1998; Cohen et al., 2006; Soares, 2014), supporting the notion that ovarian hormones may afford
resilience, rather than risk. The complex roles of ovarian hormones in depression may be partly
attributed to the diversity of estrogen signaling, which can be loosely categorized into genomic
and non-genomic mechanisms (Björnström and Sjöberg, 2005).
Evidence from animal models suggests that 17β-estradiol may interact with classical
estrogen receptors (ERs) to regulate affective function. However, this is primarily derived from
studies that have used tests of depressive- and anxiety-like behaviour in the absence of any
manipulations intended to induce depressive- or anxiety-like phenotypes (e.g. chronic stress). For
example, the administration of 17β-estradiol or an ERβ but not ERα agonist to ovariectomized
rats decreases anxiety- and depressive-like behaviour (Walf et al., 2004; Walf and Frye, 2005;
Weiser et al., 2009; Yang et al., 2014). Moreover, the anxiolytic and antidepressant-like effects
of 17β-estradiol are not observed in ERβ knockout mice (Rocha et al., 2005). Collectively these
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findings indicate that 17β-estradiol’s effects on affective behaviours may be primarily mediated
via interactions with ERβ. Importantly, the effects of ER activation in “healthy” animals may not
mirror those in animals displaying depressive-like pathology, and as such although informative,
these findings are certainly not conclusive. Indeed, a more recent study found that
overexpression of ERα in the nucleus accumbens afforded resilience to the depressive-like
outcomes after stress exposure in female mice (Lorsch et al., 2018), but the authors did not test
the effects of ERβ overexpression. Thus, to date, the mediatory roles of ERα and ERβ have not
been investigated systematically and within an animal model of depression. The current study
therefore utilized the chronic unpredictable stress (CUS) model in female mice with the aim of
dissecting the contribution of ERα and ERβ to the estrogenic modulation of depressive-like
pathology.
Endocrine and immune systems engage in extensive crosstalk (Grossman, 1985; Olsen
and Kovacs, 1996; Bereshchenko et al., 2018). 17β-Estradiol in particular possesses
immunomodulatory properties that are mediated via interactions with both ERα and ERβ (Baker
et al., 2004; Saijo et al., 2011; Kovats, 2015). For example, several in vitro and in vivo studies in
females reveal the capacity for 17β-estradiol and selective ER modulators (SERMs) to
ameliorate inflammation and microglial activation in response to inflammatory challenges
(Vegeto et al., 2001, 2008; Baker et al., 2004; Brown et al., 2010; Ishihara et al., 2015). The antiinflammatory properties of 17β-estradiol may be of particular interest within the context of
depression, as inflammation in MDD has been well-documented and corroborated by animal
models of stress exposure (Hodes et al., 2015b; Miller and Raison, 2016). Indeed, meta-analyses
show increased proinflammatory cytokines including IL-6 and TNF-α in blood, cerebrospinal
fluid, and brains of individuals with MDD (Dowlati et al., 2010; Haapakoski et al., 2015; Enache
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et al., 2019). Despite this, there has been insufficient consideration of how sex and sex hormones
can influence the association between depression and inflammation (reviewed in Eid et al.,
2019b). It is plausible that the immunomodulatory effects of 17β-estradiol are implicated in
depression and the outcomes of stress exposure, yet the receptor mechanisms by which 17βestradiol can influence chronic stress-induced inflammation remain unclear.
The hippocampus retains the ability to produce new neurons in adulthood in a variety of
species including humans (Kempermann et al., 2018; Moreno-Jiménez et al., 2019; Tobin et al.,
2019). Adult hippocampal neurogenesis is reduced by chronic stress, promotes stress resilience,
and is implicated in affective function and hypothalamic-pituitary-adrenal (HPA) axis regulation
(Surget et al., 2011; Schoenfeld and Gould, 2012; Anacker et al., 2018), although most of this
evidence is derived from male rodents. Importantly, 17β-estradiol influences adult hippocampal
neurogenesis in females (reviewed in (Mahmoud et al., 2016b)) and its pro-proliferative effects
are mediated via actions on both ER and ER, at least acutely (Mazzucco et al., 2006).
However, whether chronic activation of ER and ER influences the survival of newly produced
hippocampal neurons under basal or chronic stress conditions has not been investigated. Beyond
hippocampal neurogenesis, both estrogens and stress exposure affect synaptic plasticity in a
variety of brain regions, including the hippocampus and frontal cortex (Li et al., 2004; Brinton,
2009; Srivastava and Penzes, 2011; McEwen, 2013; McEwen et al., 2016). 17β-Estradiol and
ER or  agonists upregulate the expression of synaptic proteins in female rats (Waters et al.,
2009), including the postsynaptic density protein 95 (PSD-95), a scaffolding protein which
organizes synaptic elements that are important for synaptic function and plasticity (Kim and
Sheng, 2004). Importantly, PSD-95 is reduced in the prefrontal cortex (PFC) of individuals with
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MDD (Feyissa et al., 2009) and in animal models of stress exposure (Kallarackal et al., 2013;
Kim and Leem, 2016; Pacheco et al., 2017). Yet, whether and by which receptor mechanisms
17β-estradiol influences the effects of stress on PSD-95 remains to be elucidated.
Dysregulation of the HPA axis is observed in a subset of individuals with MDD, and
includes hypercortisolemia, aberrations in the circadian rhythm of cortisol, and impairments in
HPA axis negative feedback function (Ising et al., 2007; Stetler and Miller, 2011). Importantly,
the HPA axis interacts bidirectionally with the hypothalamic pituitary gonadal (HPG) axis
(Reviewed in Goel et al., 2014). HPA-HPG interactions in females have been primarily
investigated at baseline or in response to acute stressors. In general, 17β-estradiol stimulates
HPA axis activity and impairs its negative feedback function (Goel et al., 2014), with opposing
roles of ERα and ERβ (Weiser and Handa, 2009; Weiser et al., 2010). Importantly, these effects
of 17β-estradiol may not translate to conditions of chronic stress exposure. Indeed, we have
shown that long-term ovarian hormone deprivation in rats increased HPA axis negative feedback
impairment under chronic stress exposure (Mahmoud et al., 2016a), which parallels findings in
MDD indicating greater negative feedback impairment in women post-menopause (Roy et al.,
1986; Young et al., 1993). Therefore, we investigated the roles of ERα and ERβ in mediating the
effects of estradiol on HPA axis function under chronic stress conditions.
In this study, we sought to determine whether 17β-estradiol conferred resilience in the
face of CUS in adult female mice. We further employed a pharmacological approach to
disentangle the contribution of ER and ER to the effects of 17β-estradiol under non-stress and
chronic stress conditions. We examined stress susceptible behaviours, markers of plasticity in the
hippocampus and frontal cortex, central immune mediators, and HPA axis function. We
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hypothesized that ovariectomy would increase depressive-like endophenotype under non-stress
conditions and further exacerbate the depressive-like outcomes of chronic stress exposure.
Additionally, we expected estradiol treatment to rescue the effects of ovariectomy and that its
actions would be differentially facilitated by ER and ER.
4.2

Methods

Animals
Young adult female C57BL6/J mice (Charles River Laboratories; Quebec, Canada) arrived at our
facility at approximately 8 weeks of age. All mice were group housed and given ad libitum
access to food and water. Mice were maintained on a 12-hour light/dark cycle (lights on at
7:00am) in temperature- and humidity-controlled colony rooms (21 ± 1°C and 50 ± 10%,
respectively). All procedures were conducted in accordance with the ethical guidelines of the
Canadian Council on Animal Care and were approved by the Animal Care Committee at the
University of British Columbia.
Surgery
All mice received bilateral ovariectomy (OVX) or sham surgery at approximately 3 months of
age, adapted from our previously described procedure in rats (Barha et al., 2015; Galea et al.,
2018). Briefly, surgery was performed through two lateral skin and muscle incisions under
isoflurane anesthesia (5% induction, 1-1.5% maintenance), with ketamine (50mg/kg;
intraperitonially (i.p.)), xylazine (5mg/kg; i.p.), bupivacaine (2mg/kg; local), and Lactated
Ringer's Solution (10ml/kg; subcutaneously (s.c.)). Mice received a nonsteroidal antiinflammatory analgesic at the time of surgery, and at 24- and 48-hours post-surgery (Anafen;
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5mg/kg; s.c.) then were allowed to recover for 7-9 days prior to hormone/agonist treatment (see
experimental timeline in Figure 4.1).
Hormone and agonist treatment
Ovariectomized mice were randomly assigned to 1 of 4 treatment groups (n=26-28 per group),
receiving daily s.c. injections of one of the following: (i) 17β-estradiol (E2; 0.04 mg/kg), (ii)
diarylpropionitrile (DPN; 0.1 mg/kg; ERβ-selective agonist), (iii) propylpyrazole-triol (PPT;
0.1 mg/kg; ERα-selective agonist), or (iv) vehicle (sesame oil). To control for injections, shamoperated mice (n=20) also received daily s.c. vehicle injections (sesame oil). We therefore
obtained the following 5 treatment groups: E2-treated OVX (E2), DPN-treated OVX (DPN),
PPT-treated OVX (PPT), oil-treated OVX (OVX), and oil-treated sham-operated mice (Sham).
DPN was chosen as it has a 70-fold greater affinity for ERβ over ERα (Meyers et al., 2001), and
PPT was chosen as it has a 410-fold greater affinity for ERα over ERβ (Stauffer et al., 2000).
17β-estradiol has an equally high affinity to both ERα and ERβ, and its dose was chosen based
on previous work and reports showing physiological circulating estradiol concentrations (Ciana
et al., 2003; Harburger et al., 2007). Agonist doses were based on reports of behavioural efficacy
(Clipperton et al., 2008; Walf et al., 2008). Treatment persisted for 47 days (see Figure 4.1),
beginning 14 days prior to chronic unpredictable stress (CUS) exposure. The choice to begin
treatment prior to CUS was to examine the potentially protective, rather than therapeutic effects
of 17β-estradiol or agonists.
Bromodeoxyuridine administration
To label dividing progenitor cells and their progeny, 2 injections of bromodeoxyuridine (BrdU;
200mg/kg; i.p; 8 hours apart) were administered to all mice two weeks after hormone treatment
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had begun, and one day prior to the initiation of CUS (Figure 4.1). This timing of BrdU
administration was intended for the examination of the effects of CUS on the survival of new
neurons, independent of effects on cell proliferation.
Chronic Unpredictable Stress
Mice from each treatment group (Sham, OVX, E2, DPN, and PPT) were randomly assigned to
CUS or no-CUS conditions, resulting in 10 groups overall (n = 10-14). CUS consisted of
exposure to 13 stressors, applied twice daily in a pseudo-random order for a duration of 4 weeks
(Figure 4.1). The CUS protocol was adapted from published reports (Kreisel et al., 2014;
Mahmoud et al., 2016a; Wainwright et al., 2016a) and stressors used are detailed in Table 4.1.
Chronic unpredictable stress was chosen as it shows face, construct and predictive validity as an
animal model of depression (Willner, 2017). Mice in the no-CUS condition were housed in a
separate colony room to avoid the transfer of olfactory cues from CUS-exposed mice (Brechbuhl
et al., 2013), and left undisturbed with the exception of daily injections and weekly cage
changing.
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Stressor

Description

Wet bedding

500 ml of tap water in home cage for 3 hours

No bedding

Bedding removed from home cage for 3 hours

Soiled cage

Placed in a cage soiled by other mice for 3 hours

Tail bleed

Tail blood collection via needle poke

Restraint

Placed in well ventilated 50ml falcon tube for 1 hour

Cage tilting

Cage tilted at a 45° angle for 4 hours

Cage rotation

Housing with unfamiliar mice for 3 hours

Social isolation

Overnight social isolation, 18 hours

Elevated platform

Mice placed individually on a clear plexiglass elevated platform for 5 minutes

Lights off

Lights off for 3 hours during the light cycle

Continuous lighting

Continuous room lighting for two consecutive night cycles

Stroboscopic light

Flashing light (1 flash/sec) in an otherwise dark colony room during the light cycle

Noise

White noise from radio for 1 hour

Table 4.1 Stressors used in the Chronic Unpredictable Stress paradigm.

Behavioural Testing
All mice were assessed on a battery of tests starting the day after CUS. One test was applied per
day, and testing occurred in the order depicted in Figure 4.1. Mice were acclimatized to testing
rooms for 1 hour prior to each test. All behavioural scoring was performed by experimenters
blinded to group assignment.
Forced Swim Test. The forced swim test (FST) was used according to previous methods (Can et
al., 2012) to assess stress-coping behaviour which is sensitive to estrogens and exposure to
stressors (Rocha et al., 2005; Monteiro et al., 2015). Briefly, under dim light conditions, mice
were individually subjected to a 6-minute swimming session in a 4L glass beaker containing
clean water at 25 ± 0.5°C, filled to a depth of 15 cm. The test was filmed, and time spent in
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passive-coping behaviour across the test was scored. Mice were considered to display passivecoping behaviour when immobile, with the absence of any movements except those necessary to
remain afloat or keep the head above water.
Tail Suspension Test. The tail suspension test (TST) was used as an additional test of stresscoping behaviour, and performed according to standard methods (Can et al., 2011). Briefly, mice
were suspended by the tail using laboratory tape (Fisherbrand TM labeling tape) placed 2-3 mm
from the tip of the tail, in a 3-walled rectangular chamber. Prior to suspension, and to prevent
tail-climbing behaviour which is common in this strain, tails were passed through a 4cm hollow
rubber tubing to cover a portion of the tail, as per previous methods (Can et al., 2011). The 6minute duration of the test was filmed, and percent time spent immobile was considered an index
of passive-coping behaviour.
Sucrose preference test. Anhedonia-like behaviour was assessed in the sucrose preference test
which was adapted from published methods (Pothion et al., 2004). Mice were acclimatized to
two water bottles in the home cage for 24 hours and individually housed approximately 4 hours
prior to testing. Testing occurred during the dark phase (19:00-07:00) in which mice were
presented with two bottles, one containing 1% sucrose and the other tap water. The right-left
position of sucrose was counterbalanced between mice in each group. Sucrose preference was
calculated as the percentage of sucrose consumed over total liquid consumed.
Novelty Suppressed feeding. Anxiety-like behaviour was assessed using the novelty suppressed
feeding test (NSF), adapted from previously published methods (Samuels and Hen, 2011).
Behaviour in this test is sensitive to chronic stress exposure and ovarian status (Stedenfeld et al.,
2011; Mahmoud et al., 2016a), and chronic antidepressant treatment produces an anxiogenic
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effect in a neurogenesis-dependent manner in males (Santarelli et al., 2003). Briefly, mice were
deprived of food for 24 hours, then individually placed in one corner of an open arena
(50x50x20cm) containing a froot loop© in the centre, and latency to start feeding was measured.
Testing was performed under bright light conditions, and the arena was cleaned with 70% EtOH
between mice. If a mouse did not feed within 10 minutes, it was removed from the arena and
given a latency of 600 seconds in the analysis. Mice were returned to their home cage following
testing, and food consumed within 5 minutes in the home cage was measured to account for
potential appetite differences. Mice were re-grouped after the test. To avoid a neophobic reaction
to the food, froot loops© were introduced to the home cage for 3 days prior to the test.
Dexamethasone suppression and HPA axis stress reactivity tests
Disrupted HPA axis negative feedback inhibition is an endocrine hallmark of MDD (Ising et al.,
2007; Stetler and Miller, 2011), and estrogens regulate HPA negative feedback function (Goel et
al., 2014). Therefore, half the animals from each group were subjected to the dexamethasone
(DEX) suppression test to assess the integrity of the glucocorticoid-dependent negative-feedback
function of the HPA axis. DEX (i.p.; 100 ug/kg) was administered 15 minutes prior to the regular
treatment (E2, DPN, PPT, or oil). Mice were subjected to a 30-min restraint stressor starting 90
minutes after DEX administration, and blood was collected via tail vein nick at the end of
restraint. To investigate HPA axis reactivity to an acute stressor, the other half of animals from
each group received a vehicle injection (0.9% saline) in place of DEX, with the remainder of the
procedure (restraint and blood collection) being identical. Blood samples were placed at 4°C
overnight, then centrifuged for 15 min at 1000 x g and serum aliquots were stored at -20°C until
processing.
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Tissue harvesting and processing
Mice were euthanized approximately 2 hours after the DEX/HPA axis stress reactivity test. To
obtain fixed brain tissue for immunohistochemistry, approximately half the mice in each group
were deeply anesthetized with sodium pentobarbital (i.p.) then perfused with 10mL of cold 0.9%
saline followed by 20mL of cold 4% paraformaldehyde (PFA). Brains were extracted
immediately and post-fixed at 4°C in 4% PFA for 24 hours, then transferred to a 30% sucrose
solution (in 0.1 M Phosphate Buffer; pH 7.4) and kept at 4°C until sectioning. To obtain fresh
tissue for electrochemiluminescence immunoassays, the other half of mice in each group were
euthanized by rapid decapitation and brains were removed immediately and micro-dissected on a
cold surface. Specifically, the entire rostral-caudal extent of the hippocampus was dissected, and
the frontal cortex was collected anterior to the genu of the corpus callosum (Bregma 1.42mm).
Tissue was flash-frozen on dry ice and stored at -80°C until homogenized. Blood was collected
via cardiac puncture from perfused mice, and trunk blood was collected from decapitated mice.
In both cases, blood was collected into EDTA-coated tubes, centrifuged for 15 minutes at 4°C at
1000 x g, then plasma aliquots were stored at -80°C until processing.
Electrochemiluminescence immunoassays
In preparation for electrochemiluminescence immunoassays (ECLIAs), frontal cortices and
hippocampi were homogenized individually in cold lysis buffer (200µl and 150µL respectively)
using an Omni Bead Ruptor (Omni international, Kennesaw, GA). Homogenates were
immediately centrifuged at 2600rpm and 4°C for 10 minutes, and aliquots were stored at -80°C
until processing. ECLIA kits from Meso Scale Discovery (MSD; Rockville MD) were used for
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the quantification of cytokines and PSD-95. All assays were performed in accordance with
manufacturer’s instructions, with samples run in duplicates. Plates were read using a Sector
Imager 2400 (MSD; Rockville MD), and data were analyzed using the Discovery Workbench 4.0
software (MSD). ECLIA values were normalized to total protein concentrations, which were
measured in tissue homogenates in triplicates using the Pierce Micro BCA Protein Assay
Kits (ThermoFisher Scientific) according to manufacturer instructions.
Cytokine quantification: Because inflammation is implicated in MDD (Dowlati et al., 2010;
Haapakoski et al., 2015; Enache et al., 2019), several immune mediators were measured in the
hippocampus and frontal cortex. The V-PLEX Proinflammatory Panel 1 kit (mouse) from MSD
(catalogue no. K15048D) was used, which allows for the concurrent quantification of
interleukin-1beta (IL-1β), interleukin-2 (IL-2), interleukin-4 (IL-4), interleukin-6 (IL-6),
interleukin-10 (IL-10), interferon-gamma (IFN-γ), tumor necrosis factor- α (TNF-α), chemokine
(C-X-C motif) ligand 1 (CXCL1), granulocyte-macrophage colony-stimulating factor (GMCSF), and vascular endothelial growth factor (VEGF), thus provides a comprehensive picture of
the inflammatory state. The following lower limits of detection (LLODs) were observed: IL-1β:
0.74-0.88 pg/ml; IL-2: 2.1-2.6 pg/ml; IL-4: 0.35-0.45 pg/ml; IL-6: 5.6-6.2 pg/ml; IL-10: 1.1-1.8
pg/ml; IFN-γ: 0.07-0.11 pg/ml; TNF-α: 0.88-1.32 pg/ml; CXCL1: 0.17-0.36 pg/ml; GM-CSF:
0.09- 0.13 pg/ml; and VEGF: 0.31-0.38 pg/ml. Values below the LLOD were assigned 0pg/mL,
as published previously (Bodnar et al., 2017; Eid et al., 2019a).
PSD-95 quantification: PSD-95 was quantified because its expression is regulated by E2, DPN
and PPT in the hippocampus of female rats and mice (Li et al., 2004; Waters et al., 2009) and
because it’s reduced in the PFC of individuals with MDD (Feyissa et al., 2009) and with chronic
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stress exposure in rodents (Kallarackal et al., 2013; Kim and Leem, 2016; Pacheco et al., 2017).
PSD-95 protein expression was quantified in hippocampus and frontal cortex samples using a
PSD-95 kit from MSD (catalogue no. K150QND).
Immunohistochemistry
For immunohistochemical staining, PFA-fixed brains were sliced into 30µm coronal sections
using a Leica SM2000R Microtome (Richmond Hill, Ontario, Canada). Sections were stored at 20 °C in a cryoprotective solution containing 20% glycerol (Sigma-Aldrich, St. Louis, MO,
USA) and 30% ethylene glycol (Sigma-Aldrich) in 0.1 M phosphate-buffer (PB, pH 7.4). Tissue
was rinsed in 0.1M phosphate-buffered saline (PBS; pH 7.4; 3 x 10 min) to remove the
cryoprotectant prior to staining and between all incubations. Unless otherwise noted, all
incubations were performed on a rotator and at room temperature.
BrdU/NeuN: We examined the co-expression of BrdU with the neuronal marker NeuN to
determine the proportion of BrdU immunoreactive (ir) cells that are neurons. Sections were
incubated for 24 hours at 4°C in a primary antibody solution containing mouse anti-NeuN
(catalogue no. MAB377; Millipore, Billerica, MA, USA) diluted 1:250 in 0.3% Triton-X and 3%
normal donkey serum (NDS) in 0.1M PBS. Sections were then transferred to a secondary
antibody solution containing 1:200 donkey anti-mouse Alexa Fluor 488 (Invitrogen, Burlington,
ON, Canada) and incubated for 24 hours at 4°C. Sections were fixed in 4% PFA (in 0.1 PBS; 1 x
10 mins) followed by 0.9% saline (2 x 10 mins), before being transferred to 2N HCL for 30
mins at 37°C. Sections were then incubated for 24 hours at 4°C in a primary antibody solution
containing rat anti-BrdU (catalogue no. ab6326; Abcam, Cambridge, UK) diluted 1:500 in 0.3%
Triton-X and 3% NDS in 0.1M PBS. Sections were transferred to a secondary antibody solution
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containing 1:500 donkey anti-rat Alexa Fluor 594 (Jackson ImmunoResearch) in 0.1M PBS for
24 hours. Sections were finally mounted onto glass slides (Superfrost Plus; Fisher scientific,
Pittsburgh, PA, USA) and cover-slipped with polyvinyl alcohol (PVA)-DABCO (SigmaAldrich).
Ionized calcium binding adaptor molecule-1 (Iba-1): Iba-1 is a calcium-binding protein
commonly utilized as a microglial marker (Korzhevskii and Kirik, 2016). Microglia were
investigated as positron emission tomography studies provide evidence of increased microglial
activation in MDD, and this effect is associated with illness duration and correlated with
depression severity (Setiawan et al., 2015, 2018). Hippocampal and ventromedial prefrontal
cortex (vmPFC) sections were incubated for 25 min in 0.3% hydrogen peroxide (in dH 2O) then
blocked for 1 h with 10% normal goat serum (NGS) and 0.5% Triton-X in 0.1M PBS. Sections
were transferred to a primary antibody solution containing rabbit anti-Iba-1 (1:1000; catalogue
no. 019-19741; Wako, Osaka, Japan) in 10% NGS and 0.4% Triton-X in 0.1M PBS and
incubated at 4°C for 20 hours. Next, sections were incubated in a secondary antibody solution for
1 hour, consisting of 1:500 biotinylated goat anti-rabbit (Vector Laboratories) in 2.5% NGS and
0.4% Triton X in PBS. Sections were then incubated for 1 h in ABC (Elite kit; 1:50, Vector
Laboratories) in 0.4% Triton-X in PBS, then immunoreactants were visualized with a 7 min
diaminobenzidine (DAB) reaction (Vector Laboratories). Sections were mounted on glass slides,
allowed to dry, then dehydrated in increasing graded ethanol solutions, cleared with xylene, and
cover-slipped with Permount (Fisher Scientific).
Microscopy, cell quantification, and optical density
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BrdU- ir cell quantification was performed by an experimenter blinded to group assignment
under a 100x objective on an Olympus BX51 brightfield microscope equipped with
epifluorescence. A representative photomicrograph is depicted in Figure 4.4C. BrdU-ir cells
were exhaustively quantified in every 10th section of the hippocampus specifically within the
granule cell layer (GCL) and the subgranular zone (SGZ), defined as the 50µm band between the
GCL and hilus. Cells were quantified separately in the dorsal and ventral hippocampus as these
regions have distinctive functions (Fanselow and Dong, 2010). Raw counts were multiplied by
10 to obtain an estimate of the total number of BrdU-ir cells in the hippocampus (Mahmoud et
al., 2016a; Pan et al., 2012). BrdU-ir cells were examined for NeuN co-expression to estimate the
proportion of BrdU-ir cells that are neurons (calculated as BrdU/NeuN co-labeled cells divided
by the total number of BrdU-ir cells). Then, to obtain a neurogenesis index for each animal, the
estimated total number of BrdU-ir cells was multiplied by the ratio of BrdU/NeuN co-labeled
cells.
Optical density of Iba-1 expression was measured using ImageJ in images obtained using
CellSens software (Olympus) at 10x with fixed gain and exposure settings, as we have done
previously (Workman et al., 2015; Wainwright et al., 2016a). Six sections were sampled per
animal, including two sections each for the dorsal hippocampus (Bregma -1.66 to -2.35mm),
ventral hippocampus (Bregma -3.18 to -3.58mm), and vmPFC (Bregma 1.54 to 1.94mm, with
infralimbic (IL) and prelimbic (PL) regions sampled separately). Background grey value was
obtained in each image from an average of open ellipses placed randomly in 10 nonimmunolabeled areas, and threshold for immunoreactivity was set at 3-times the mean
background grey value. In hippocampal slices, the GCL, SGZ and an approximately 50μm band
of the molecular layer (ML) were traced and mean grey value per area was calculated. In vmPFC
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slices, mean grey value per area was measured in two 0.85mm2 regions placed within the IL and
PL regions.
Vaginal cytology for estrous cycle staging
Behaviour, immune, and neural measures can be affected by estrous cycle stage (Woolley et al.,
1990; Beagley and Gockel, 2003; Meziane et al., 2007). Therefore, vaginal cells were collected
by lavage from sham-operated mice on all behavioural testing days and prior to euthanasia, and
estrous cycle stage was determined according to previous methods (Cora et al., 2015). To
account for potential effects of the procedure, all ovariectomized mice were also lavaged.
Radioimmunoassays for corticosterone quantification
Corticosterone concentrations were measured in serum samples obtained from HPA axis stress
reactivity and DEX suppression tests. Corticosterone double-antibody radioimmunoassay kits
(MP biomedicals, Solon, OH) were used according to manufacturer’s instructions and the interand intra-assay coefficients of variation were < 10%.
Statistical analyses
Statistica software (Tulsa, OK) was used for all analyses. Behavioural measures (FST, TST,
NSF, and SPT), cytokines, and CORT concentrations were each analyzed by factorial analysis of
variance (ANOVA) with treatment (Sham, OVX, E2, DPN, PPT) and stress condition (CUS, noCUS) as the between-subject factors. Neurogenesis index, proportion of of BrdU/NeuN colabeled cells, PSD-95 expression, and Iba-1 optical density were each analyzed using repeated
measures ANOVA with treatment (Sham, OVX, E2, DPN, PPT) and stress condition (CUS, noCUS) as the between-subject factors and brain region (dorsal and ventral hippocampus, or
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hippocampus and frontal cortex) as the within-subject factors. Given that 10 cytokines were
measured in each brain region, Principal Component Analyses (PCAs) were used as a
dimensionality reduction tool (Jolliffe, 2002; Ringner, 2008). PCA reduces the number of
potentially correlated variables (in this case cytokines) into a small set of uncorrelated variables
called Principal Components (PCs). These components are ordered such that the first PC (PC1)
accounts for most of the variance within the data. This approach was used to derive information
about the amount of variance in the data that can be accounted for by potential cytokine
networks. Because PCA does not take into account group membership, ANOVAs were
subsequently applied to individual PC scores as we have published previously (Eid et al., 2019a),
in order to explore the effects of treatments and CUS exposure on cytokine networks. DEX was
used as a covariate in all cytokine analyses as DEX was administered to half the animals on
tissue collection day, and because glucocorticoids have anti-inflammatory effects (Bereshchenko
et al., 2018). Body mass was used as a covariate when analyzing immobility in FST. Estrous
cycle stage was used as a covariate for all analyses. Covariate effects are only reported when
significant. Neuman-Keul’s comparisons were used for post-hoc analyses and any a priori
comparisons employed were subjected to Bonferroni correction. Outliers that fell more than 2.5
standard deviations away from the mean were removed from analyses. Significance was set at
α=0.05. Were appropriate, effect sizes are given as partial η2 or Cohen's d.
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Figure 4.1 Timeline depicting the sequence of experimental events. Ovariectomy or sham surgery was performed at
approximately 3 months of age. Following 7-9 days of recovery, all mice received daily subcutaneous treatment (oil, E2, DPN, or
PPT) until experimental endpoint (47 days total). On treatment day 14 all mice received two BrdU injections. Starting on
treatment day 15, half the mice from each treatment group were subjected to CUS (28 days). Behavioural tests were administered
starting the day after CUS in the following order (one test/day): forced swim test, sucrose preference test, novelty suppressed
feeding test, and tail suspension test. On the final day of the experiment mice were subjected to the dexamethasone suppression
test or the hypothalamic-pituitary-adrenal axis stress reactivity test before tissue harvesting. BrdU, bromodeoxyuridine; CUS,
chronic unpredictable stress; E2, 17β-estradiol; DPN, diarylpropionitrile; PPT, propylpyrazole-triol.

4.3

Results

TST: 1) CUS increased immobility, and this effect was primarily driven by ER agonists
groups. 2) Ovariectomy increased immobility, and this effect was prevented by estrogenic
treatments only under no-CUS Conditions.
As expected, CUS significantly increased immobility in the TST (main effect of CUS condition:
F(1, 111)=11.96, p<0.001, η2p=0.097; Figure 4.2A1 ). This effect of CUS to increase immobility
was clearly driven by the ER agonist groups (PPT and DPN; both p’s < 0.0052, Cohen’s d =
0.88-1.1, relative to no-CUS counterparts; Figure 4.2A2-3), and to a lesser extent by the E2 group
(p=0.10, relative to no-CUS counterparts; a priori comparisons: treatment by CUS condition
interaction: p=0.19). Further, ovariectomy increased immobility in the TST relative to Sham and
144

DPN groups (p’s <0.03, Cohen’s d = 0.7-1.0; main effect of treatment: F(4, 111)=3.06, p=0.02,
η2p = 0.099; Figure 4.2A2). Upon closer examination, this ovariectomy-induced increase in
immobility was prevented by E2, DPN, and PPT treatments under no-CUS conditions only (p’s
<0.04; a priori comparisons, treatment by CUS condition interaction: p=0.19; Figure 4.2A3). In
an additional exploratory analysis of TST data, we performed a median split and categorized
mice into low immobility or “resilient”, versus high immobility or “susceptible” phenotypes,
adapted from previous reports (Wells et al., 2017). We then performed a Chi-square test to
compare the frequency of mice that were susceptible versus resilient between groups under CUS
conditions: χ2(9) = 16.17, p = 0.06 (frequencies reported in Table 4.2). In the CUS exposed mice
only, OVX mice displayed a bias toward a susceptible phenotype, whereas sham-operated mice
displayed a bias toward a resilient phenotype. Further, a bias toward a susceptible phenotype is
seen in PPT-treated groups, whereas E2- and DPN-treated groups showed an even split of
resilient and susceptible mice after CUS.
Ovariectomy reduced latency to feed in NSF regardless of CUS exposure, and this effect
was prevented by E2 treatment
Regardless of CUS condition, OVX significantly reduced latency to feed in NSF in comparison
to Sham (p=0.029, Cohen’s d = 0.63; main effect of treatment: F(4, 111)=3.99, p=0.005, η2p =
0.13; Figure 4.2B). This effect of OVX to reduce latency to feed was prevented by E2 (p=0.92,
relative to Sham) but not by DPN or PPT treatments (p’s <0.05, relative to Sham). There was no
significant main effect of CUS condition nor a treatment by CUS condition interaction (p’s
>0.15). There were also no significant group differences in home cage food consumption postNSF (all p’s >0.4; data not shown).
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Figure 4.2 Percentage of time spent immobile in the tail suspension test (A1-3), and latency to feed in the novelty suppressed
feeding test (B). Figures A2 and A3 depict the same data, organized differently across the x-axis for clarity of effects. (A1) CUS
significantly increased immobility in TST; # indicates p<0.001, main effect of CUS condition. (A2, A3) The effect of CUS to
increase immobility was primarily driven by DPN- and PPT-treated groups; $ indicate p’s <0.0052, significantly higher than noCUS treatment counterparts. (A2) Ovariectomy significantly increased immobility, * indicates p <0.03, relative to Sham and
DPN. (A3) the effect of ovariectomy to increase immobility was prevented by all estrogenic treatments only under non-CUS
conditions only; + indicates p’s <0.05, relative to all non-CUS groups. (B) Ovariectomy significantly decreased latency to feed in
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NSF, and this effect was prevented by E2 treatment only, * indicate p <0.05, relative to sham. TST, tail suspension test; NSF,
novelty suppressed feeding; CUS, chronic unpredictable stress; OVX, ovariectomized; E2, 17β-estradiol; DPN,
diarylpropionitrile; PPT, propylpyrazole-triol. Data in means + standard error of the mean.

There were no significant group differences in FST immobility or sucrose preference
There were no significant group differences in % time spent immobile in the FST or % sucrose
preference (p’s >0.11 for main effects of CUS condition and treatment and their interaction;
Table 4.2).
Group

% time spent immobile

% sucrose preference

in FST

# of resilient in TST

# of susceptible in TST

(low immobility)

(high immobility)

no-CUS
Sham

47.75 ± 3.49

82.24 ± 6.49

7

3

OVX

45.69 ± 5.11

84.62 ± 3.37

4

10

E2

51.60 ± 4.97

89.64 ± 1.51

9

5

DPN

48.27 ± 4.28

87.79 ± 2.25

8

3

PPT

41.35 ± 3.81

86.26 ± 1.93

9

5

Sham

41.92 ± 3.49

90.92 ± 2.26

7

3

OVX

42.38 ± 3.86

90.98 ± 0.81

4

9

E2

47.84 ± 2.97

89.86 ± 3.84

6

7

DPN

41.72 ± 3.35

92.75 ± 1.30

6

7

PPT

42.94 ± 4.15

81.06 ± 3.95

3

10

CUS

Table 4.2 Percent time spent immobile in the forced swim test, percent sucrose preference, and frequency of resilient
versus susceptible mice in the tail suspension test. No significant group differences were observed. Data show as mean ±
standard error of the mean. CUS, chronic unpredictable stress; Sham, sham-operated; OVX, ovariectomized; 17β-E2, estradiol;
DPN, diarylpropionitrile; PPT, propylpyrazole-triol; FST, forced swim test; NSF, novelty suppressed feeding; TST, tail
suspension test.
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E2 treatment reduced CORT response to acute restraint stress
In the HPA axis stress reactivity test, E2 treatment reduced post-restraint stress CORT
concentrations relative to all other treatment groups (p’s <0.025, Cohen’s d = 0.6-1.8; main
effect of treatment: F(4, 49)=3.96, p=0.007, η2p = 0.24; Figure 4.3A). There was no significant
main effect of CUS condition nor a treatment by CUS condition interaction (p’s >0.4).
CUS enhanced the dexamethasone suppression of CORT in most treatment groups
In the DEX suppression test, CUS exposure significantly reduced post-restraint stress CORT
concentrations in Sham (p=0.0015, Cohen’s d = 1.8), OVX (p=0.00057, Cohen’s d = 2.0), and
DPN (p=0.011, Cohen’s d = 2.5) groups, with a trend in PPT (p=0.06), but not in E2 (p=0.9;
Figure 4.3B; treatment by CUS condition interaction: F(4, 51)=3.42, p=0.015, η2p = 0.21).
Further, E2 treated mice had sigificantly lower CORT concentrations relative to all treatment
groups in the no-CUS condition (p<0.01; Figure 4.3B) except PPT (p=0.15). There were also
significant main effects of treatment and stress condition (p’s <0.001).
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Figure 4.3 Serum corticosterone concentrations in the hypothalamic-pituitary-adrenal (HPA) axis stress reactivity test (A)
and dexamethasone (DEX) suppression test (B). (A) E2 treatment reduced serum corticosterone concentrations immediately
following an acute restraint stressor; * indicates p<0.025 relative to all other treatment groups. (B) CUS exposure significantly
enhanced dexamethasone suppression of corticosterone in Sham, OVX and DPN groups, and a similar but non-significant trend
was detected with PPT treatment (* indicates p<0.02 relative to no-CUS counterparts). Further, under no-CUS conditions E2
treatment reduced corticosterone concentrations (# indicates p <0.01 relative to Sham, OVX, and DPN treated no-CUS groups).
CUS, chronic unpredictable stress; OVX, ovariectomized; 17β-E2, estradiol; DPN, diarylpropionitrile; PPT, propylpyrazole-triol.
Data in means + standard error of the mean.

CUS exposure reduced the proportion of BrdU-ir cells that expressed NeuN in ventral
dentate gyrus
In the ventral dentate gyrus only, CUS exposure reduced the proportion of BrdU/NeuN colabeled cells (p = 0.04, Cohen’s d = 0.4; region by CUS condition interaction: F(1, 53)=5.73,
p=0.02; Table 4.3). Further, the proportion of BrdU/NeuN co-labeled cells was overall higher in
the dorsal, compared to the ventral, dentate gyrus (main effect of region: F(1, 53)=14.508,
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p=0.0004. η2p =0.2). There was also a trend for a region by treatment interaction (p=0.08),
where, intriguingly, E2 increased the proportion of dorsal BrdU-ir cells that also expressed
NeuN, suggesting a promotion of cell fate toward a neuronal phenotype with chronic E2,
regardless of stress condition (compared to OVX and Sham p’s <0.008; a priori comparisons).
There were no other significant main effects or interactions (p’s >0.2).

Group

Dorsal ratio

Ventral ratio

Sham

0.60 ± 0.079

0.70 ± 0.028

OVX

0.73 ± 0.067

0.65 ± 0.052

E2

0.81 ± 0.028$

0.73 ± 0.031

DPN

0.73 ± 0.052

0.72 ± 0.031

PPT

0.70 ± 0.046

0.64 ± 0.067

Sham

0.69 ± 0.042

0.61 ± 0.094

OVX

0.67 ± 0.052

0.62 ± 0.084

E2

0.83 ± 0.017$

0.56 ± 0.062

DPN

0.79 ± 0.023

0.64 ± 0.064

PPT

0.77 ± 0.055

0.70 ± 0.014

no-CUS

CUS

*

Table 4.3 Proportion of BrdU/NeuN co-labeled cells in dorsal and ventral dentate gyrus. * indicates CUS exposure
significantly reduced the proportion of BrdU/NeuN co-labeled cells only in the ventral dentate gyrus, p = 0.04. $ indicates E2
increased the proportion of BrdU/NeuN co-labeled cells only in the dorsal dentate gyrus, but regardless of CUS condition, p
<0.008, compared to OVX and Sham groups. BrdU: bromodeoxyuridine CUS, chronic unpredictable stress; Sham, shamoperated; OVX, ovariectomized; 17β-E2, estradiol; DPN, diarylpropionitrile; PPT, propylpyrazole-triol.
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CUS reduced neurogenesis in the ventral dentate gyrus and E2 increased neurogenesis in
the dorsal dentate gyrus
Irrespective of CUS exposure, E2 significantly increased neurogenesis index in the dorsal GCL
only, relative to all other treatments (all p’s <0.0003, Cohen’s d = 0.7-1.2; region by treatment
interaction: F(4, 53)=3.37, p=0.016, η2p =0.2; Figure 4.4A). CUS exposure reduced neurogenesis
index in the ventral dentate gyrus (p=0.05, Cohen’s d = 0.5) but not in the dorsal dentate gyrus
(p=0.28; region by CUS condition interaction: F(1, 53)=7.48, p=0.008, η2p =0.12; Figure 4.4B).
There were also significant main effects of treatment and region (p’s <0.04) but no other main
effects or interactions (p’s >0.5).
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Figure 4.4 Neurogenesis index in the dorsal (A) and ventral (B) dentate gyrus. (A) Estradiol treatment significantly
increased neurogenesis in the dorsal granule cell layer (GCL); * indicates p<0.0003 relative to all other treatment groups. (B)
CUS exposure significantly reduced neurogenesis in the ventral GCL; * indicates p = 0.05 relative to no-CUS. Inset graph depicts
the data by treatment and CUS condition. (C) Representative photomicrographs of the granule cell layer (GCL) of the dentate
gyrus, obtained at 60x magnification showing two BrdU-ir cells (orange) co-expressing NeuN (green). GCL, granule cell layer
BrdU, bromodeoxyuridine; CUS, chronic unpredictable stress; OVX, ovariectomized; 17β-E2, estradiol; DPN,
diarylpropionitrile; PPT, propylpyrazole-triol. Data in means + standard error of the mean.
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CUS exposure decreased PSD-95 expression in the hippocampus and frontal cortex, and
this effect was observed primarily in DPN- and PPT-treated groups
CUS exposure significantly decreased PSD-95 expression in the hippocampus and frontal cortex
(main effect of CUS condition: F(1, 45)=7.89, p=0.007, η2p =0.15; Figure 4.5A). The effects of
CUS to decrease PSD-95 were largely driven by PPT and DPN groups (p’s<0.05, relative to nonCUS counterparts; CUS condition by treatment interaction: F(4, 45)=2.67, p=0.044, η2p =0.19).
Further, PSD-95 expression was overall significantly higher in the hippocampus than the frontal
cortex (main effect of region: F(1, 45)=98.18, p<0.001 η2p=0.69; Figure 4.5B). There were no
other main effects or interactions (all p’s >0.1).

Figure 4.5 Postsynaptic density protein 95 expression in the hippocampus and frontal cortex, normalized by total protein
concentrations. (A) CUS exposure decreased PSD-95 expression in both regions; * indicate P=0.007, main effect of CUS
condition. (B) PSD-95 expression was significantly higher in the hippocampus in comparison with the frontal cortex. # indicates
p <0.001, main effect of region. PSD-95, postsynaptic density-95; CUS, chronic unpredictable stress; OVX, ovariectomized; E2,
17β-estradiol; DPN, diarylpropionitrile; PPT, propylpyrazole-triol. Data in means + standard error of the mean.

153

Cytokine PCA results
CUS increased PC1 scores in the hippocampus, an effect driven primarily by Shamoperated and DPN-treated groups, and Sham-operated mice had lower PC2 scores
The model generated two principal components, accounting for 57.5% of the variance within the
dataset, with variance explained by principal component 1 (PC1) = 39.7%, and PC2 = 17.8%.
Factor loadings are shown in Table 4.4. ANOVA results reveal that CUS exposure increased
PC1 scores (main effects of CUS condition: F(1, 53)=6.2920, p=0.015, η2p =0.11; Figure 4.6A),
a significant covariate effect of DEX to reduce scores (p=0.002), but no significant main effect of
treatment (p=0.45). The effect of CUS exposure to increase PC1 scores appears to be driven by
Sham and DPN groups (p=0.027 and 0.017, relative to no-CUS counterparts; a priori
comparisons, CUS condition by treatment interaction: F(4, 53)=1.63, p=0.18). PC2 scores were
lower in Sham relative to all other treatment groups (p’s <0.02; main effect of treatment: F(4,
52)=3.39, p=0.016, η2p =0.21; Figure 4.6B), but this missed significance in comparison to PPT
treatment (p=0.08). There was also trend toward significance for CUS to reduce PC2 scores
(p=0.07), but no significant CUS condition by treatment interaction (F(4, 52)=1.3093, p=0.28).
CUS increased PC1 scores in the frontal cortex, an effect driven primarily by PPT
treatment
The model generated two principal components, accounting for 71.4% of the variance within the
dataset, with variance explained by PC1 = 53.2% and PC2 = 18.2%. Factor loadings are shown
in Table 4.4. ANOVA results show that CUS exposure significantly increased PC1 scores (main
effect of CUS condition: F(1, 45)=13.43, p=0.00065, η2p =0.23; Figure 4.6C). This effect appears
to be driven by PPT-treated mice (p=0.003; relative to no-CUS counterparts) with a trend toward
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significance in OVX (p=0.068; a priori comparisons; treatment by CUS condition interaction:
F(4, 45)=1.12, p=0.36). There was also a significant covariate effect of DEX (p=0.024), but no
significant main effect of treatment (p=0.14). PC2 scores were not significantly affected by
treatment, CUS condition, nor their interaction (p’s >0.1; Figure 4.6D), but there was a
significant covariate effect of DEX (p=0.009).

Hippocampus

Frontal cortex

Variable

PC1

PC2

PC1

PC2

GM-CSF

0.52

-0.18

0.20

0.81

IFN- γ

0.71

0.38

0.78

0.20

IL-10

0.90

-0.06

0.89

0.15

IL-1 β

0.87

-0.30

0.90

-0.07

IL-2

0.59

-0.63

0.80

0.14

IL-4

0.64

0.30

0.73

0.15

IL-6

0.41

0.56

0.91

-0.05

CXCL1

0.11

0.64

-0.22

0.68

TNF-α

0.82

-0.12

0.94

-0.13

VEGF

0.15

0.52

-0.37

0.76

Table 4.4 Principle component analyses loading table. High loadings (> 0.4) indicated in bold text. CUS, chronic
unpredictable stress; Sham, sham-operated; OVX, ovariectomized; E2, 17β-estradiol; DPN, diarylpropionitrile; PPT,
propylpyrazole-triol; IL, Interleukin; IFN-γ, Interferon-gamma; TNF-α, tumor necrosis factor-α; CXCL1, chemokine (C-X-C
motif) ligand 1; GM-CSF, Granulocyte-macrophage colony-stimulating factor; VEGF, vascular endothelial growth factor
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Figure 4.6 Principal component scores in hippocampus (A-B) and frontal cortex (C-D) analyses of cytokine data. (A) In
the hippocampus, CUS exposure significantly increased principal component (PC) 1 scores, and this effect was driven by=Sham
and DPN groups only; * indicate p<0.03, relative to no-CUS counterparts. (B) Sham-operated groups had significantly lower PC2
scores in the hippocampus; * indicates p’s <0.02, in comparison with all treatments except PPT (p=0.08). (C) In the frontal
cortex, CUS exposure significantly increased PC1 scores, and this effect was driven by PPT treatment; * indicates p=0.003
relative to no-CUS counterparts. (D) There were no significant group differences in frontal cortex PC2 scores. PC, principal
component; CUS, chronic unpredictable stress; OVX, ovariectomized; E2, 17β-estradiol; DPN, diarylpropionitrile; PPT,
propylpyrazole-triol. Data in means + standard error of the mean.
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Individual cytokine results: CUS increased several cytokines in the hippocampus and
frontal cortex, but the effects of estrogens were limited to VGEF and CXCL1 in the
hippocampus
In the hippocampus, CUS exposure significantly increased TNF-α, IL-1β, and IL-10
concentrations (main effects of CUS: F(1, 53)=6.84, p=0.012, η2p=0.11; F(1, 51)=12.87,
p=0.0007, η2p= 0.20; and F(1, 53)=7.38, p=0.0009, η2p=0.12, respectively; Figure 4.7A-C), but
decreased CXCL1 concentrations (F(1, 52)=4.01, p=0.05; Figure 4.7D). However, IL-2, IL-4,
IL-6, IFN-γ, VGEF, and GM-CSF were not significantly affected by CUS exposure (p’s>0.16).
Estrogens only significantly influenced two proteins: VEGF and CXCL1. Specifically, the ERβ
agonist, DPN, increased hippocampal VEGF concentration relative to Sham and PPT groups (p’s
<0.03; main effect of treatment: F(4, 53)=3.55, p=0.012, η2p=0.21; Figure 4.7E), and E2
significantly increased hippocampal CXCL1 concentrations relative to Sham mice (p = 0.0045;
main effect of treatment: F(4, 52)=3.57, p=0.012, η2p=0.22; Figure 4.7D). There were no other
significant main or interaction effects for any other cytokine in the hippocampus (p’s >0.083;
Table 4.5). Finally, there was a significant covariate effect of DEX to reduce IL-1β, IL-6, IL-10,
and TNF-α concentrations (p’s<0.05) and trends toward significance to reduce IL-2 (p=0.051)
and GM-CSF (p=0.07) concentrations. DEX was not a significant covariate for concentrations of
IFN-γ, VGEF, CXCL1, IL-4 (p’s >0.14).
In the frontal cortex, CUS exposure significantly increased TNF-α, IL-10, IL-1β, IL-2, IL-4, and
IL-6 concentrations (main effects of CUS condition: F(1, 48)=10.59, p=0.0021, η2p=0.18;
F(1,46)=4.00, p=0.05, η2p=0.08; F(1, 42)=15.63, p=0.0003, η2p=0.27; F(1, 44)=7.47, p=0.009,
η2p=0.15; F(1, 46)=4.79, p=0.034, η2p=0.09; and F(1, 44)=9.57, p=0.0034, η2p=0.18,
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respectively; Figure 4.7F-K). However, GM-CSF, IFN-g, VEGF, and CXCL1 concentrations
were not significantly affected by CUS exposure (p’s>0.09; Table 4.5). Estrogens did not
significantly influence any cytokine in the frontal cortex (all p’s >0.13), nor were there any
significant CUS condition by treatment interactions for any cytokine (p’s >0.055). Finally, there
was a significant covariate effect of DEX to reduce IL-1β, IL-6, and VGEF in the frontal cortex
(p’<0.02), and a trend toward significance for reduced TNF-α (p=0.065), but not for any other
cytokine examined (p’s >0.13).
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Figure 4.7 Protein concentrations of immune mediators in the hippocampus (A-E) and frontal cortex (F-K). CUS exposure
increased TNF-α (A), IL-1β (B), and IL-10 (C) concentrations in the hippocampus; * indicates p <0.015, main effect of CUS
condition. (D) CUS exposure decreased and E2 treatment increased CXCL1 concentrations in the hippocampus; * indicates
p=0.05, main effect of CUS exposure, and # indicates p=0045 relative to Sham. (E) DPN treatment significantly increased VEGF
concentrations in the hippocampus; * indicates p<0.03, relative to Sham and PPT groups. CUS exposure increased TNF-α (F),
IL-1β (G), IL-10 (H), IL-2 (I), IL-4 (J), and IL-6 (K) concentrations in the frontal cortex* indicates p ≤0.05, main effect of CUS
condition. IL, Interleukin; TNF-α, tumor necrosis factor-α; CXCL1, chemokine (C-X-C motif) ligand 1; VEGF, vascular
endothelial growth factor; CUS, chronic unpredictable stress; OVX, ovariectomized; E2, 17β-estradiol; DPN, diarylpropionitrile;
PPT, propylpyrazole-triol. Data in means + standard error of the mean.

Hippocampus
Group
no-CUS
Sham

OVX
E2
DPN
PPT

Frontal cortex

GM-CSF

IFN-γ

IL-2

IL-4

IL-6

GM-CSF

IFN-γ

CXCL1

VEGF

0.014 ±
0.0017

ND

ND

0.0029 ±
0.0029

0.17 ±
0.14

0.022 ±
0.005

ND

1.37 ±
0.10

1.02 ±
0.05

0.015 ±
0.0011
0.014 ±
0.0008
0.016 ±
0.0012
0.013 ±
0.0011

ND

ND
0.0095 ±
0.0095
0.0176 ±
0.0176
0.0265 ±
0.0193

0.0036 ±
0.0025

0.29 ±
0.18
0.28 ±
0.10
0.06 ±
0.03
0.12 ±
0.06

0.023 ±
0.006
0.016 ±
0.005
0.030 ±
0.006
0.019 ±
0.004

ND

0.0008 ±
0.0008
ND

0.0066 ±
0.0047
0.0123 ±
0.0047
ND

1.99 ±
0.64
2.18 ±
0.39
2.34 ±
0.67
2.33 ±
0.62

0.89 ±
0.10
0.82 ±
0.15
1.12 ±
0.03
0.87 ±
0.13

0.017 ±
0.0024
0.014 ±
0.0015
0.015 ±
0.0025
0.014 ±
0.0022
0.013 ±
0.0024

ND

0.0112 ±
0.0051
0.0103 ±
0.0048
0.0097 ±
0.0055
0.0127 ±
0.0089
0.0038 ±
0.0038

0.19 ±
0.14
0.50 ±
0.23
0.25 ±
0.13
0.34 ±
0.10
0.13 ±
0.13

0.020
±0.004
0.021
±0.004
0.017
±0.003
0.015
±0.002
0.027 ±
0.006

0.0008 ±
0.0008
0.0002 ±
0.0002
0.0002 ±
0.0002
ND

1.09 ±
0.09
1.47 ±
0.28
2.46 ±
0.79
1.15 ±
0.13
1.30 ±
0.08

0.82 ±
0.05
0.94 ±
0.10
0.95 ±
0.08
0.81 ±
0.04
0.87 ±
0.07

ND

0.0002 ±
0.0002
ND
ND

CUS
Sham
OVX
E2
DPN
PPT

ND
ND
0.0012 ±
0.0008
0.0002 ±
0.0002

0.0970 ±
0.0706
0.0068 ±
0.0068
0.0345 ±
0.0227
0.0114 ±
0.0114
ND

0.0044 ±
0.0037

Table 4.5 Protein concentrations of immune mediators in the hippocampus and frontal cortex, normalized to total protein
concentrations (pg/mg). No significant group differences were observed. Data in mean ± standard error of the mean. ND, nondetectable; CUS, chronic unpredictable stress; Sham, sham-operated; OVX, ovariectomized; E2, 17β-estradiol; DPN,
diarylpropionitrile; PPT, propylpyrazole-triol; IL, Interleukin; IFN-γ, Interferon-gamma; CXCL1, chemokine (C-X-C motif)
ligand 1; GM-CSF, Granulocyte-macrophage colony-stimulating factor; VEGF, vascular endothelial growth factor.
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DPN treatment increased Iba-1 optical density in the dorsal GCL
Irrespective of CUS condition, DPN treatment increased Iba-1 optical density in the dorsal GCL
in comparison to OVX and E2-treated mice (p’s <0.05; main effect of treatment: F(4, 53)=2.98,
p=0.027, η2p=0.18; Figure 4.8A). There were no group differences in Iba-1 optical density in the
ventral GCL, IL-mPFC, or PL-mPFC (all p’s >0.2; no significant main effects or interactions;
Table 4.6).

Figure 4.8 Iba-1 optical density in the dorsal dentate gyrus. (A) DPN treatment increased Iba-1 optical density in the granule
cell layer of the dorsal dentate gyrus, irrespective of CUS exposure; * indicates p’s <0.05, significantly higher than OVX and E2
groups. (B) representative photomicrograph of the dentate gyrus obtained at 10x magnification showing Iba-1-immunoreactive
cells. OD, optical density; CUS, chronic unpredictable stress; OVX, ovariectomized; E2, 17β-estradiol; DPN, diarylpropionitrile;
PPT, propylpyrazole-triol. Data in means + standard error of the mean.
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Group

vGCL

PL vmPFC

IL vmPFC

Sham

0.49 ± 0.02

0.74 ± 0.04

0.75 ± 0.05

OVX

0.45 ± 0.02

0.71 ± 0.03

0.74 ± 0.04

E2

0.51 ± 0.03

0.74 ± 0.02

0.74 ± 0.02

DPN

0.47 ± 0.05

0.75 ± 0.03

0.80 ± 0.02

PPT

0.45 ± 0.04

0.71 ± 0.04

0.73 ± 0.05

Sham

0.51 ± 0.02

0.77 ± 0.02

0.78 ± 0.02

OVX

0.48 ± 0.02

0.72 ± 0.03

0.69 ± 0.03

E2

0.47 ± 0.03

0.74 ± 0.03

0.77 ± 0.06

DPN

0.53 ± 0.02

0.73 ± 0.04

0.76 ± 0.03

PPT

0.43 ± 0.01

0.81 ± 0.06

0.81 ± 0.06

no-CUS

CUS

Table 4.6 Iba-1 optical density in the ventral dentate gyrus and ventromedial prefrontal cortex. No significant group
differences were observed. Data in mean ± standard error of the mean. CUS, chronic unpredictable stress; Sham, sham-operated;
OVX, ovariectomized; E2, 17β- estradiol; DPN, diarylpropionitrile; PPT, propylpyrazole-triol; vGCL, ventral granule cell layer;
vmPFC, ventromedial prefrontal cortex; PL, prelimbic; IL, infralimbic

4.4

Discussion

This study employed a pharmacological approach to investigate the role of the classical estrogen
receptors, ERα and ERβ, in the behavioural, neuroplastic and neuroinflammatory consequences
of chronic stress exposure in female mice. CUS exposure increased immobility in the TST,
increased concentrations of neuroinflammatory mediators, reduced PSD-95 expression, and
reduced neurogenesis in the ventral hippocampus. The effects of ovarian status and estrogenic
treatments were overall less robust than those of CUS. We do, however, observe interesting
effects of estrogenic treatments that in some instances depended on CUS exposure. We found
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that irrespective of CUS exposure, ovarian hormone deprivation increased passive-coping
behaviour in the TST in comparison with sham-operated mice. Intriguingly, E2, DPN, and PPT
treatments rescued this depressive-like outcome of ovariectomy under non-CUS conditions, but
the effect of CUS exposure to increase depressive-like behaviour was primarily driven by the
same treatments. On the other hand, ovarian hormone deprivation produced an anxiolytic effect
in the novelty suppressed feeding test regardless of CUS exposure, and this was prevented by
17β-estradiol, but not DPN or PPT treatment. Further, the overall effects of CUS to alter the
cytokine milieu and to reduce PSD-95 expression in the hippocampus and frontal cortex appear
to be driven, at least in part, by DPN and PPT treatments, respectively. Finally, 17β-estradiol
increased neurogenesis in the dorsal hippocampus. Combined, these findings shed light on the
complexities of estrogen signaling in modulating behavioural, neuroplastic, and
neuroinflammatory states under non-stress and chronic stress conditions. These findings further
suggest that contrary to our expectations, chronic selective activation of ER α or β does not
impart resilience in the face of CUS exposure. These findings could have implications for the
development of selective estrogen-based therapies for stress-related disorders.
Ovarian status and estrogenic treatments produce distinct behavioural profiles depending
on CUS condition and behavioural test
Irrespective of CUS condition, ovariectomy increased passive-coping behaviour in the TST, and
under non-CUS conditions, this effect was prevented by E2, DPN, and PPT treatments. This
finding is consistent with previous reports showing that ovarian hormone deprivation alone
increases depressive-like behaviour in both rats and mice, at least in the short term (Bekku and
Yoshimura, 2005; Li et al., 2014). Importantly, our findings implicate both ERα and β in
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mediating the effects of estradiol to promote active-coping behaviour under non-stress
conditions. This counters the findings of past studies that have administered ER agonists acutely
to suggest a role of ERβ, but not ERα, in depressive-like behaviour under non-stress conditions
(Walf et al., 2004; Yang et al., 2014). Our current findings are important, as acute treatments
with ER agonists provide only limited information regarding the role of ERs in affective
behaviour. Interestingly, although CUS exposure did not significantly affect passive-coping
behaviour in the TST in sham-operated and ovariectomized mice, we report that CUS
significantly increased passive-coping behaviour in DPN- and PPT-treated mice, with trends in
the same direction with E2 treatment. This is somewhat in line with our analysis of resilience
versus susceptibility to a depressive-like phenotype in TST, in which CUS exposure resulted in a
resilient phenotype in the Sham group but a susceptible phenotype in OVX and PPT-treated
groups, while no bias was observed in E2- or DPN-treated groups. This suggests that chronic,
selective activation of ERα or ERβ, is protective under non-stress conditions but not under CUS
exposure. This seemingly contradictory finding could perhaps be interpreted in light of the
“healthy cell bias of estrogen action” hypothesis (Brinton, 2008), put forth to explain
observations in which the actions of estrogens result in disparate outcomes in health versus
pathology. That is, under “healthy”, non-stress conditions, 17β-estradiol and ER agonists protect
against ovariectomy-induced depressive-like behaviour, yet under “pathological” chronic stress
conditions the same treatments were not protective. A “pathological” state under chronic stress
conditions could be related to consequences of increased HPA axis activity, including increased
concentrations of corticotropin-releasing hormone (CRH) and corticosterone. This finding is
important as it underscores the need for using a model of depression when investigating
estrogens’ regulation of affective function.
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It is important to note that the effects observed in the TST were not consistent across the
entire battery of behavioural tests used in this study. For example, we do not see significant
group differences in the forced swim test or the sucrose preference test. It is plausible that testing
order could affect behaviour on subsequent tests, an issue that can be addressed by
counterbalancing testing order in future studies. Further, unlike the observed effect of
ovariectomy to increase passive-coping behaviour in the TST, we found an anxiolytic effect of
ovariectomy in the novelty suppressed feeding test. This was seen irrespective of CUS exposure,
and was prevented by E2, but not DPN or PPT treatment. This indicates that targeting ERα or
ERβ alone was not sufficient to return anxiety-like behaviour to levels similar to that of intact
mice. On the other hand, E2 treatment mimicked the phenotype of intact mice, indicating that
concurrent activation of both receptor subtypes or possibly the G protein coupled estrogen
receptor 1 (GPER) may be involved in this response. In line with our current findings, estradiol
benzoate treatment in ovariectomized C57BL/6 or Swiss Webster mice, administered chronically
via subcutaneous capsule, increased anxiety-like behaviour in comparison to vehicle treatment
across several tests of anxiety-like behaviour (Morgan and Pfaff, 2001, 2002). However, more
studies find anxiogenic effects of ovariectomy and anxiolytic effects of acute, sub-chronic, or
chronic estradiol treatment in ovariectomized rats or mice (Walf et al., 2009b; Walf and Frye,
2010; Kastenberger et al., 2012). Further, reduced anxiety-like behaviour is observed in
proestrus, during which endogenous 17β-estradiol is elevated (Frye et al., 2000; Walf et al.,
2009a). Importantly, few studies have investigated the effects of ovarian hormones in the novelty
suppressed feeding test, which targets motivated behaviour in addition to anxiety-like behaviour.
In middle aged rats, we previously found increased anxiety like-behaviour in NSF with longterm ovariectomy and chronic stress exposure (Mahmoud et al., 2016a). Another study in young
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adult rats found no effect of ovariectomy or chronic 17β-estradiol treatment (18 days) on
behaviour in NSF (Gogos et al., 2018). It is therefore difficult to synthesize the existing
literature, but it appears that length of ovarian hormone deprivation, 17β-estradiol dose and
treatment regimen, species, strain, age, and test of anxiety-like behaviour can all contribute to the
differences in findings.
In this study we investigate the corticosterone response to an acute stressor with and
without a dexamethasone challenge (discussed ahead), but we did not explore changes in
baseline HPA activity across the experimental timeline. Thus, in order to clarify the complexities
and inconsistencies in the literature surrounding the role of ovarian hormones in anxiety- and
depressive-like behaviour, it would be important to consider changes CRH and corticosterone as
a result of ovariectomy and estrogenic treatments under both non-stress and chronic stress
conditions. These hormones are regulated by estrogens (Goel et al., 2014; Oyola and Handa,
2017) and are key effectors of the primary neuroendocrine stress response system with notable
effects on anxiety- and depressive-like behaviours, and known perturbations in MDD (Binder
and Nemeroff, 2010; Stetler and Miller, 2011).
Ovarian status and ER agonists influenced the neuroinflammatory consequences of CUS
exposure in a brain region-specific manner
The neuroinflammatory effects of chronic stress exposure are well documented in males (Kubera
et al., 2011; Kreisel et al., 2014). Here, we also observe robust neuroinflammatory effects of
CUS exposure in the frontal cortex and hippocampus in young adult female mice. Notably CUS
increased concentrations of IL-1β, IL-6 and TNF-α. This mirrors meta-analyses indicating
increased concentrations of the same cytokines in the blood and cerebral spinal fluid of
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individuals with MDD (Dowlati et al., 2010; Liu et al., 2012; Haapakoski et al., 2015; Wang and
Miller, 2018). We also demonstrate that ovarian status and selective ER activation can influence
the neuroinflammatory response to stress in a brain region-dependent manner. Specifically, PCA
analyses indicate that the neuroinflammatory effects of CUS were largely driven by PPT-treated
groups in the frontal cortex, and by Sham-operated and DPN-treated groups in the hippocampus.
This suggests that chronic ERα and ERβ activation potentiated the neuroinflammatory
consequences of stress exposure in the frontal cortex and hippocampus, respectively. This
regional specificity also agrees with our observed effects of the ERβ agonist DPN to increase
Iba-1 optical density in the dorsal dentate gyrus. It is possible that the exaggerated
neuroinflammatory response to CUS in DPN and PPT groups could contribute to the enhanced
behavioural susceptibility to CUS in the tail suspension test, however the current experiment
cannot confirm this link. Previous studies provide support for a role of ERα and ERβ in the antiinflammatory and neuroprotective actions of 17β-estradiol (Lewis et al., 2008; Brown et al.,
2010; Smith et al., 2011; Chakrabarti et al., 2014), however these conclusions are largely derived
from studies using acute inflammatory challenges in vivo or from in vitro studies. Therefore, our
current findings provide insight into the immunomodulatory actions of 17β-estradiol in the
context of chronic stress exposure. Although estrogens themselves possess immunomodulatory
actions, future studies should also consider how estrogens may influence the neuroinflammatory
milieu indirectly via the regulation of the HPA axis, especially under conditions of chronic
stress. This is important as CRH can produce anti-inflammatory effects indirectly via the actions
of glucocorticoids, but can also can directly produce pro-inflammatory effects (Bellavance and
Rivest, 2014; Bereshchenko et al., 2018; Elenkov et al., 1999). Therefore, considering well
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known HPA-HPG interactions (Goel et al., 2014) may shed light on how differing backgrounds
of ovarian hormones can influence the neuroinflammatory consequences of stress exposure.
17β-estradiol increased neurogenesis in the dorsal hippocampus
Chronic 17β-estradiol treatment increased the number of BrdU-ir cells in the dorsal dentate gyrus
and increased the proportion of BrdU-ir cells that also expressed the mature neuronal marker
(NeuN). This finding is interesting considering the functional heterogeneity along the dorsalventral axis of the hippocampus, in which the dorsal region is predominantly implicated in
cognitive function (Fanselow and Dong, 2010; Strange et al., 2014). Few studies to date have
examined the effects of chronic 17β-estradiol treatment in ovariectomized females on the
survival of new neurons in the hippocampus, but the available evidence indicates that the effects
depend on the timing of 17β-estradiol exposure in relation to that of cell proliferation. The
survival of new neurons was found to be increased in cell populations that had proliferated after
the initiation of estradiol treatment (McClure et al., 2013), but reduced in cell populations that
proliferated prior to the initiation of estradiol treatment (Barker and Galea, 2008; Chan et al.,
2014). Our current data corroborate this past literature, as 17β-estradiol treatment here was
initiated two weeks prior to BrdU administration. Therefore, our current findings provide further
support for the notion that a 17β-estradiol rich vs deficient environment during cell proliferation
can largely influence the effects of chronic 17β-estradiol treatment on the survival of new
neurons. Further, as several studies report pro-proliferative effects of 17β-estradiol that depend
on dose and timing of treatment (Tanapat et al., 1999, 2005; Ormerod and Galea, 2001; Barha et
al., 2009), the effect of E2 to increase BrdU-ir cells in the current study could be attributed to
increased cell proliferation. To our knowledge, the effects ERα and β agonists on hippocampal
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cell survival have not been investigated prior to this study. We found that unlike E2 treatment,
DPN and PPT did not increase neurogenesis in the dorsal dentate gyrus, despite previous data
showing that acute administration of DPN or PPT enhances cell proliferation, albeit at a different
dose (Mazzucco et al., 2006). Therefore, promoting the survival of cells proliferating in an
estradiol rich environment may require the concurrent engagement of ERα and β or alternatively
GPER, which is achieved by 17β-estradiol but not PPT or DPN. It is important to note that
although NeuN remains to be the gold standard for identifying neuronal fate of adult born
granule cells, NeuN immunoreactivity and antibody binding can differ between neurons in other
brain regions and is influenced by a variety of factors including protein phosphorylation
(Gusel’nikova and Korzhevskiy, 2015; Lind et al., 2005). Thus, the possibility exists that
hormonal treatments in this study may have affected NeuN immunoreactivity and colocalization
with BrdU without having any significant change in neuronal number. However, in the current
study we did not detect any change in NeuN intensity between groups.
CUS exposure reduced markers of neuroplasticity (PSD-95 expression and neurogenesis)
CUS significantly reduced neurogenesis in the ventral, but not dorsal, hippocampus, and
impacted cell fate by reducing the proportion of new cells becoming neurons. This is in line with
the finding that neurogenesis in this region promotes stress resilience in males (Anacker et al.,
2018) and with an overall role of the ventral hippocampus in stress regulation (Fanselow and
Dong, 2010; Bagot et al., 2015; Padilla-Coreano et al., 2016). We also observe an overall effect
of CUS to reduce PSD-95 in both the hippocampus and frontal cortex, pointing to a reduction in
excitatory synapse number and/or stability. Importantly, this parallels findings of reduced
expression of PSD-95, synapse loss, and reduced expression of synapse-related genes in the PFC
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and hippocampus of individuals with MDD (Feyissa et al., 2009; Kang et al., 2012; Duric et al.,
2013). Interestingly, CUS-induced reductions in PSD-95 expression were largely driven by DPN
and PPT treated groups. This indicates that chronic DPN or PPT treatment in tandem with CUS
exposure may result in remodeling of neuronal circuits in regions important for mood and stress
regulation, and this could be linked to the observed behavioural alterations under CUS exposure
in the tail suspension test. This effect may be driven by stress-induced alterations in the HPA
axis, including possible elevations in basal levels of CRH and corticosterone, a possibility that
should be explored in future studies. On the other hand, we found limited effects of estrogenic
treatments on PSD-95 expression under non-CUS conditions. In contrast, previous studies report
increased PSD-95 expression in the hippocampus of female rats after acute treatment with
estradiol, PPT, and to a lesser extent DPN (Waters et al., 2009) and with 17β-estradiol treatment
in vitro (Akama and McEwen, 2003), therefore the differences between these findings and our
current observations are likely due to treatment duration.
Chronic 17β-estradiol treatment blunted the corticosterone response to an acute stressor
and CUS exposure increased HPA axis negative feedback sensitivity
Chronic 17β-estradiol treatment, regardless of CUS exposure, blunted the corticosterone
response to an acute restraint stressor. This partially contrasts previous studies which in general
have indicated that ovarian hormones, and 17β-estradiol in particular, potentiate acute stressinduced activation of the HPA axis (Carey et al., 1995; Figueiredo et al., 2007; Serova et al.,
2010). Importantly, most past studies have used shorter durations of estradiol replacement than
in the current study, which likely contributes to the differences in findings. It is important to keep
in mind that although the dose of 17β-estradiol used here produces proestrus-like circulating
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concentrations, the daily treatment regimen does not mimic natural estradiol cyclicity in the
mouse, but rather is informative to potential effects of chronic estrogen-based therapies. Our
current findings therefore extend the past literature to suggest that longer durations of 17βestradiol replacement may suppress the HPA axis response to stressors, which could represent a
protective effect.
Studies in humans generally report a failure of dexamethasone to suppress cortisol release
in a subpopulation of individuals with MDD (Ising et al., 2007; Stetler and Miller, 2011),
pointing to impaired HPA axis negative feedback inhibition. In the current study, however, we
observed enhanced dexamethasone suppression of corticosterone in mice exposed to CUS,
pointing to increased sensitivity of negative feedback inhibition. This effect was present in all
treatment groups except for E2, however this could be explained by the above-mentioned
suppression of corticosterone in response to acute restraint stress in absence of dexamethasone.
This unexpected enhancement of negative feedback inhibition with CUS could be an adaptive
response to prevent prolonged exposure to glucocorticoids under chronic stress conditions.
Interestingly, a similar phenotype is reported in clinical populations of trauma exposure and posttraumatic stress disorder (PTSD), in individuals with comorbid MDD and PTSD (Yehuda et al.,
1993; Griffin et al., 2005), and in women with atypical MDD (Levitan et al., 2002), suggesting
that this profile can be seen in certain stress-related psychiatric disorders, including MDD with
atypical features, which is more prevalent in women than in men (Marcus et al., 2008).
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4.5

Conclusions

In conclusion, we observe depressive-like, neuroinflammatory, and neuroplastic effects of CUS
in young adult female mice that were largely independent of ovarian status and estrogenic
treatments. However, our findings also point to complex effects of ovariectomy and 17βestradiol/ER agonist replacement that in some instances were dependent on chronic stress
condition. Specifically, ovariectomy increased passive-coping behaviour in the tail suspension
test regardless of CUS exposure, and this effect was rescued by 17β-estradiol and ER agonists
only under non-CUS conditions, suggesting that active-coping behaviour is promoted by ERα
and ERβ. Intriguingly, the effects of CUS exposure to increase passive-coping behaviour in the
TST were largely driven by the same treatments. In agreement with the increased behavioural
susceptibility to CUS exposure, the effects of CUS to modify the cytokine milieu and reduced
PSD-95 expression appear to be driven in part by DPN and PPT. In addition, although
ovariectomy increased passive-coping behaviour in the TST, it reduced anxiety-like behaviour in
the NSF test regardless of CUS exposure. This effect was only prevented by 17β-estradiol
treatment suggesting that the concurrent activation of ERα, ERβ and GPER produced an
anxiogenic effect in this paradigm. We further observe opposing effects of estradiol and CUS
exposure on neurogenesis along the dorsal-ventral axis of the hippocampus, such that 17βestradiol increased and CUS decreased neurogenesis in the dorsal and ventral regions,
respectively. Finally, CUS exposure resulted in increased HPA axis negative feedback sensitivity
in most groups, pointing to stress-induced adaptations in HPA axis function. Taken together,
these data highlight that estrogenic regulation of behaviour, neuroplasticity, and
neuroinflammation is complex and at times depends on chronic stress condition. Moreover, our
data indicate that chronic selective activation of ERα or ERβ is not protective under chronic
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stress exposure, which could have implications for the development of estrogen-based therapies
for stress-related disorders such as depression.
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Chapter 5: General discussion
5.1

Summary of major findings
The experiments presented in this thesis aimed to clarify the role of ovarian hormones in

influencing depressive-like phenotypes in stress-based rodent models. In addition to examining
behavioural outcomes, the experiments explored neuroplastic and neuroimmune correlates as
potential targets for the interaction between stress and ovarian hormones. The major findings of
this thesis are that: 1) in middle-aged rats, long-term ovariectomy increased depressive- and
anxiety-like behaviour and impaired HPA axis negative feedback function under CUS exposure.
Further, fluoxetine showed little behavioural efficacy irrespective of ovarian status, but showed
efficacy for neural and endocrine outcomes (Chapter 2: Mahmoud et al., 2016); 2) in middleaged mice, long-term ovariectomy modestly increased depressive-like behaviour under nonstress conditions, and this was coupled with reduced pERK expression and cytokine
concentrations in the frontal cortex, but increased cytokine concentrations in the hippocampus.
Moreover, intact mice showed a greater behavioral susceptibility to the depressive-like effects of
sub-chronic stress exposure, coupled with a stress-induced reduction in pERK expression in the
frontal cortex, and an exaggerated neuroinflammatory response to stress in the frontal cortex and
hippocampus (Chapter 3: Eid et al., 2020); and 3) in young adult mice, CUS increased
depressive-like behaviour, reduced PSD-95 expression and increased cytokine concentrations in
the hippocampus and frontal cortex, effects that were largely seen in groups treated with ERα
and ERβ agonists. Independent of CUS exposure, 17β-estradiol increased neurogenesis in the
dorsal hippocampus, blunted the corticosterone response to an acute stressor, but increased
anxiety-like behaviour (Chapter 4: Eid et al., 2020).
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Collectively, this work indicates that ovarian hormones are important determinants of
depressive-like phenotypes. However, the data do not consistently support either one of the
hypotheses that: 1) ovarian hormones increase risk or 2) ovarian hormones confer resilience, to
depressive-like behaviour. There were notable methodological differences between the studies
presented in each chapter (outlined in Table 5.1). In section 5.2, I discuss several factors that
may contribute to variability in the behavioural effects of ovarian hormones, including stress
background, the characteristics of the stress paradigm, the length of ovarian hormone
deprivation, age, and species. Importantly, the experiments presented in this thesis provide
important insights into the role of ovarian hormones in regulating depressive-like phenotypes
using valid animal models of MDD, an approach that has been rarely taken by previous research
yet is critical to or understanding of the role of ovarian hormones in depression. Further, the
results of this thesis also provide novel information to suggest that ovarian hormones influence
neuroimmune and neuroplastic measures under non-stress conditions and in response to stress
exposure. These neuroplastic and neuroimmune effects may provide insight into the complex
regulation of behaviour, as will be discussed in sections 5.3-5.4.
Chapter

Species

Age at
ovariectomy

Age at stress
exposure

Duration of stress
exposure

Age at behavioural testing
and tissue collection

2

Rat

5 months

9 months

6 weeks

~ 10.5

3

Mouse

2 months

11 months

6 days

~ 11.5

4

Mouse

3 months

~ 4 months

4 weeks

~ 5.5

Table 5.1 Summary of important methodological differences between studies presented in Chapters 2-4.
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5.2
5.2.1

Factors that may contribute to the variable behavioural effects of ovarian hormones
Stress background
The findings of this thesis indicate that ovariectomy influences the expression of

depressive-like behaviour in a manner that is dependent on stress background. Notably, in
Chapter 3, long-term ovariectomy increased depressive-like behaviour under non-stress
conditions but mitigated the depressive-like outcomes of sub-chronic stress exposure in middleaged rodents. The effects observed under non-stress conditions corroborate several other studies
showing that ovariectomy, without any other manipulations, increases depressive-like behaviour
in rats and mice (Bernardi et al., 1989; Rachman et al., 1998; Bekku and Yoshimura, 2005;
Bekku et al., 2006; de Chaves et al., 2009; Li et al., 2014). However, the effects of long-term
ovariectomy to increase depressive-like behaviour under non-stress conditions were not robust,
as we only observe a reduction in latency to immobility in FST, and a trend toward reduced
sucrose consumption, but no significant effect in the total time spent immobile. This suggests
that under non-stress conditions, longer durations of ovarian hormone deprivation may result in a
partial recovery of depressive-like behaviour, in line with previous studies (de Chaves et al.,
2009; Walf et al., 2009b; Estrada-Camarena et al., 2011). Intriguingly, even though
ovariectomized mice displayed more depressive-like behaviour under non-stress conditions, it
was the intact group that displayed greater susceptibility to the depressive-like outcomes, at least
after sub-chronic stress exposure. Specifically, the effects of sub-chronic stress exposure to
reduce latency to immobility in FST were only observed in intact mice. As an alternative
explanation, it is possible that a floor effect occurred in ovariectomized mice under non-stress
conditions, leaving no room for sub-chronic stress exposure to further reduce latency to
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immobility. However, our findings are in agreement with another study in young adult female
mice, where exposure to a similar sub-chronic stress paradigm increased depressive-like
behaviour in intact, but not ovariectomized mice, as measured by increased total time spent
immobile in the FST (LaPlant et al., 2009). Thus, together with previous work, findings from
Chapter 3 suggest that ovarian hormones may produce opposite effects in regulating depressivelike behaviour, depending on stress background.
An important contribution of the current thesis is the exploration of mediating roles of ER
subtypes using chronic agonist treatment and within a valid animal model of MDD. To date,
studies examining ER mechanisms implicated in estrogenic regulation of depressive- and
anxiety-like behaviour have typically used acute ER agonist administration (Walf et al., 2004;
Walf and Frye, 2005; Weiser et al., 2009; Yang et al., 2014). Further, these studies assessed
animals on tests of depressive- or anxiety-like behaviour without the use of a valid model to
induce MDD-like pathology. Findings from these studies attributed the acute effects of 17βestradiol in reducing depressive- and anxiety- like behaviour to its actions on ERβ, but not ERα
(Walf et al., 2004; Rocha et al., 2005; Walf and Frye, 2005; Weiser et al., 2009; Yang et al.,
2014). Our findings in Chapter 4 confirm a role ERβ but provide novel information by extending
the previous literature and demonstrating that ERα is also implicated in regulating depressivelike behaviour, when activated chronically. This was concluded from the finding that under nonstress conditions, chronic treatment with E2, DPN, or PPT, all reversed the ovariectomy-induced
increase in TST immobility. In further support of a role of ERα, a recent study showed that
overexpression of ERα in the nucleus accumbens (NAc) increased resilience to the depressivelike outcomes of stress exposure in female mice (Lorsch et al., 2018). Importantly, we
demonstrate that the actions of ER agonists in TST did not translate to conditions of CUS
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exposure. Indeed, the depressive-like effects of CUS exposure were primarily attributed to DPNand PPT-treated groups. This finding, together with findings from Chapter 3, suggest that
estrogenic signaling can differentially affect depressive-like behaviour based on stress
background. Therefore, findings derived from non-stress conditions cannot be assumed to mirror
those under conditions of stress exposure. These data are novel and underscore the importance of
using valid animal models of MDD when examining the effects of estrogens, an approach that is
not consistently adopted in the literature (Walf et al., 2004; Rocha et al., 2005; Walf and Frye,
2005; Weiser et al., 2009; Yang et al., 2014). An additional important consideration is the timing
and regimen of hormone or agonist administration in Chapter 4. In this study, 17β-estradiol and
agonists were administered via daily injections and thus do not mimic the natural pattern of
hormone release in the estrous cycle of mice. It is therefore possible that a more naturalistic
treatment regimen could be protective or produce different outcomes. Further, these treatments
were administered to young adult mice, therefore our findings cannot be assumed to hold true for
aged female mice, as previous studies demonstrate that sensitivity or response to estrogens may
differ in aged versus younger adult females (Selvamani and Sohrabji, 2010; Barha and Galea,
2011).
In Chapter 2, all groups were exposed to CUS as we aimed to investigate whether ovarian
status influenced antidepressant efficacy. In humans, the mood-enhancing effects of
antidepressants are not observed in individuals without MDD, therefore we chose to model MDD
in all groups for translational relevance. As such, we are not able to derive conclusions regarding
the effects of ovarian hormones under non-stress versus stress conditions from this chapter.
Nonetheless, under CUS conditions, we consistently report increased anxiety-, depressive-, and
anhedonia-like behaviour in ovariectomized compared to intact rats, suggesting that long-term
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ovariectomy may increase susceptibility to CUS exposure. Indeed, this is in agreement with
another study in mice, where long-term (4 months) but not short-term (2 weeks) ovariectomy
enhanced the effects of CUS exposure on depressive-like behaviour (Lagunas et al., 2010). Our
findings in Chapter 2 are therefore partially contrary to those of Chapter 3, in which long-term
ovariectomy mitigated the outcomes of sub-chronic stress exposure in mice. Below I discuss
important methodological differences between the chapters that may contribute to the variable
outcomes of long-term ovariectomy.
5.2.2

Characteristics of the stress paradigm
The duration of the stress paradigm and the nature of stressors used are important

considerations. The sub-chronic variable stress procedure used in Chapter 3, was not only shorter
in duration (6 days), but also included stressors that were primarily physiological/psychological
in nature (restraint, tail suspension, and foot shock). Conversely, in Chapters 2 and 4, CUS
procedures was much longer in duration (4-6 weeks), and in addition to psychological/
psychological stressors, included stressors that were social in nature. Examples of this include
overnight social isolation, periods of housing with non-cage mates, and placement in a cage
soiled by other animals. It is therefore interesting that long-term ovariectomy increased
depressive-like behaviour under conditions of CUS (Chapter 2) but mitigated depressive-like
behaviour under conditions of sub-chronic stress (Chapter 3). Clearly, future experiments would
be required to determine the effects of duration versus nature of stressors, but it’s plausible that
one or both factors may contribute to the differences in findings. Indeed, the findings of Chapters
2 and 3 are in line with previously mentioned studies using similar paradigms (LaPlant et al.,
2009; Lagunas et al., 2010). Specifically, ovariectomy increased the depressive-like effects of a
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4-week CUS procedure that included physiological, psychological and social stressors (Lagunas
et al., 2010), but mitigated the depressive-like effects of a 6-day sub-chronic stress procedure
that included physiological/psychological, but not social stressors (LaPlant et al., 2009).
Importantly, estradiol influences social behaviour and social memory in rats and mice (Tang et
al., 2005; Garcia et al., 2017), Further, stress exposure interacts with social housing in a sexdependent manner, to differentially affect outcomes including hippocampal cell proliferation and
Fos expression in the PVN (Westenbroek et al., 2003, 2004). Therefore, it is certainly possible
that differences in the ovarian hormone milieu may result in different sensitivities to social
stressors.
5.2.3

Species
Other important considerations when synthesizing findings from this thesis are species

and age. The experiments presented here used middle-aged rats (Chapter 2), middle-aged mice
(Chapter 3), and young-adult mice (Chapter 4). The switch from rats to mice stemmed from
plans to use transgenic models available only in mice (on C57bL/6 background), however for
reasons not within our control, these plans did not materialize. Nonetheless, we can leverage the
use of the two species to gain insight into potential differences between mice and rats. For
example, differences in the effects of long-term ovariectomy on the outcomes of stress exposure
between Chapters 2 and 3 could be partly attributed to species differences. However, given the
abovementioned methodological differences between the studies, it is not possible to confirm
this without further experiments. Overall, it is important to consider some fundamental
differences between rats and mice when interpreting behaviour, not only in this thesis, but in the
literature at large. Of relevance to FST, for example, basic swimming behaviour differs between
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mice and rats. Rats are better swimmers than mice, display qualitatively different behaviours
than mice including diving , and generally show lower levels of immobility at baseline
(Kalynchuk et al., 2004; Can et al., 2012; Li et al., 2014; Chen et al., 2015; Wainwright et al.,
2016a). Indeed, many strains of mice, including C57BL/6 strains, display very high levels of
immobility (~50-87%) under non-stress conditions (Can et al., 2012). Although widely used in
stress-based models, these strains may therefore not be ideal for this purpose as there is little
room for any manipulations to increase passive-coping behaviour. Overall, it is therefore
conceivable that different experimental manipulations can interact with baseline differences in
swimming behaviour between rats and mice to produce differing outcomes.
5.2.4

Age
The experiments presented in this thesis used rodents of different ages: Chapters 2 and 3

use middle-aged rats and mice, respectively, and Chapter 4 used young-adult mice. Age is an
important factor, as increasing age has been shown alter depressive- and anxiety-like behaviour
at baseline or in response to other manipulations including immune activation or CUS exposure
(Godbout et al., 2008; Moretti et al., 2011; Shoji et al., 2016; Lotan et al., 2018). Few studies
have directly compared the effects of stress exposure on depressive-like phenotypes in adult and
aged animals, especially in females. One study found age-dependent effects of CUS exposure in
female mice, such that 8 weeks of CUS exposure reduced anxiety-like behaviour and enhanced
cognitive performance in young adults (3 months), but impaired cognitive performance in old
mice (20 to 23 months) (Lotan et al., 2018). In males mice exposed to social defeat stress, aging
is associated with increased depressive-like behaviour and an exaggerate inflammatory response
(Kinsey et al., 2008; Oizumi et al., 2019). Age differences in the effects of stress exposure may
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not be surprising, as ageing itself is characterized by a constellation of changes, some that
markedly overlap with the effects of stress exposure, including substantial reductions in many
forms of neuroplasticity, reductions in neurotrophic support, alterations in HPA axis function,
and immune senescence (Otte et al., 2005; Burke and Barnes, 2006; Nikolich-Žugich, 2018). In
addition, the aged female brain responds differently to estrogens than the young-adult female
brain. For example, 17β-estradiol increases hippocampal cell proliferation in young, but not
middle-aged nulliparous rats (Chiba et al., 2007; Barha et al., 2009; Barha and Galea, 2011).
Further, 17β-estradiol produces anti-inflammatory and neuroprotective effects in younger, but
not older, females in models of stroke (Johnson and Sohrabji, 2005; Selvamani and Sohrabji,
2010a). Although we used animals of different ages between studies, attributing differences in
findings to age would be confounded by the length of ovarian hormone deprivation, an issue that
is discussed below.
5.2.5

Age at ovariectomy and length of ovarian hormone deprivation
In addition to the abovementioned differences between Chapters 2 and 3 in terms of

species and the characteristics of the stress paradigm, there were also important differences
between the two chapters in relation to the age at ovariectomy and the length of ovarian hormone
deprivation relative to stress exposure (detailed in Table 5.1). More specifically, in Chapter 3
mice were ovariectomized at 2 months of age and exposed to stressors at 11 months of age, but
in Chapter 2 rats were ovariectomized at 5 months of age and exposed to stressors at 9 months of
age. Therefore, prior to stress exposure, ovariectomized mice in Chapter 3 experienced
approximately 9 months of ovarian hormone deprivation, whereas ovariectomized rats in Chapter
2 experienced approximately 4 months of ovarian hormone deprivation. It is certainly possible
that differences in cumulative exposure to ovarian hormones may have contributed to the
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differences in findings between Chapters 2 and 3. Indeed, there is evidence form the human
literature to support the notion that increased cumulative exposure to estrogens, measured by
variables including age at menarche and menopause, is associated with a reduced risk for
depression in perimenopause and post-menopause (Georgakis et al., 2016; Marsh et al., 2017).
Based on this evidence, one might predict a more resilient phenotype in ovariectomized rats in
Chapter 2 as these groups experienced shorter durations of ovarian hormone deprivation, but this
was not the case, although as the length of CUS was not consistent across studies a direct
comparison is not possible. Importantly, however, in each chapter ovariectomized animals were
compared to sham-operated groups, and there may have been differences between the ovarian
status of these groups between Chapters 2 and 3. Specifically, in addition to varying durations of
ovarian hormone deprivation, middle-aged sham-operated groups in Chapters 2 and 3 may have
been tested at different stages of transition to reproductive senescence. In Chapter 2, shamoperated rats still displayed regular estrous cycles, whereas more than 50% of sham-operated
mice in Chapter 3 were irregularly cycling. It is therefore possible that stress exposure in Chapter
3 occurred at a critical window of transition to reproductive senesce in sham-operated mice,
leading to greater vulnerability/less protection in the context of stress exposure. Indeed, this
mirrors the human condition in which there is an increased risk for first onset and recurrent
depression in women during the transition to menopause (Freeman et al., 2004, 2006, 2014;
Cohen et al., 2006; Bromberger et al., 2007). On the other hand, in Chapter 2 our sham-operated
rats were still cycling, therefore it’s possible that the resiliency that these groups showed under
chronic stress conditions may be due to protective effects of more stable patterns of ovarian
hormone production. Therefore, not only is the length of ovarian hormone deprivation an
important factor, but the ovarian status of sham-operated control groups should be considered
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especially in middle-aged animals. Given that there were other notable differences between
Chapters 2 and 3, it is not possible to attribute differences between the studies solely to the
duration of ovarian hormone deprivation or the ovarian status of sham-operated groups, and
these issues require further exploration.
5.3

Ovarian hormones influence neuroinflammatory signatures under non-stress

conditions: links to behaviour?
There is growing evidence for a role of inflammation in MDD (Dowlati et al., 2010; Liu et al.,
2012; Haapakoski et al., 2015; Wang and Miller, 2018), and it is recognized that ovarian
hormones possess immunomodulatory properties (Vegeto et al., 2008; Villa et al., 2016). Yet,
few studies have addressed whether and how ovarian hormones can modulate immune
dysregulation following stress exposure or in MDD. The experiments presented in this thesis
targeted this notable gap in the literature and provide novel information about the
immunomodulatory effects of ovarian hormones both under non-stress conditions and in the
context of sub-chronic and chronic stress exposure. Our findings indicate that ovarian hormones
have potent effects on the central cytokine milieu and influence the neuroinflammatory
consequences of stress exposure. In chapter 3, we report robust effects of long-term ovariectomy
on cytokine concentrations in the hippocampus and frontal cortex. These effects were largely
independent of sub-chronic stress exposure but depended on brain region, with generally reduced
cytokine concentrations in the frontal cortex and increased concentrations in the hippocampus.
Of interest was the finding that long-term ovariectomy increased IL-6:IL-10 ratio in the frontal
cortex and increased IL-6 concentrations in the hippocampus. In light of the prominent role of
IL-6 in MDD and in depressive-like behaviour in animal models (Dowlati et al., 2010; Liu et al.,
2012; Hodes et al., 2014), these modifications may be linked to the modest increase in
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depressive-like behaviour in ovariectomized mice under non-stress conditions. It is important to
note that the effects of IL-6 may depend on tissue type or disease state, as IL-6 is a highly
pleiotropic cytokine (Scheller et al., 2011). More specifically, classic signaling of IL-6 is
mediated via interactions with membrane bound IL-6 receptors to produce anti-inflammatory
effects, and trans signaling is mediated via interactions with the soluble IL-6 receptors to
produce pro-inflammatory effects (Scheller et al., 2011). However, In the context of MDD and
its stress-based models, IL-6 appears to be pro-inflammatory, and substantial evidence directly
links elevations of IL-6 to depressive-like phenotypes in animal models (reviewed in Hodes et
al., 2016).
An important finding in Chapter 3 was that ovarian status dictated the neuroinflammatory
consequences of sub-chronic stress exposure. We report an exaggerated neuroinflammatory
response to sub-chronic stress in intact mice, highlighted by increased concentrations of the proinflammatory IL-1β and a shift toward a pro-inflammatory cytokine bias (IL-6:IL-10), in both
the frontal cortex and hippocampus. This enhanced neuroinflammatory response to stress in
intact mice may be functionally significant, as this group displayed a greater behavioral
susceptibility to sub-chronic stress exposure. Importantly, in addition to being reliably increased
in MDD (Dowlati et al., 2010; Liu et al., 2012; Haapakoski et al., 2015; Wang and Miller, 2018),
IL-1β and IL-6 have specifically been implicated in the depressive-like outcomes of stress
exposure in male subjects (Goshen et al., 2008; Goshen and Yirmiya, 2009; Wohleb et al., 2014;
Wood et al., 2015; Hodes et al., 2016). The observation that ovarian hormones may potentiate
the inflammatory consequences of sub-chronic stress exposure may be linked to the fact that
mice were in middle age. Age can influence the immunomodulatory properties of estrogens
(Straub, 2007). For example, in models of stroke, estrogens can be neuroprotective and anti186

inflammatory in younger females, but neurotoxic and pro-inflammatory in older females
(Johnson and Sohrabji, 2005; Nordell et al., 2003; Selvamani and Sohrabji, 2010).
In Chapter 4, we did not observe robust effects of ovariectomy or estrogenic treatments
on cytokine concentrations under non-stress conditions. However, in that experiment, young
adult female mice with a far shorter duration of ovarian hormone deprivation were studied.
Taken together with the findings of Chapter 3, this suggests that more pronounced modifications
in the central cytokine milieu may result from prolonged periods of ovarian hormone deprivation
coupled with increasing age. This may be somewhat akin to post-menopausal states, which are
associated with loss of ovarian function and an increase in chronic low-grade inflammation
(Brinton et al., 2015; Mishra and Brinton, 2018).
5.4

Stress and Ovarian hormones influence neuroinflammatory signatures: links to

behaviour?
The neuroinflammatory effects of long-term CUS exposure in Chapter 4 were robust in
both the frontal cortex and hippocampus. Importantly, CUS exposure increased concentrations of
IL-1β, IL-6 and TNF-α, cytokines that are reliably increased blood and cerebral spinal fluid of
individuals with MDD (Dowlati et al., 2010; Liu et al., 2012; Haapakoski et al., 2015; Wang and
Miller, 2018). These findings are an important contribution to the literature as most previous
studies investigating the neuroinflammatory consequence of stress exposure have used male
rodents. Our PCA analyses also indicated that estrogenic treatments differentially contribute to
the neuroinflammatory effects of CUS, such that the effects of CUS were primarily driven by
PPT-treated groups in the frontal cortex, but by DPN-treated groups in the hippocampus. These
findings suggest that chronic, selective activation of ERα and ERβ may potentiate, rather than
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mitigate, the neuroinflammatory consequences of CUS exposure in a brain region-dependent
manner. To our knowledge this is the first report examining the roles of ERα and ERβ in stressinduced changes in the central cytokine milieu. These results appear to be linked to greater
behavioural susceptibility to CUS at least in the TST, however, clearly, this requires further
exploration. Thus, overall, in Chapters 3 and 4, groups that showed an exaggerated
neuroinflammatory response to stress also displayed a greater behavioural susceptibility to stress
exposure, but only for some and not all behavioural tests.
An interesting comparison between Chapters 3 and 4 is that cytokine concentrations in
the frontal cortex and hippocampus were more strongly affected by ovarian status than stress
exposure in Chapter 3, but more strongly affect by stress exposure than ovarian status/estrogenic
treatments in Chapter 4. This is to be expected given that Chapter 3 examined the effects of longterm ovariectomy and a shorter stress paradigm (6 days), whereas Chapter 4 examined the
effects of short-term ovariectomy and a longer stress paradigm (4 weeks). Therefore, longer
durations of stress exposure or ovarian hormone deprivation each resulted in larger alterations in
the cytokine milieu.
Although we did not measure cytokine concentrations in Chapter 2, we did examine
microglia number and morphology (length of processes) in the GCL. In groups exposed to CUS
but not fluoxetine, we did not observe significant differences in microglia number or morphology
between ovariectomized and intact rats. This contrasts the findings of another study where longterm ovariectomy in aged mice increased indices of microglial activation in the hippocampus,
including retracted, thick processes, and larger cell bodies (Benedusi et al., 2012). However, this
study did not specify the hippocampal subfield examined, and further used 22-month-old mice
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that were not exposed to stress, whereas we used approximately 11-month-old rats exposed to
CUS. Nonetheless, when viewing microglia data in Chapter 2 together with cytokine data in
Chapters 3 and 4, it appears that stress exposure may result in differential cytokine responses
depending on ovarian hormone background, but not in significant changes in microglia
proliferation or apoptosis, nor in morphology. However, it is important to bear in mind that
substantial methodological differences exist between the experiments, and that microglia were
only examined in the GCL whereas cytokine concentrations were measured in the entire
hippocampus. It would be important to examine other regions and perhaps to employ a more
sophisticated analysis of microglia morphology (York et al., 2018).
Collectively, findings from the experiments described in this thesis provide novel insight
into how ovarian hormones can modulate the neuroinflammatory consequences of stress
exposure. We report that ovarian hormones impacted neuroinflammatory signatures both under
non-stress conditions, and, importantly, in response to sub-chronic and chronic and stress
exposure. In particular, our findings using sub-chronic stress may give us important clues into
prodromal states, which is important given evidence in humans suggesting that inflammation
may precede and drive MDD (Khandaker et al., 2014; Franscina Pinto and Andrade, 2016). Our
findings therefore suggest that the immunomodulatory properties of ovarian hormones are of
relevance in the context of stress and therefore possibly in MDD. These findings should
encourage clinical researchers to investigate the interplay between ovarian hormones and
immune mediators in MDD.
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5.5

Ovarian hormones influence the neuroplastic effects of stress and fluoxetine

exposure: links to behaviour?
The neuroplastic effects of both stress and estrogens are profound, ranging from
regulation of synaptic plasticity, modifications in hippocampal neurogenesis, dendritic
remodeling, and alterations in spine density and synapse number (Srivastava and Penzes, 2011;
Galea et al., 2013; McEwen, 2014; McEwen et al., 2015, 2016; Sellers et al., 2015; Sheppard et
al., 2019). A central hypothesis that resonated across all experiments presented in this thesis was
that differing backgrounds of ovarian hormones would influence the neuroplastic outcomes of
stress or antidepressant exposure. To this end, we examined adult hippocampal neurogenesis
(Chapters 2 and 4), and PSD-95 expression in the frontal cortex and hippocampus (Chapters 3
and 4).
In chapter 2, chronic fluoxetine treatment upregulated cell proliferation, the survival of
new neurons, and the expression of PSA-NCAM in the hippocampus, in line with previous
studies (Malberg et al., 2000; Guirado et al., 2012; Vega-Rivera et al., 2015). Interestingly,
although these effects were overall more robust in ovariectomized rats, fluoxetine showed little
behavioural efficacy regardless of ovarian status. Past studies indicate that neurogenesis is
required for antidepressant efficacy in NSF but not other behavioural tests (Santarelli et al.,
2003; Bessa et al., 2009) at least in male rats and mice. Thus, in Chapter 2, the lack of a clear
association between the effects of fluoxetine on neurogenesis and behaviour, especially in NSF,
may point to sex differences in the requirement of neurogenesis for the behavioural effects of
SSRIs, but this necessitates confirmation in future studies. In addition, despite stronger
neurogenic effects of fluoxetine in ovariectomized rats, the effect of fluoxetine to enhance HPA
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negative feedback function was only observed in intact rats. In young adult male mice, the ability
of fluoxetine to restore HPA function under chronic stress conditions was found to be dependent
on adult hippocampal neurogenesis (Surget et al., 2011). Taken together with our findings, this
points to potential sex differences in fluoxetine’s recruitment of adult hippocampal neurogenesis
to restore HPA function, but this remains to be directly tested. In vehicle-treated groups, we do
not observe ovarian status differences in terms of cell proliferation, the survival of new neurons,
or the expression of PSA-NCAM in the hippocampus. However, we do detect substantial
behavioural differences between the two groups, such that ovariectomized rats consistently
showed more depressive- and anxiety-like behaviour, further suggesting a dissociation between
neurogenesis and behaviour in our middle-aged female rats. Another study in middle-aged
female mice also reported a disconnect between neurogenesis and behavioural effects, such that
chronic aromatase inhibition significantly increased neurogenesis but did not affect depressivelike behaviour (Chaiton et al., 2019). Collectively, this underscores the need for studying the
functional role of adult hippocampal neurogenesis in females.
In Chapter 4, we report hippocampal subregion-specific effects of CUS exposure and
17β-estradiol on neurogenesis. Irrespective of ovarian status and estrogenic treatments, and
independent of effects on cell proliferation, CUS exposure reduced neurogenesis in the ventral
hippocampus. Neurogenesis is consistently reduced in animal models of chronic stress or
corticosterone exposure (Bessa et al., 2009; David et al., 2009; Brummelte and Galea, 2010a;
Wainwright et al., 2011), however only some studies report a similar restriction of this effect to
the ventral hippocampus (Tanti and Belzung, 2013). This subregion-specific effect is interesting
considering the functional differences across the dorsal-ventral axis of the hippocampus, with the
ventral region being more important for anxiety and stress regulation (Fanselow and Dong, 2010;
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Bagot et al., 2015; Padilla-Coreano et al., 2016). On the other hand, and irrespective of CUS
condition, 17β-estradiol increased neurogenesis only in the dorsal hippocampus, a region that
plays a prominent role in cognitive functions (Fanselow and Dong, 2010). Importantly, 17βestradiol influences cognition (Luine, 2014; Hamson et al., 2016), and neurogenesis is required
for some forms of hippocampus-dependent learning and memory (Toda and Gage, 2018).
Therefore, the pro-neurogenic effect of 17β-estradiol may have implications for hippocampusdepended learning and memory, but this was not explored in Chapter 4.
In Chapter 3, we did not detect significant effects of long-term ovariectomy or subchronic stress exposure on PSD-95 expression in the frontal cortex. A previous study indicates
that the post-ovariectomy interval influences the effect of ovarian hormone depletion on PSD-95
expression in the hippocampus of rats, such that reductions are observed at 1, but not 2 weeks
after ovariectomy (Zhang et al., 2010). Together with our findings this suggests that PSD-95
expression recovers after prolonged periods of ovarian hormone deprivation. The lack of a stress
effect in Chapter 3 is likely attributed to the sub-chronic nature of the stress paradigm (6 days).
Indeed in Chapter 4, we do observe significant reductions in PSD-95 expression in frontal cortex
and hippocampus following 4 weeks of CUS, in keeping with several other studies using chronic
stress paradigms (Kallarackal et al., 2013; Kim and Leem, 2016; Pacheco et al., 2017).
Interestingly, the effect of CUS to reduce PSD-95 expression in the frontal cortex and
hippocampus was largely driven by DPN- and PPT-treated groups. This suggests that estrogenic
signaling may influence the effects of CUS to reduce the number and/or stability of excitatory
synapses in these regions. This finding further demonstrates that chronic selective activation of
ERα or β was not protective, and this could be linked to the observed behavioural effects in the
TST, although this cannot be confirmed from the current experiments.
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5.6

Caveats and future directions
I discussed earlier that age, species, length of ovarian hormone deprivation, and the

characteristics of the stress paradigm may all influence the effects of ovarian hormones on
depressive-like phenotypes. However, the experiments presented in this thesis were not designed
to systematically investigate these factors. As such, it is important that future studies are
designed to disentangle the contribution of each factor alone. For example, age at stress exposure
and testing can be controlled for while manipulating the length of ovarian hormone deprivation.
In other experiments, animals can be tested at various ages while controlling for the length of
ovarian hormone deprivation. Finally, both rats and mice can be used in stress paradigms of
varying lengths and using stressors of different characteristics (i.e. social, physiological, or
psychological stressors). It would also be important to use strains of mice other than C57bL/6,
which were used in this thesis based on plans to use transgenic mice on this background.
C57bL/6 stains are resilient to stress exposure, therefore it may be more appropriate to use more
susceptible stains such as BALB/cJ, or outbred strains like CD-1 which may produce larger
individual variability in resilience/susceptibility to stress exposure (Malki et al., 2015). Overall, a
careful dissection of the influence of the abovementioned factors will clarify inconsistencies not
only in experiments presented here, but in the literature as a whole.
This thesis examined the effects of ovarian hormone deprivation, and treatment with 17βestradiol or ER agonists, but did not directly consider potential roles of progesterone.
Withdrawal from progesterone is thought to be implicated PMDD and PPD (Hantsoo and
Epperson, 2015; Schiller et al., 2015). This is corroborated by studies in female rats and mice
demonstrating that progesterone withdrawal increases depressive- and anxiety-like behaviour
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(Smith et al., 2006; Li et al., 2012). There is further is evidence to suggest that the progesterone
metabolite allopregnanolone, a potent positive allosteric modulator of the GABA A receptor, may
play a role in depression and anxiety (Schüle et al., 2014). Indeed, the United States Food and
Drug Administration recently approved brexanolone, an allopregnanolone analogue, for the
treatment of PPD after successful clinical trials (Kanes et al., 2017; Meltzer-Brody et al., 2018).
Future studies should examine progesterone replacement, alone or in concert with 17β-estradiol,
in order to clarify the role of ovarian hormones in models of MDD.
Chapter 4 aimed to elucidate the receptor mechanisms by which 17β-estradiol can
influence depressive-like phenotypes. To that end, the experiment explored ERα and ERβ, but
did not consider potential roles of GPER. The choice to target classical ERs was backed by
evidence that estradiol interacts with ERβ to acutely influence depressive- and anxiety-like
behaviours (Walf et al., 2004; Rocha et al., 2005; Walf and Frye, 2005; Weiser et al., 2009; Yang
et al., 2014). However, it is certainly plausible that GPER may also be implicated in the effects
of 17β-estradiol on depressive- and anxiety-like behaviour. Few studies to date have examined
this possibility and the findings are somewhat conflicting. One study found that acute systemic
administration of the GPER agonist G1 produced an anxiogenic effect in ovariectomized mice
(Kastenberger et al., 2012). On the other hand, and also using ovariectomized mice, G1
administration to the basolateral amygdala following an acute stressor prevented an increase in
anxiety-like behaviour (Tian et al., 2013). In order to clarify the role of GPER in mediating the
actions of 17β-estradiol on depressive- and anxiety-like behaviour, future studies should examine
the effects of chronic G1 administration within a valid model of MDD.
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The complex roles of ovarian hormones in MDD and depressive-like phenotypes across
the literature and in the experiments presented in this thesis point to individual differences in
estrogen sensitivity. That is, it likely that some women may be more sensitive than others to the
effects of fluctuations or reductions in ovarian hormones on mood. There is good evidence for
this idea from human studies that have employed pharmacological manipulations of hormones.
For example, estradiol withdrawal after three weeks of treatment significantly increased
depressive symptoms only in women with a history of perimenopausal MDD (Schmidt et al.,
2015). Further, withdrawal from ovarian hormone-simulated pregnancy significantly increased
depressive symptoms only in women with a prior history of PPD (Bloch et al., 2000).
Intriguingly, one study identified patterns of gene expression in the blood of pregnant women
that predicted PPD with 88% accuracy, and found an over-representation of transcripts that were
linked to estrogen signaling (Mehta et al., 2014). Importantly, this study did not find group
differences in circulating concentrations of estradiol or estrone during pregnancy or postpartum,
pointing to increased estrogen sensitivity, rather that differences in absolute concentration, in
women that go on to develop PPD (Mehta et al., 2014). It is therefore imperative that future
studies in rodents investigate factors that may contribute to differences in estrogen sensitivity,
and in particular targeting underlying genetic factors could prove fruitful.
One exploratory approach could be to take advantage of the many available in-bred
mouse strains to probe for genetic predisposition to depressive-like behaviour in response to
manipulations in ovarian hormones. Using 37 inbred mouse strains, one study has already
demonstrated strain-dependent effects of ovariectomy to increases anxiety-like behaviour in the
open field test (Schoenrock et al., 2016). This study did not find significant strain differences in
the effects of ovariectomy in FST, but it would be important to examine effects in the TST,
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which we find to be more sensitive to ovariectomy that the FST (Chapter 4). Characterizing
behavioural differences as Schoenrock et al. (2016) would be the first step, and this could be
followed by RNA-sequencing to analyze transcriptional profiles associated with vulnerability to
ovarian hormone deprivation. Co-expression network analyses can then be used to identify “hub”
genes associated with vulnerability to the depressive-like effects of ovariectomy. In strains that
are identified as resilient/susceptible to the depressogenic effects of ovariectomy, the expression
of identified hub genes can subsequently be down- or up-regulated using viral vectors. The
effects of these manipulations in shifting behaviour toward a resilient/susceptible phenotype can
be tested following ovariectomy. To further examine gene × environment interactions, a similar
approach could be taken in tandem with exposure to chronic stressors. Such experiments can
shed light on genetic factors that may contribute to estrogen sensitivity and may provide targets
for the development of more personalize treatments.
Besides the question addressed in Chapter 4 regarding the mediating roles of ER
subtypes, another question that remains is with respect to the cellular target of 17β-estradiol. ERs
are expressed on both neurons and glia, including microglia (McEwen et al., 2001; Sierra et al.,
2008; Ishihara et al., 2015). Therefore, direct actions of 17β-estradiol on any number of neural
cell types can mediate their effects in MDD or depressive-like behaviour. Future studies should
determine the neural cell type/s through which 17β-estradiol could produce its effects on
depressive-like phenotypes. The Cre/loxP system can be used to induce cell-specific ER
deletions, and this can be done in an inducible manner, such that deletions would take effect in
adulthood to avoid developmental perturbations. Building on findings from this thesis showing
that ovarian hormones can dictate the inflammatory outcomes of stress exposure, it would be
important to target ERs on microglia, the primary orchestrators of the inflammatory response in
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the brain. Following cell-specific ER deletions, experiments should assess the risk/resilience to
developing depressive-like phenotypes after CUS exposure.
The overall aim of this work was to clarify the role of ovarian hormones in stress-based
models of MDD, and as such we only included female subjects. However, estrogenic signaling
may certainly affect depressive-like phenotypes in males. Indeed, androgens serve as precursors
to serval other steroids hormones that can activate ERs. Notably, testosterone can be aromatized
to 17β-estradiol, and dihydrotestosterone can be metabolized to 3β-diol, which binds to ERβ
(Pak et al., 2005). Importantly, hypogonadism in men is associated with MDD (Shores et al.,
2005; McIntyre et al., 2006; Westley et al., 2015), and testosterone replacement therapies show
some efficacy in alleviating symptoms, particularly in hypogonadal men (Seidman and Rabkin,
1998; Shores et al., 2009; Zarrouf et al., 2009). Studies in rats substantiate the human literature,
as gonadectomized males are more susceptible to the depressogenic effects of chronic stress than
intact males (Wainwright et al., 2011). Furthermore, testosterone shows some efficacy in
reversing depressive-like phenotypes after chronic stress in gonadectomized male rats (Carrier
and Kabbaj, 2012; Wainwright et al., 2016b). The protective and therapeutic effects of
testosterone in males could certainly be mediated, in part, by estrogenic metabolites. There is
some evidence in support of this notion, as one study found that an aromatase inhibitor blocked
the antidepressant-like effects of testosterone in male rats (Carrier et al., 2015). Future
experiments could take a similar approach to that described in Chapter 4 to dissect the ER
receptor mechanisms mediating the effects of estrogenic metabolites in males.
Finally, the experiments presented in this thesis explored two brain regions compromised
in MDD: the hippocampus and frontal cortex. We further focus on a few indices of
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neuroplasticity (adult hippocampal neurogenesis and PSD-95 expression) and on neuroimmune
mediators (cytokines and microglia), as targets of stress exposure, ovarian hormones, or their
interaction. However, several other brain regions and neural systems/processes are dysregulated
by stress or in MDD, and influenced by ovarian hormones, and therefore should be targeted in
future studies. Notably, the NAc, and mesolimbic reward circuits in general, are dysregulated in
MDD and stress-based models (Russo and Nestler, 2013; Heshmati and Russo, 2015). The
amygdala is also a region that is relevant to MDD (Sibille et al., 2009), shows substantial
plasticity in response to stress exposure (McEwen et al., 2016), and is influenced by estrogens
(Zeidan et al., 2011; Cover et al., 2014). Ovarian hormones also modulate various
neurotransmitter systems, including serotonergic, dopaminergic, and GABAergic systems (Amin
et al., 2005; Barth et al., 2015), all of which are perturbed in MDD or its models (Spies et al.,
2015; Belujon and Grace, 2017; Fogaça and Duman, 2019). Reductions in neurotrophic factors,
particularly brain-derived neurotrophic factor (BDNF), are also thought to contribute to MDD
(Duman and Li, 2012). Estrogens regulate BDNF expression (Sohrabji and Lewis, 2006), and
therefore it is conceivable that some of the effects of estrogens in MDD may be produced
through its regulation of BDNF. The abovementioned regions and systems should be targeted in
future experiments investigating the role of ovarian hormones in stress-based models of MDD.
5.7

Conclusions

The work presented in this thesis demonstrates that ovarian hormones are important determinants
of depressive-like behaviour. However, ovarian hormone regulation of depressive-like
phenotypes is complex, and may depend on several factors including stress background, the
characteristics of the stress paradigm, species, age, and length of ovarian hormone deprivation.
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In pursuit of a better understanding of the role of ovarian hormones in MDD models, it is
imperative that future studies carefully consider the contribution of each of these factors.
Importantly, we provide novel data showing that ovarian hormones influence neuroimmune
signatures under non-stress conditions and in response to stress exposure, suggesting that the
immunomodulatory properties of ovarian may be of relevance to immune dysregulation in MDD.
The data presented here also raise important questions regarding the translation of findings from
male to female subjects, especially in relation to the functional roles of adult hippocampal
neurogenesis. It is also important to consider translational relevance to the human condition.
Estrogen receptors might represent an attractive system for drug development in stress-related
disorders, including MDD. Indeed, 17β-estradiol shows some efficacy as a standalone or adjunct
treatment in women with MDD (Rasgon et al., 2007; Moses-Kolko et al., 2009). This thesis
aimed to determine the receptor mechanisms through which the protective effects of estradiol
may be produced, an approach that could shed light on more specific targets for drug
development. Although the data should be considered preliminary, our findings suggest that
selectively targeting ERα or ERβ is not protective under conditions of chronic stress, and
therefore possibly in MDD.
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