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Abstract

Depression is the leading cause of global disability, disproportionately affecting females. There
is a pressing need for novel therapeutics as approximately 30% of those diagnosed do not
respond adequately to first line treatment. At the forefront of research for novel therapeutics is
ketamine, an N-methyl-d-aspartate receptor (NMDAR) antagonist that has rapid antidepressant
effects following a single sub-anesthetic dose. Ketamine can ameliorate traditionally hard to treat
symptoms (e.g., anhedonia and suicidal ideation), although its use is limited due to
psychomimetic side-effects and high abuse potential. Further, ketamine’s exact underlying

mechanisms remain unknown.

Reelin is an extracellular matrix glycoprotein that appears to be downregulated in the
hippocampus of patients with depression. Our lab has shown that exogenous reelin
administration can produce rapid-acting antidepressant-like effects. While the molecular
signaling pathway of reelin remains elusive, research indicates that reelin and ketamine may

share certain mechanisms of action.

The purpose of this thesis is to examine the parallel and synergistic antidepressant-like effects of

reelin and ketamine in the pursuit of developing a putative reelin-based therapeutic.
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Chapter 1: Introduction



1.1 Thesis outline

Major Depressive Disorder (MDD) is the leading cause of disability worldwide and a major
contributor to global disease burden (World Health Organization, 2018). Affecting an estimated
350 million people (Gelenberg, 2010; Richards, 2011), MDD is a chronic and debilitating
disease characterized by anhedonia, low mood, fatigue, cognitive deficits, and disturbances in
sleep and appetite (Diagnostic and Statistical Manual of Mental Disorders, 2013). These
symptoms cause significant distress accompanied by personal and societal impairment. It is
generally accepted that women are twice as likely as men to suffer from MDD (Eid et al., 2019),
an effect that emerges in puberty and remains stable throughout adulthood (Salk et al., 2017).
Additionally, women have higher symptom severity and more past suicide attempts (Marcus et
al., 2008). Depressive disorders are commonly comorbid with other medical and psychiatric
disorders (Richards & O’Hara, 2014) and are predictive of poor treatment outcome in medical
diagnoses (Oslin et al., 2002; Wang et al., 2020). Despite decades of research the
pathophysiology of depression and effective pharmaceuticals remain elusive. This knowledge
disparity arises from differences in clinical presentation, treatment-responsiveness, illness
course, lack of biomarkers, and genetic polymorphisms (Pryce & Klaus, 2013). Evidently, MDD
produces an extraordinary personal, societal, and economic burden. There is a pressing need to

understand the biological basis of the disease to develop effective novel antidepressants.

Since its development in the 1950s, the monoamine hypothesis has been used ubiquitously as the
basis for pharmacological antidepressant targets (Hirschfeld, 2000). This hypothesis came to
fruition when it was observed that inhibiting the breakdown of the monoamine neurotransmitters
(serotonin, norepinephrine, and/or dopamine) resulted in affective changes (West & Dally,
1959). Following this discovery, the use of monoamine reuptake inhibitors gained popularity,
most notably selective 5-HT reuptake inhibitors (SSRIs) and 5-HT-noradrenaline reuptake
inhibitors (SNRIs). Despite their widespread use, these first-line antidepressants have several
limitations including adverse side effects, a therapeutic delay of weeks to months, and are
ineffective in 30-50% of patients who are considered treatment resistant (Cipriani et al., 2018;
Rush et al., 2006; Thase et al., 2001).

Recently it was discovered that ketamine, a non-competitive allosteric N-methyl-D-aspartate

receptor (NMDAR) antagonist, can produce rapid acting and transient antidepressant effects. A



single sub-anesthetic dose of ketamine appears to rapidly ameliorate clinical symptoms and
biochemical deficits in treatment-naive and treatment-resistant patients (Browne & Lucki, 2013)
without the side-effects from traditional antidepressants (Salvadore & Singh, 2013). This
scientific breakthrough led to a surge of research into the cellular and molecular mechanisms
involved in ketamine’s antidepressant effect, with the goal of developing more effective
therapeutics. Preclinical research suggests that synaptic potentiation may underlie ketamine’s

antidepressant effect (Kim et al., 2021).

Reelin is an extracellular matrix glycoprotein that, in adulthood, regulates many forms of
neuroplasticity such as the generation of new-born cells, the formation of dendritic spines,
dendritic outgrowth, and increases synaptic connections (Beffert et al., 2006; Bosch et al., 2016;
Niu et al., 2004, 2008; Pujadas et al., 2010; Rogers et al., 2013; Teixeira et al., 2012; Ventruti et
al., 2011; Weeber et al., 2002). In the 1990s, a reduction in reelin expression in the hippocampus,
specifically in the dentate gyrus (DG), was found in post-mortem brain samples from subjects
with schizophrenia, bipolar disorder and major depression (Fatemi et al., 2000). This precipitated
research into the possible role of hippocampal reelin as a protective factor from depression and
related psychiatric illness. Using a chronic stress model of depression, our lab found that
repeated corticosterone (CORT) injections decreased reelin expression in the sub-granular zone
(SGZ) of the DG and hippocampal neurogenesis, paralleled with depression-like phenotypes
(Lebedeva et al., 2017, 2020; Lussier et al., 2009). We then reported that heterozygous reeler
mice (RELN*", haplo-insufficient for RELN expressing 40-60% of normal reelin levels), show an
increased vulnerability to the depressonergic effects of CORT (Lussier et al., 2011, 2013).
Interestingly, both reelin deficiency and behavioural impairments were rescued by conventional
and unconventional antidepressants (Brymer et al., 2018; Fenton et al., 2015; Johnston et al.,
2020). To explore reelin’s potential to produce antidepressant-like effects, we infused reelin first
directly into the hippocampus (Brymer et al., 2020) and then peripherally through the tail vein
(Allen et al., 2022). We observed that both chronic and acute administration of reelin rescued
CORT-induced behavioural and neurochemical deficits at 24 hours post-injection (Allen et al.,
2022; Brymer et al., 2020). These findings implicate reelin as a promising candidate for a novel
rapid-acting antidepressant. More research into reelin’s pharmacokinetics and
pharmacodynamics is needed to clarify the time course of drug effect. While the putative

molecular mechanisms responsible for reelin’s antidepressant effects remain unknown,
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significant overlap has been found with that of ketamine (Harraz et al., 2016; Johnston et al.,
2020; Koike & Chaki, 2014). Synaptic reelin signaling may even be essential for ketamine’s
antidepressant effects (Kim et al., 2021).

The purpose of this thesis is to ascertain reelin’s time course effect both individually and
synergistically with that of ketamine. Using a chronic CORT-model to induce depressive-like
phenotypes, | report on the behavioural and neurobiological effects of reelin and ketamine
throughout their time-course of action. To evaluate their acute and sustained effects against
continued CORT administration, | examined hippocampal reelin levels and serotonergic
transporter clusters on peripheral lymphocytes. These experiments were conducted to better
understand the pharmacokinetics and pharmacodynamics of reelin, and to lay the groundwork for

the development of reelin as a potential fast-acting therapeutic.

1.2 Overview of major depressive disorder

The mental illness crisis is a rising global epidemic. The World Health Organization (2022)
reports that about 1 in 4 people suffer from a diagnosable psychiatric disorder at some point in
their lives, and that severe mental health conditions cause premature death of 10 to 20 years on
average. Global rates of mental illness increased by 25% within the past decade, equivalent to
13% accounting for world population growth, and an astonishing 80% of people do not receive
treatment. The two most common mental health conditions in both sexes are depression and
anxiety, which are estimated to cost the global economy over US$ 1 trillion each year. In just
one year over the COVID-19 pandemic, global disease burden of depressive disorders increased
by 28%, and suicide became the second leading cause of death among 15-29-year-olds (World
Health Organization, 2022). Depression is pleomorphic in nature, transcending throughout time

across all cultures, genders, and ages.

The first documentation of clinical depression can be traced back to 1550 BCE in the Ebers
papyrus. Written in hieratic Egyptian writing, this medical papyrus describes a disorder in which
the heart is miserable, closed in with darkness, tastes sadness, and is afflicted with moroseness
(Bou Khalil & Richa, 2014). Affective disorders were hypothesized to be a disorder of the heart,
stemming from an impeded flow of blood and bodily fluids (Bou Khalil & Richa, 2014). This
belief was a precursor for Ancient Greek humeral pathology (500 BCE), a system of medicine
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that linked mental well-being with harmony in one’s physical body. Hippocrates, now known as
the Father of Medicine, proposed that imbalances in homeostatic levels of internal fluids led to
poor health, attributing melancholy to an excess of black bile from the spleen (Kleisiaris et al.,
2014). Despite these medical hypotheses, psychiatric disturbances were most often conceived as
a spiritual condition arising from demonic possession and evil spirits. Across ages and cultures,
treatment for the mentally ill involved extreme and often harmful practises to exorcise the devils
thought to be inhabiting the sufferer’s head. The invasive surgery named trepanation, which
involved chipping a hole into the skull to provide an opening for the evil spirits to be released, is
documented as early as the Neolithic times (Kemp & Williams, 1987). Women often received
the worst of these assaults spurred by the theory of the wandering womb, which described female
medical pathologies as a result of hysterical suffocation. Female hysteria, which encompassed
many symptoms of today’s depression and anxiety, was believed to be a source of witchcraft
(Hirschfeld, 2000). In extreme cases, these “witches” were burned at the stake, while others were

forced to enter an insane asylum or undergo a surgical hysterectomy.

The unequal treatment of women in science and medicine is palpable throughout history. Women
were prohibited from participating in all phases of prescription drug clinical trials until the late
1990s (Liu & Mager, 2016). Male bodies provided the basis for scientific advancement while
female hormones were seen as insignificant idiosyncrasies. As such, first-generation
antidepressants [monoamine oxidase inhibitors (MOAISs) and tricyclic antidepressants (TCAS)]
developed in the 1950s and 1960s, followed by antidepressants SSRIs and SNRIs in the 1980s
and 1990s, were made publicly available without knowledge on female-mediated
pharmacokinetic and pharmacodynamics. This is of particular concern as major depressive
disorder (MDD), thought to be the most severe form of depression, is 2- to 3- fold higher in
women than men (Labaka et al., 2018), with reports of over twice as many women taking
antidepressants than men (Eid et al., 2019). It comes as no surprise then, that several prescription
drugs were withdrawn from market in the late 1990s as they posed great health risks for women
(Liu & Mager, 2016). Women also tend to experience differences in symptom presentation and

severity.

There are several demographic vulnerability factors for depression including sex, age, and

culture. Major depressive disorder is the most common psychiatric illness worldwide, with



lifetime prevalence rates of approximately 20% to 25% for women and 7% to 12% for men (Kuo
et al., 2015; Richards, 2011). The 12-month prevalence rate ranges from 5-14% in females and
3-9% in males depending on global location (Richards, 2011; Salk et al., 2017). This gender
disparity is seen across cultures, suggesting a biological basis separate from race, culture, or
socio-economic status (Richards, 2011; Vos et al., 2016). Sex differences in depression can be
found as early as ages 8 to 11, with consistent meta-analysis reports of higher symptom severity
and more diagnoses in females by age 12 (Salk et al., 2017). Depression is found across all
cultures and demographics, with the average age of onset ranging from 18 to 29 (Kessler et al.,
2005; Zisook et al., 2004). The onset of depression in youth and adolescence is of particular
concern as this often interrupts critical developmental periods. Further, younger development of
MDD is associated with greater symptom severity, longer duration of illness, higher suicidality,
and more and longer episodes (Hollon et al., 2006; Zisook et al., 2004). Older adults (65+)
generally have 2-fold higher rates of depression than in younger cohorts (18-65), presumably due
to psychosocial factors and high-stress life experiences such as retirement, loss of loved ones,

and physical and cognitive decline (Hollon et al., 2006).

Depression most often presents as a chronic disorder although it is pleomorphic, with
considerable variability in disease course. Studies report that the rate of recurrence is over 75%,
and over one third of all patients will have episodes that last longer than two years (Hollon et al.,
2006; Keller, 2001). Depression is the leading cause of suicide at any age and is the top
contributor to suicidal ideations and self-harm behaviours (Cuijpers et al., 2014). Some reports
indicate that between 80-98% of those diagnosed with MDD have another comorbid psychiatric
illness, most notably 60-70% with anxiety disorders (Richards & O’Hara, 2014). Medical
comorbidities are also common including cognitive impairments, and hypertensive,
inflammatory, and metabolic disorders (Allen et al., 2018; Dahl et al., 2014; Dowlati et al., 2010;
Fancourt & Steptoe, 2020; Ismail et al., 2016; Steffen et al., 2020) which can bidirectionally
potentiate severity, slow recovery, and elevate risk of relapse (Oslin et al., 2002; Wang et al.,
2020). A diagnosis of depression is a robust predictor of illness outcome, most notably in cancer
patients in which there is a 30% increase in mortality risk (Wang et al., 2020). Not only does
depression cause significant harm to the sufferer, but it is also associated with considerable
social and economic costs. In 2018, the Conference Board of Canada reported $32.3 billion in
gross domestic product loss from depression (GBD, 2018). In the United States, one out of every
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eight visits to the emergency department relates to psychiatric illness, an equivalent to 12 million
visits a year (Owens et al., 2011) and 14% are hospitalized again within 30 days following
discharge (Lee et al., 2017). In general hospitals, depression is responsible for 50% of psychiatric
consultations and 12% of all hospital admissions (Kuo et al., 2015).

It is imperative that clinical depression be differentiated from the normal human emotion of
sadness. While sadness comes and goes often in response to stressful or triggering events, MDD
is an overpowering and chronic disorder that drastically impacts daily living. The Diagnostic and
Statistical Manual of Mental Disorders (DSM-5) has been the standard for psychiatric diagnoses
in North America since its publication in 2013. MDD is diagnosed when five (or more)
symptoms have been present for most of the day, everyday for two (or more) consecutive weeks.
In addition to a depressed mood (e.g., sad, empty, hopeless) and a loss of interest/pleasure in
activities, of which at least one must be present to warrant a diagnosis, symptoms include
significant weight loss or weight gain, insomnia or hypersomnia, psychomotor agitation or
retardation, fatigue or loss of energy, feelings of worthless or excessive/inappropriate guilt,
decreased concentration, and recurrent thoughts of death/suicide (Diagnostic and Statistical
Manual of Mental Disorders, 2013). These symptoms must cause significant distress and/or
impairment in social or occupational functioning, must not be attributable to the effects of a
substance or another medical condition, and must not be better explained by another mental
health disorder. Due to pleomorphic nature of depression, there are several specifiers that can
accompany a diagnosis of MDD such as with anxious or psychotic features, or with seasonal

patterns.

Diagnostically, MDD is just one of many classifications of depressive disorders. The DSM-V
defines eight separate depressive disorders including: disruptive mood dysregulation disorder,
major depressive disorder, persistent depressive disorder (dysthymia), premenstrual dysphoric
disorder, substance/ medication-induced depressive disorder, depressive disorder due to another
medical condition, other specified depressive disorder, and unspecified depressive disorder
(Diagnostic and Statistical Manual of Mental Disorders, 2013). As depression may present
across a multitude of facets, it is important to adequately assess patient needs to achieve the best

possible treatment outcome.



Clinician-administered assessment scales are commonly used to stratify depression severity and
subtype. Commonly used scales include the Hamilton Depression Rating Scale (HDRS), the
Montgomery-Asberg Depression Rating Scale (MADRS), and the Beck Depression Inventory
(BDI). The HDRS is a 21-item scale that grades symptom severity and subtype on a five-point
Likert scale (0-4). Scores below 7 represent the absence or remission of depression, mild to
moderate depression ranges from 7-17 and 18-24 respectively, and scores above 25 represent
severe depression (Hamilton, 1960). In response to criticisms of poor reliability and
discriminative properties, the improved GRID-Hamilton Depression Rating Scale (GRID-
HAMD) was released to standardize the HDRS and distinguish symptom frequency from
severity (Williams et al., 2008). The BDI is a 21-item four-point Likert scale (0-3), where a score
of 1-10 indicates a normal mood, and 30-63 is severe or extreme depression. Although the BDI
generally has good reliability and validity, scores can be influenced by maladaptive personality
traits (Beck et al., 1961). Lastly, the 10-item MADRS stratifies the severity of depressive
episodes in mood disorders to detect depression change over the course of pharmacological
treatment (Quilty et al., 2013).

Clinical assessment of psychiatric disorders is gradually shifting from a categorical to a
dimensional approach. Traditional categorical models diagnose psychiatric disorders based on
the dichotomous presence or absence of disruptive and abnormal behaviours. Conversely,
dimensional models place individual characteristics on a continuum of frequency and severity.
Including a dimensional model allows a more flexible threshold between normality and
disordered behaviour and can help define severity of a condition. The updated DSM-V, a
classically categorical diagnostic tool, now integrates both categorical and dimensional
approaches by including spectrum measures that are compatible with categorical definitions
(American Psychiatric Association, 2022). Research into psychiatric disorders is also
incorporating a dimensional approach as seen with the Research Domain Criteria (RDoC)
initiative. Developed by the National Institute of Mental Health (NIMH), the RDoC measures
and integrates many classes of variables, including behavioural dimensions and biological
indicators, to develop a more comprehensive understanding of the full spectrum of mental health
(The National Institute of Mental Health Strategic Plan, 2021). The integration of these
approaches aims to maintain diagnostic reliability while addressing problems with symptom-
based disorder diagnoses and comorbidities.



1.2.1 Etiology of depression

The longstanding nature vs. nurture debate about the causative role of psychiatric disorders
continues in the medical and clinical fields. The nature side examines the role of genetic
predispositions and biological factors whereas the nurture side evaluates environmental
influences on psychiatric and medical conditions. While the truth probably lies somewhere in
between as a combination of both, each condition has its own unique set of biological and
psychosocial contributing factors. The etiology of MDD is particularly complex to define due to
the intertwining of genetic, biological, and psychological factors as well as high comorbidity
rates and variances in disease course (Beck, 2009). Further, as not all depressions are alike in
etiology nor presentation, it cannot be assumed that there is one underlying pathophysiological
mechanism. Biological factors that can influence depression include genetic, neurological,
hormonal, immunological, and endocrinological influences, which are all affected by stress, sex,
and age (NRC, 2009). Environmental stresses can include childhood trauma, sexual abuse,
chronic adversities, lack of social support, and social economic status (NRC, 2009). Finally,
individual aspects can mediate depression onset and disease course including cognitive ability,
sociability, and personality traits (Klein et al., 2011). For instance, depression is more often
observed in those who score high in neuroticism and conscientiousness, with personality traits
mediating therapeutic outcomes (Klein et al., 2011). Combined, there is a complex array of risk
factors that can heighten susceptibility for depression. The following section will discuss
biological, environmental, and personal factors which can influence onset of depression,

symptom patterns, and disease course.

MDD is generally considered to be moderately heritable stemming from twin studies which
suggest a heritability rate between 40% - 50% (Sullivan et al., 2000). The relative risk ratio for
those with a first-degree relative diagnosed with depression is 2-to-3 fold higher than the general
population (Weissman et al., 1984), dependent on disease severity and recurrence (Marazita et
al., 1997; Weissman et al., 1982). Heritability rates are also affected by sex with twin studies
indicating that MDD is significantly more heritable in women than men, though most of the
genetic risk factors were shared between sexes (Kendler et al., 1999, 2000, 2001). The genome-
wide association studies (GWAS), designed to identify specific genetic loci associated with a

particular disease, have provided some robust associations for disease and biological phenotypes



and have thus become the focus of gene-finding research (Uffelmann et al., 2021).
Unfortunately, the polygenicity of psychiatric disorders complicates these associations, requiring
large sample sizes to detect the modest effect loci. Genomic loci reliably associated with
psychiatric illness contribute only a small amount to the overall risk of developing this disease.
For example, even in psychiatric disorders with higher heritability such as bipolar disorder and
schizophrenia where genetic influences explain up to 85% of risk (Barnett & Smoller, 2009;
Dennison et al., 2020; Hilker et al., 2018), estimated heritability based on single nucleotide
polymorphisms (SNPs) identified in GWAS is modest, with 45% for schizophrenia and 21% for
bipolar disorder (Ward et al., 2019). It comes as no surprise then, that in the moderately heritable
MDD meta-analyses have found only an 8% SNP heritability out of 102 independent variants,
269 genes, and 15 gene-pathways associated with depression (Howard et al., 2019; Ward et al.,
2019). The most note worthy GWAS identified in MDD include a polymorphism in the promotor
region of the carrier family 6 member 4 (SLC6A4) gene which codes for SERT and drives
serotonin reuptake from the synaptic cleft. Those containing the short allele are at increased risk
to experience depression and suicidal ideation compared to those homozygous for the long
variant (Caspi et al., 2003; Collier et al., 1996; Kendler et al., 2005).

Numerous studies have investigated the impact of chronic stress and life adversities on the
development of depression. Twin studies suggest that genetic influences may increase individual
susceptibility to environmental risk factors (Sullivan et al., 2000), although the extent of the
interaction between genotype and environment is unclear (Rice, 2009). Experiencing extremely
negative life events increases the chances of developing depression by 5- to 16-fold, and first
episodes often directly follow these events (Kendler et al., 2001; Sullivan et al., 2000).
Particularly, early life adverse events often related to childhood emotional, physical, or sexual
abuse especially in females, are one of the strongest predictors of the development and severity
of MDD (Cheasty et al., 1998; Lindert et al., 2014; Shapero et al., 2014). In fact, cortisol levels
can be linked back to maternal stress in infancy, suggesting that children exposed to more early
life stressors have a sensitized stress response (Essex et al., 2002). In adulthood, depression may
be triggered by minor stressors such as harassment, redundancy at work, and financial problems
as well as major life events such as death of a loved one or medical diagnoses. The prevalence of
depression is increased in groups with lower socioeconomic status and minority groups,

potentially mediated by discrimination and decreased access to services (Dunlop et al., 2003).
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Other pertinent environmental factors include social disconnectedness and perceived social
isolation which are strong mediators of symptom severity of depression and anxiety (Santini et
al., 2020). This effect of stress and social isolation is mimicked in certain animal models in a
sex-dependent manner (Weintraub et al., 2010).

1.2.2 The monoamine hypothesis of depression

The monoaminergic hypothesis of depression, which was proposed over 70 years ago, posits that
a deficiency of monoamines in functionally important neuroreceptor sites is associated with
depressive symptoms (Schildkraut, 1995). This hypothesis stemmed from the observation that
the antihypertensive agent reserpine depleted presynaptic levels of monoamines available for
synaptic release, which was paralleled with depressive symptoms (Hirschfeld, 2000).
Interestingly, cessation of reserpine treatment as well as administration of the norepinephrine
precursor dihydroxyphenylalanine (DOPA) reversed the depressogenic effects, implying a
biochemical basis for depression (Hirschfeld, 2000; Schildkraut, 1995). Further evidence for the
monoamine hypothesis of depression arose from the discovery that the antimycobacterial agent
iproniazid improved mood in depressed tuberculosis patients through the inhibition of
monoamine oxidase (MAO), a mitochondrial enzyme that degrades free monoamines in the
presynaptic terminal (Hirschfeld, 2000; West & Dally, 1959). Thus began research into
monoamine oxidase inhibitors (MAOI), which precipitated the findings that increased levels of
serotonin and norepinephrine in the brain correlated with behavioural excitement and

amelioration of depressogenic symptoms (Hirschfeld, 2000).

Monoamines are a class of neurotransmitters and neuromodulators involved in the regulation of
cognition, learning, emotion, memory, arousal, mood, sleep, and appetite, all of which can be
impaired by depression. Monoamines are derived from aromatic amino acids and can be divided
into two subclasses: catecholamines and indolamines. Catecholamines include dopamine,
norepinephrine, and epinephrine while indolamines include serotonin [otherwise called 5-
hydroxytryptamine (5-HT)] (Rus et al., 2018). Along with MAOIs, tricyclic antidepressants
(TCA) are another first-generation antidepressant introduced in the 1950s. TCAs act by blocking
serotonin and norepinephrine reuptake in presynaptic terminals while acting as competitive

antagonists on post-synaptic alpha cholinergic, muscarinic, and histaminergic receptors (H1)
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(Moraczewski & Aedma, 2022). Unfortunately, both MAOIs and TCAs have low efficacy rates
and several adverse side effects including blurred vision, constipation, xerostomia, confusion,
tachycardia, orthostatic hypotension, dizziness, sedation, weight gain, confusion, and increased
suicidality (Moraczewski & Aedma, 2022; Ramachandraih et al., 2011). These first-generation
antidepressants have been replaced by the safer and more tolerable second-generation
antidepressants including SSRIs and SNRIs that more selectively target specific neurotransmitter
receptors. However, the efficacy rates of second-generation antidepressants are not much better
than their predecessors, causing the monoamine hypothesis to fall largely out of favour.

Despite these challenges, decades of research provide evidence for a pathophysiological role of
monoamine depletion in depression. For example melancholic depression, a particularly severe
form of MDD, is associated with marked decrease in 5-HT levels in the central nervous system
(Sarrias et al., 1987). Impaired serotonin signaling is also associated with suicidality as lower
levels of 5-HT are found in post-mortem samples of suicide victims and in the platelet samples
of those who attempted suicide (Alvarez et al., 1999; Kohyama, 2011; Sullivan et al., 2015). In
addition, low levels of serotonin’s primary CNS metabolite 5-hydroxyindoleacetic acid (5-
HIAA) in cerebrospinal fluid (CSF) is associated with prior suicide attempts, particularly those
which were highly violent and lethal (Bach-Mizrachi et al., 2006; Sullivan et al., 2015).
Paradoxically, in the dorsal raphe nucleus (DRN) there is increased serotonergic neurons and
neuronal tryptophan hydroxylase-2 (TPH2) expression in post-mortem analysis of depressed
suicide patients (Bach-Mizrachi et al., 2008). Increasing the 5-HT precursor tryptophan through
diet (De Vriese et al., 2004), exercise (MacGillivray et al., 2012), and sleep (Kohyama, 2011)
can be a protective factor against depression and suicidality (Leyton et al., 1997). Receptor- and
region-specific alterations in 5-HT reuptake suggest a much more complex pathomechanism
underlying serotonin’s effects. Recent focus on the putative protective neuropsychological
effects of hallucinogens such as lysergic acid diethylamide (LSD) has uncovered evidence of
agonist activity at the serotonin 5-HT2a receptor (Lopez-Giménez & Gonzéalez-Maeso, 2018).
Overall, it seems apparent that 5-HT and its receptors play an important role in the
pathophysiology of depression, however it is difficult to fully ascertain the exact mechanism due

to the complex nature of the disease.
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While it is probable that monoamines play a mechanistic role in the etiology of depression, there
are several major issues that led this hypothesis to fall largely out of favour. One of the main
concerns is that while inhibition of the transporter occurs almost immediately, 2-4 weeks of
treatment is typically required before alleviation of depressive symptoms (Cipriani et al., 2018;
Rush et al., 2006). This delay suggests that a much more complex mechanism underlies the
monoamine-based antidepressant effects. Additionally, limited therapeutic efficacy is seen in a
large proportion of depressed patients (Berlim & Turecki, 2007; Kasper & Montgomery, 2013).
In fact, placebos are often nearly as effective as antidepressants in randomized clinical trials
(Perahia et al., 2006); half of depressed patients in clinical practise do not respond adequately to
first-line antidepressants (Rush et al., 2006); and there is a lack of remittance in key symptoms
such as anhedonia and suicidality (Kasper & Montgomery, 2013). There is a clear and pressing
need for the development of more efficacious and faster-acting antidepressants.

1.2.3 The neuroplasticity hypothesis of depression

The more recently proposed neuroplasticity hypothesis of depression attempts to address some of
the points of concern with the monoamine hypothesis. This hypothesis proposes that a
dysfunction in neuroplasticity might underlie the biological and clinical characteristics of several
neuropsychiatric disorders including depression (Massart et al., 2012; Nissen et al., 2010).
Neuroplasticity, or brain plasticity, is the capacity of the nervous system to undergo adaptive
structural and functional changes in response to external or internal stimuli (Puderbaugh &
Emmady, 2023). Plasticity lies at the core of learning and memory in the developing and adult
brain and plays a role in recovery from brain injury. Synaptic plasticity refers specifically to the
activity-dependent strengthening or weakening of synaptic transmission, as well as the formation
or elimination of synapses (Citri & Malenka, 2008). Long-term potentiation (LTP) is the
stimulus-driven increase in synaptic strength that leads to an increase in signal transmission
between neurons, whereas long-term depression (LTD) involves a reduction in synaptic strength.
The dynamic interactions between LTP and LTD play a crucial role in the development of neural
circuitry and adult memory storage (Stanton, 1996). A disruption of neural plasticity is thought
to play a significant role in the onset and development of depression. This putative role is
evidenced by the molecular changes exerted by antidepressants on the regulatory effects of

neural plasticity (Castrén & Hen, 2013; Normann et al., 2018).
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MDD is associated with deficits in cognition, attention, concentration, memory, and executive
function linked to the prefrontal cortex, limbic system, and hippocampus (Harvey et al., 2005;
Kritchevsky et al., 2004). Stress plays a complex role in mediating region-specific plasticity
dependent on type of stress and chronicity. While prolonged stress can impair the plasticity
underlying hippocampal-dependent learning, mild and transient stress can actually facilitate
hippocampal-dependent cognition (Sapolsky, 2003). Interestingly, stress-induced hippocampal
LTD that causes dendritic atrophy is often paralleled with the enhancement of amygdaloid
plasticity (Sapolsky, 2003; Shors, 2006). This amygdaloid LTP is associated with aspects of
emotional responses in fear-conditioning and the stress effects on learning and memory (Shors,
2006).

Glutamatergic signaling lies at the heart of LTP through the binding of excitatory
neurotransmitters to ionotropic glutamate receptors a-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid (AMPA) and N-methyl-D-aspartate (NMDA). The binding of glutamate
to postsynaptic AMPA receptors (AMPAR) supports fast excitatory transmission, while NMDA
receptors (NMDAR) are coincidence detectors for the induction of long-term synaptic plasticity.
Ligand binding opens the AMPAR allowing for the flux of Na* into the postsynaptic cell,
resulting in a depolarization known as the excitatory postsynaptic potential (EPSP). Conversely,
glutamate binding at resting membrane potential does not open the NMDAR channel due to a
Mg?* cation bound to the GIUN1/GIuN2 subunits. The magnesium block is only expelled with
significant cell depolarization which allows the entry of Na* and Ca?*. Thus, NMDAR channel
activation requires both pre- and post-synaptic responses. The influx of Ca?* initiates signaling
pathways of secondary messengers which phosphorylate existing AMPARS, increase AMPAR
sensitivity to Na*, and traffic AMPARSs onto the postsynaptic surface. This upregulation of

AMPAR results in a long-lasting increase in EPSP size which underlies LTP.

Antidepressant treatments are associated with the repairing of neuronal plasticity deficits
associated with depression and an increase in neurogenesis (Castrén & Hen, 2013; Normann et
al., 2018). The exciting discovery that ketamine, a non-competitive NMDAR antagonist, has
rapid antidepressant effects within as little as an hour provides further support for the
neuroplasticity hypothesis of depression. Ketamine generates synaptic potentiation of field
excitatory postsynaptic potentials (FEPSPs) by trafficking AMPARSs to the postsynaptic surface.
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Ketamine’s antidepressant effects will be covered in more detail later in this chapter. Regardless
of pharmaceutical treatment choice, cognitive and behavioural therapies should be used in

conjunction for the most evidence-based results.

1.2.4 Treatment resistant depression

It is not uncommon that patients with MDD do not respond adequately to first-line
antidepressants developed under the monoamine hypothesis. These individuals are considered to
be treatment resistant and consist of a startling 30-60% of patients in clinical practice (Kasper &
Montgomery, 2013; Rush et al., 2006). While the definition of treatment-resistant depression
(TRD) is variable, TRD is generally defined as an inadequate response to at least two different
first-line antidepressants of adequate dose and duration (Berlim & Turecki, 2007; Daly et al.,
2019). In clinical settings, TRD can range from the failure to reach remission after one course of
antidepressants to multiple failures in response to several more complex treatments, referred to
as treatment refractoriness (Kasper & Montgomery, 2013). More treatment steps are associated
with lower acute remission rates and higher remission rates (Kasper & Montgomery, 2013; Rush
et al., 2006). In fact, one meta-analysis found that with each additional treatment, the relapse
rates increase from 40% after the first intervention, to a startling 71% by the fourth (Rush et al.,
2006). Further evidence suggests that switching to a different class of antidepressants is not
associated with a better clinical response (Souery et al., 2011), although that is most often the
prescribed treatment course. In these cases, additional pharmaceutical therapies may even be
hindering remission due to an increase in despair and learned helplessness (Forgeard et al.,
2011). The inconsistent ways that TRD is defined can bring about difficulties in clinical
assessments as well as limitations in scientific research. However regardless of definition, there
are several pertinent factors that are consistently reported with TRD including ineffective
response to treatment, most notably failure to respond adequately to first-line therapeutics.
Identifying these clinical and biological signs early in diagnostic and treatment course could help

alleviate individual and societal disease burden.

Clinically, TRD is associated with age of onset, sex, longer depressive episodes, higher
suicidality, more hospitalizations, and higher dosage of antidepressants (De Carlo et al., 2016).

Predictors of TRD include comorbid panic or anxiety disorders, comorbid personality disorders,
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and melancholic features (Kasper & Montgomery, 2013). Genetic determinants of treatment
response are also being investigated, most notably the functional polymorphism of the gene
encoding for SERT in the promoter region (Kasper & Montgomery, 2013; Serretti et al., 2009).
A higher baseline inflammation is also uniquely associated with TRD, suggesting that increased
levels of pro-inflammatory cytokines such as C-Reactive Protein and TNF-a could be
contributing to treatment non-responsiveness (Strawbridge et al., 2015; Yang et al., 2019). TRD
should therefore be viewed as a distinct, more severe subset of MDD. Identifying pertinent
biomarkers and developing clinically relevant disease profiles of TRD is essential to streamline

treatment course.

1.3 Sex dimorphisms in depression

MDD is sexually dimorphic characterized by gender-differences in clinical presentation, disease
course, and response to antidepressant treatment. Depression disproportionately affects women,
with reports consistently finding that women are twice as likely to suffer from MDD than men
(Eid et al., 2019; McLaughlin & Hatzenbuehler, 2017; Salk et al., 2017). Epidemiological studies
show this 2:1 ratio is relatively consistent across cultures, between sociodemographic groups,
and remains relatively consistent even as the prevalence of MDD has increased in both sexes
(Kessler et al., 2003). Due to the pleomorphic nature of MDD it is hard to pinpoint the exact
cause of this variability, however most likely socioenvironmental factors are at interplay with
biological roots, genetics, and hormones. The clinical expression of MDD differs between sexes,
as women are more likely to present with a seasonal component, atypical symptoms (weight
gain, hypersomnia), and have increased somatic complaints (Viveros et al., 2012).
Neuroanatomical data shows sexual dimorphisms in many regions of the brain responsible for
cognitive processes, including the hippocampus, amygdala and neocortex (Cahill, 2006).
Examining these sex differences from a biopsychosocial model can help determine some

variables in this web of factors.

Social dynamics pertaining to biological sex and gender roles underpin a complex network of
variables that create social inequalities. The historical and still-prevalent oppression of women
include myriad of human rights violations against women including sexual violence, unjust work

practises, and assaults to human dignity. Women experience higher rates of gender-based
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violence across life-course which is associated with a significantly increased risk of developing
psychiatric disorders (Astbury, 2010). Epidemiological studies suggest that social conditions and
institutional practises can produce a chronic strain related to gender roles (McLaughlin &
Hatzenbuehler, 2017). Some studies even suggest that gendered social structures and interactions
mediate relationship between sex and depressive symptoms (Bebbington, 1998; McLaughlin &
Hatzenbuehler, 2017). Other sex-specific socioeconomic factors found to increase susceptibility
to MDD include interpersonal inequalities such as lower social status, unequal access to
education, bias in income, unwanted pregnancies or difficulties becoming pregnant, and an
increased workload of associated motherhood (Tang & Zhang, 2022). As women are more likely
to experience anxiety (Verma et al., 2011), sex-specific stressors can significantly contribute to
the development of depression (Chiba et al., 2012). Cognitively, females are more likely to
engage in psychological behaviours that are associated with MDD including rumination,
rejection sensitivity, and negative attribution styles (McLaughlin & Hatzenbuehler, 2017).
Women are also at-risk for sex-specific forms of depression including premenstrual dysphoric
disorder, postpartum depression, and postmenopausal depression (Albert, 2015). Life course sex-
differences in MDD demonstrate that women are more likely to experience earlier onsets, longer
depressive episodes, and a greater risk of recurrence of depression, all of which are predictors of
increased chronicity and severity (McLaughlin & Hatzenbuehler, 2017). Women are also 10%

more likely to develop a comorbid psychiatric disorder (Bromet et al., 2011).

1.3.1 The role of sex hormones in MDD

Sex differences and hormonal fluctuations contribute largely to the heterogeneity of depression
symptomology across lifespan. Sex differences in MDD correlate with sex differences in HPA
axis function (Zagni et al., 2016), which is mediated by gonadal hormones (Lund et al., 2004;
Sheng et al., 2021). Males have a greater ability to inhibit HPA axis via its feedback loop, as
testosterone is a known HPA axis modulator and can suppress the release of corticotrophin
releasing hormone (CRH) to depress the stress response (Goel & Bale, 2010; Sheng et al., 2021).
In contrast, estrogens enhance HPA axis activity and the release of stress hormones, exhibited by
stress hormone levels peaking during periods of high circulating estrogen levels (Atkinson &
Waddell, 1997). In women, major hormonal transition periods occur during puberty, pregnancy,

and menopause, as well as more subtle hormonal fluctuations during the monthly menstrual
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cycle. Shifts in female sex hormone levels (estrogen and progesterone) parallel incidence rates of
mood disorders such as unipolar depression (Bebbington, 1998; Musial et al., 2021; Wharton et
al., 2012). In women, a high occurrence of lifetime depressive events are thought to be related to
the reproductive cycle (Soares & Zitek, 2008). Preclinical studies in animal models demonstrate
that progesterone or estrogen withdrawal can induce depressive-like behaviours which can be

recovered by hormone administration (Morssinkhof et al., 2020).

Sex differences in MDD prevalence begin to arise during puberty and continue throughout the
reproductive life cycle (Soares & Zitek, 2008). Adolescent females have a heightened risk to
experience depressive episodes following puberty (Graber, 2013), with an earlier onset of
puberty associated with more serious and persistent psychopathology (Angold et al., 1998; Grabe
et al., 2007). Following the first menstrual cycle, endogenous ovarian hormone level fluctuations
are associated with negative mood symptoms, and allopregnanolone levels have been linked to
an increase in amygdala activity paralleled in anxiety reactions (Backstrom et al., 2014; Saunders
& Hawton, 2006). During the reproductive years, hypoestrogenism caused by normal monthly
hormonal fluctuations could lead to an increased risk of MDD (Arpels, 1996). In fact, meta-
analyses have shown a positive correlation between menstrual phases characterized by low
estrogen levels (the late luteal and follicular phases) and suicide attempts (Saunders & Hawton,
2006). Despite these findings, little evidence shows a direct-effect relationship between
depressed mood and monthly hormonal fluctuations. It is rather the more dramatic and at times
unpredictable hormonal fluctuations that are thought to contribute to the increased risk for
depression (Soares & Zitek, 2008).

Dramatic increases in estrogen and progesterone levels occur throughout pregnancy paralleled by
serotonergic activity (Soares & Zitek, 2008). The postpartum period, which is characterized by
lower amounts of estrogen and progesterone, is also a period of increased susceptibility to a
particular type of depression known as post-partum depression (PDD) (Barth et al., 2015).
However, the contribution of hormonal fluctuations in post-partum depression remains unclear.
Some studies indicate that higher plasma estrogen and progesterone levels are linked to
depressive symptoms (Sha et al., 2021), while others show a low ratio of follicle stimulating
hormone (FSH)/luteinizing hormone (LH) in the development of PDD (Raji et al., 2017). There
appears to be an inverse relationship between depression and perimenopause, a stage
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characterized by unstable levels of FSH and estrogen (Barth et al., 2015). Findings suggest that a
lifetime history of depression predisposes the risk of early perimenopause by nearly 3-fold, while
early entry to perimenopause in non-depressed women increases the risk of severe mood
disturbances and first onset of depression (Cohen et al., 2006). No significant increase in risk of
depression is reported in postmenopausal women, reinforcing the putative causal role of ovarian
sex-hormone fluctuations in MDD (Soares & Zitek, 2008).

Ovarian hormones exhibit modulatory effects on the synaptic transmission of 5-HT, dopamine,
GABA, and glutamate (Barth et al., 2015), hormones which have been implicated in MDD
(Hirschfeld, 2000). Both estrogen and progesterone have been shown to modify the functionality
and responsiveness of SERT in SSRI treatment, suggesting a role of female sex hormones in
therapeutic response (Benmansour et al., 2012). Some studies suggest that males respond better
to TCAs while females have an enhanced response to SSRIs (Alshammari, 2021), although these
findings are not consistently reported. Estrogen is thought to influence serotonin synthesis as
well as serotonin receptor binding and activity (Keers & Aitchison, 2010). Animal models
suggest that lower baseline levels of serotonergic activity increase depressive phenotypic
susceptibility during periods of neuroendocrinal stress (Soares & Zitek, 2008). Clinical reports
indicate that the interaction between ovarian hormonal levels with age and genotype modulate

serotonergic reactivity (Barth et al., 2015).

Neurologically, it has been proposed that ovarian hormones and testosterone influence cortical
functional connectivity in different manners (Barth et al., 2015). Lowered testosterone levels are
also associated with symptoms of depression, and testosterone administration can reduce these
symptoms in both human and animal models (Sha et al., 2021). It has been proposed that the
consistent levels of testosterone may be a protective factor against MDD (Albert, 2015).
Testosterone can be metabolized into metabolites that affect progesterone and estrogen
transmission and reception, suggesting an overlapping effect between testosterone, progesterone,
and estrogen (Morssinkhof et al., 2020). Overall, it is clear that sex hormone level fluctuations
may be a vulnerability factor to the development and course of MDD. In female studies of

depression, it is particularly important to track cycle phases to evaluate hormonal contributions.

In preclinical models, the female rat’s estrous cycle lasts around 4-5 days and consists of four

stages: proestrus, estrus, metestrus, and diestrus. Proestrus is characterized by peak levels of sex
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hormones estrogen, progesterone, luteinizing hormone, and follicle stimulating hormone, and
lasts around 14 hours consisting of rapid hormone changes (Andrade et al., 2010; Lovick &
Zangrossi, 2021). Proestrus females are typically less anxious than females in other estrous
phases (ter Horst et al., 2012), and often have less immobility in the FST (a measure of
behavioural despair) than other non-proestrus females and males, thought to be associated with
elevated levels of progesterone (Andrade et al., 2010). Females in proestrus have also been
shown to have greater resting and CORT-induced HPA axis responses to stress than other stages
of the estrous cycle (Babb et al., 2013). Estrus, which lasts 24-48h, is characterized by falling
levels of estrogen, moderate levels of progesterone, and high levels of LH and FSH levels
(Lovick & Zangrossi, 2021). Metestrus (sometimes diestrus | or early diestrus) is characterized
by low levels of estrogen and LH, whereas in diestrus (or diestrus Il/-late diestrus) estrogen
levels begin to rise (Jenkins et al., 2001; Shors, 1998). In general, higher levels of anxiety-like
behaviour and acute stress responsiveness are seen in the metestrus and diestrus phases
compared to the proestrus and estrus phases (Lovick & Zangrossi, 2021; ter Horst et al., 2012),
possibly from decreased levels of estrogen and progesterone (Jenkins et al., 2001; Lovick, 2012;
Shors, 1998). In fact, diestrus rats exhibit increased immobility in the FST that is reversible
through low dose progesterone administration, suggesting that lower serum progesterone levels

may be associated with depressive-like behaviours (Andrade et al., 2010).

Across the estrous cycle, oscillations in sex hormone levels may have a modulatory effect on
stress-induced cognitive deficits relevant to depression (do Nascimento et al., 2019). Female rats
in metestrus/diestrus are more susceptible to chronic stress induced memory deficits despite
similar CORT levels across estrous phases (do Nascimento et al., 2019). Combined, these results
suggest that periods of peak sex hormones may be a protective factor against anxiety and stress-
induced memory impairment in females (do Nascimento et al., 2019; Shors, 1998; ter Horst et
al., 2012), a result that is paralleled throughout the human female cycle (Lovick & Zangrossi,
2021). Although relevant, these hormonal fluctuations may have a limited impact, as some
studies found no differences across antidepressant behavioural response throughout the estrous
cycle (Kokras et al., 2012).
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1.4 Hippocampus: Anatomy, structure, and function

The hippocampus, named after its resemblance to a seahorse (in Greek, “hippos” for horse and
“kampos” for sea monster), is a grey matter structure involved in mood regulation and
consolidation of short- and long-term memory. Residing in the medial temporal lobe of both
hemispheres, the hippocampus is a major structure in the limbic system which is involved in
emotional and behavioural response. The hippocampus provides a spatiotemporal framework for
experience and receives input from most cortical and subcortical regions (Knierim, 2015). The
involvement of the hippocampus in memory has been well-established since 1953 when patient
H.M. developed antegrade amnesia following bilateral hippocampal resection in an attempt to
reduce epileptic seizures (Knierim, 2015; Lisman et al., 2017). Despite retaining full cognitive
function, H.M. lost the ability to develop new semantic or episodic memories (antegrade
amnesia) or remember events that occurred close to the surgery (partial retrograde amnesia). This
scientific breakthrough showed strong evidence for the role of the hippocampus in declarative
but not procedural memory. Severe episodic and spatial memory impairments are also found in
those with hippocampal lesions, however normal levels of intelligence are generally retained
(Hainmueller & Bartos, 2020; Knierim, 2015). Since H.M., the hippocampus is one of the most
studied structures of the brain.

The hippocampal formation is a neural network of millions of neurons organized into four main
regions: the Cornu Ammonis (CA), the DG, the entorhinal cortex (EC), and the subicular
complex (found in Figure 1.1). Each region is highly connected and essential for the proper relay
of information between the hippocampus, the PFC, the hypothalamus, and other limbic areas
(David & Pierre, 2006). The intrinsic flow of information through intrahippocampal circuits is
largely unidirectional and follows a serial progression through either the tri-synaptic circuit (EC
— DG — CA3 — CAl) or via the perforant pathway (Knierim, 2015). Highly distributed three-
dimensional connections allow integration of multimodal sensory information. The
neuroanatomy of the hippocampal formation differs between rodent and primate brains,
expressed as C-shaped and vertically oriented in rodents, whereas it is more linear and

horizontally oriented in primates (David & Pierre, 2006).
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Figure 1.1 General anatomy, structure, and circuitry of the hippocampus. The hippocampus proper
consists of 3 subdivisions (CAl, CA2, CA3), which are further divided into 5 strata (stratum oriens,
stratum pyramidal, stratum radiatum, stratum lucidum, and stratum lacunosum-moleculare). The dentate
gyrus (DG) is made up of 3 layers: the molecular layer, the granule cell layer, and the polymorphic layer.
The trisynaptic circuit of the hippocampus is a unidirectional circuit that transfers information from layers
I and 11 of the entorhinal cortex to the granule cells of the DG, and then to pyramidal cells in the CA3
through mossy fibers. Shaffer collaterals connect the CA3 to pyramidal cells in the CAL, which outputs to
layers V and VI of the entorhinal cortex. The direct path connects layer 1l of the entorhinal cortex to the
pyramidal cells of CA1. Figure created by author in BioRender adapted from Dr. Jenessa Johnston.

The CA, or hippocampus proper, is made up of 3 subdivisions (CA1 — 3) which have five strata
or layers: the stratum oriens, stratum pyramidal, stratum radiatum, stratum lucidum, and stratum
lacunosum-moleculare, in order of superficial to deep. Excitatory pyramidal neurons are
distributed across the stratum oriens, which houses the dendrites, and the stratum pyramidal,
where the soma are tightly packed together. The activity of these pyramidale neurons is fine-
tuned by GABAergic interneurons that project to different CA subdivisions. The stratum

radiatum contains Schaffer collateral fibers (axonal projections of CA3 pyramidal cells to
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CA1/2) which activate GABAergic interneurons to provide feed-forward inhibition on pyramidal
cells. The stratum lucidum, the thinnest strata found only in the CA3, contains mossy fibers from
the DG granule cells which project to the CA3 and the stratum pyramidal. The stratum

lacunosum-moleculare contains the perforant path fibers from the EC which form synapses onto

the apical dendrites of pyramidal cells (Basu & Siegelbaum, 2015).

The DG plays a critical role in memory consolidation and spatial navigation. The DG is a
trilaminate structure, composed of an outer molecular layer, a middle granule layer, and an inner
polymorphic layer (occasionally referred to as CA4 or the hilus). Between the granule cell layer
and the hilus is the subgranular zone (SGZ) which is the site of adult neurogenesis (Basu &
Siegelbaum, 2015; David & Pierre, 2006; Knierim, 2015; Lisman et al., 2017; Stuchlik, 2018).
Adult neurogenesis is the process in which neural stem cells, which are self-renewing
multipotent cells, differentiate into functionally integrated and other cell types (Zhang et al.,
2018). Neural stem cells in the SGZ develop into granular cells which sprout axons that target
neurons in the CAS3, establishing synaptic connections with nearby cells (Zhang et al., 2018).
These connections are important for controlling the formation of memories and learned
behaviours. The EC is involved in memory processing and displays subregional specialization to
mediate the cortical information input and output from the hippocampus proper (Garcia &
Buffalo, 2020). The subiculum, which lies between the hippocampus proper and the EC, is
involved in spatial navigation, mnemonic processing, and mediation of hippocampal-cortical
interactions (O’Mara et al., 2001). Long-term synaptic plasticity in the corticohippocampal
circuit underlies memory storage and spatial representation (Basu & Siegelbaum, 2015).
Interestingly, diseases of the hippocampus including hippocampal sclerosis, medial temporal
lobe seizures, and Alzheimer’s disease often have affective neuropsychiatric morbidities, most

prominently depression (Matthew et al., 2006).

1.4.1 Hippocampal dysfunction in depression

The hippocampus is heavily implicated in the pathophysiology of MDD. Consistent reports find
reduced hippocampal volume in depressed patients of up to 18-20% compared to healthy
controls (Campbell et al., 2004; Stockmeier et al., 2004; Videbech & Ravnkilde, 2004). High-

resolution magnetic resonance imaging (MRI) studies suggest that hippocampal volumetric
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reductions may occur in a sex-dependent left-right asymmetrical manner (Kronmdiller et al.,
2009; Sawyer et al., 2012). Post-mortem hippocampal analysis of patients with MDD suggest
this volumetric reduction could arise from a decrease in neurophils and pyramidal neuron soma
size, and an increase in packing density of glia, pyramidal neurons, and granule cells neurons
(Stockmeier et al., 2004). Additionally, reductions in neuronal density, particularly the CA2
interneurons, is observed in depression (Matthew et al., 2006). Larger volumetric reductions
correlate with earlier onset of depression, more recurrent episodes, and longer illness duration
(MacQueen & Frodl, 2011; Sheline, 2011). However, the directionality of this relationship
remains unclear as smaller hippocampal volumes predict worse clinical outcomes (Sheline,
2011).

The bidirectional relationship between the HPA-axis and the hippocampus is not fully
understood, but it is known that cortisol has important regulatory effects on the hippocampus and
vice versa. This is evidenced by high expression of hippocampal glucocorticoid receptors in
rodents and the finding that activity in the hippocampus can trigger the release or metabolization
of CORT (Richard, 2006). While chronic stress is associated with structural changes in the CA3,
neurotoxic lesions of CA3 also cause stress-induced hypersecretion of CORT (Charney, 2004;
Richard, 2006). One prominent hypothesis, known as the neurotoxicity hypothesis, proposes that
hippocampal volumetric reductions in patients with MDD occur from the deleterious effects of
chronic stress. The neurotoxicity hypothesis posits that prolonged exposure to glucocorticoids
(e.g., cortisol) increases neuronal vulnerability thereby increasing cell death (Duman & Li,
2012). This glucocorticosteroid cascade participates in feed-forward progressive hippocampal
damage and promotes dysregulation of the HPA axis (Richard, 2006). Contrarily, the
vulnerability hypothesis posits that neurobiological risk factors predispose psychopathology
related to allostatic overload (Charney, 2004). Some monozygotic twin studies have found
evidence that smaller hippocampal volume may constitute a risk factor for the development of
MDD and stress-related psychopathology (Charney, 2004). In rodents, hippocampal volume
decreases paralleled with depressive-like phenotypes were reversed by increased hippocampal

neurogenesis (Zhang et al., 2018), suggesting an underlying neurobiochemical deficit.

Stress-hormones modulate hippocampal excitability, learning, memory processing, and activity-
dependent synaptic plasticity (Richard, 2006). Stress-induced reductions in neurotrophic factors,
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particularly brain-derived neurotrophic factor (BDNF), contribute to hippocampal volume loss,
dysregulation of dendrite length and spine density, and decreases in neurogenesis (Duman & Li,
2012; Richard, 2006; Sheline, 2011). Stressful experiences elevate circulating levels of
glucocorticoids and stimulate the release of hippocampal glutamate, which inhibits granule cell
proliferation in the DG through an NMDAR-dependent pathway (Richard, 2006). Chronic-stress
induced persistent inhibition of granule cell production could explain the structural changes in
the DG and decreases in neurogenesis seen in depression (Richard, 2006). Research shows that
stress can impair neurogenesis in the DG demonstrated by an inverted U-shape between level of
acute stress and memory (Gould & Tanapat, 1999; Richard, 2006).

Hippocampal neurogenesis appears to play a role in mood regulation and antidepressant efficacy
(Eisch & Petrik, 2012). Spurred from the hypothesis that most antidepressants stimulate adult
hippocampal neurogenesis, research has found that adult-generated hippocampal neurons may
mediate the deleterious effects of chronic stress (e.g., atrophy) and the behavioural effects of
antidepressants (DeCarolis & Eisch, 2010; Sahay & Hen, 2007), and that neuron generation in
the DG follows the time course seen in the delayed onset of monoaminergic-based
antidepressants (Duman et al., 2001). In animals, a lack of new hippocampal neurons is
associated with deficits and delays in contextual memory such as fear conditioning, working
memory, and long-term spatial memory (Becker & Wojtowicz, 2007). Although the role of
neurogenesis in the etiology of MDD is heavily debated, evidence implies its involvement in

stress, emotion regulation, memory, and cognition (Bartsch & Bartsch, 2012).

Data suggests that the dorsal hippocampus is involved in cognitive processes such as learning
and memory, whereas the ventral hippocampus may modulate the regulation of emotional and
motivational behaviour (Fanselow & Dong, 2010). Interestingly, acute swim stress in the forced
swim test (FST) is associated with region-specific changes of LTP in the hippocampus;
specifically, a decrease in dorsal hippocampus and an increase in the ventral hippocampus
associated with fear-conditioning (Stuchlik, 2018). Patients with MDD often exhibit memory
deficits in hippocampal-encoded memories (Burt et al., 1995), which can be predictive of a more
severe disease course (Sumner et al., 2010). Cognitive deficits also occur in around 2/3 of

depressed patients and include impaired decision-making, executive-functioning, attention,
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concentration, and deficits in hippocampal-based episodic and semantic memory (Rock et al.,

2014; Szabo et al., 2014), which are often predictive of poor remission rates (Austin et al., 2001).

1.5 The HPA axis and MDD

Stress is the physical, emotional, or psychological strain that arises from real or perceived
threats. Evolutionarily, the body’s ability to adjust physiology and behaviour in response to
immediate threats or changing circumstances has a short-term selective advantage. This type of
acute stress response, often referred to as fight-or-flight, allows energy relocation away from
functions not immediately needed for survival and towards facing the immediate threat. Acute
stress activates the sympathetic nervous system which signals a downstream chain of events
causing a short-term increase in heart rate, blood pressure, and breathing rate. While the fight-or-
flight response has evolutionary advantages for survival by enabling quick reactions, a
malfunctioning stress response can be extremely detrimental. In today’s modern Western society,
humans are faced less often with life-threatening situations and more so with daily hassles.
Chronic stress occurs when the body overreacts to non-life-threatening stressors eliciting a
similar, but inappropriate stress response. Extensive research has shown that chronic stress
significantly increases the risk of many physical and mental health challenges, notably including
depression (Kokras et al., 2012). The stress response occurs when a stressor stimulates a
neuroendocrinological cascade called the HPA-axis, which regulates brain and body homeostasis
(Herman & Cullinan, 1997). Schematic representation of the HPA-axis under stress can be found

in Figure 1.2.

The stress response begins when a sensory stimulus from a perceived threat evokes a
downstream signalling cascade. Sensory information is processed through the thalamus and
analyzed by cortical structures such as the amygdala, responsible for processing fearful stimuli,
and the hippocampus. These cortico-limbic structures send a distress signal to the hypothalamus,
a structure that sits just above the brainstem and is the command center for hormonal release.
The axonal terminals of the hypothalamic paraventricular nucleus (PVN) secrete corticotropin-
releasing factor (CRF; used interchangeably with corticotropin-releasing hormone) which
triggers the release of adrenocorticotrophic hormone (ACTH) from the anterior pituitary gland

into blood circulation. ACTH travels to the adrenal glands on top of the kidneys, which triggers
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the release of the glucocorticoid hormone cortisol from the zona fasciculata layer of the adrenal
cortex. Cortisol is the primary stress hormone in humans, analogous to CORT in rodents. Free
fraction cortisol (< 5% of body cortisol) is physiologically active and stimulates glucose
metabolism, creating the energy surge associated with the fight-or-flight response within minutes
(Bianchi & Esposito, 2012). The free fraction cortisol remains unbound to proteins and its free
circulation regulates the production of CRF and ACTH through a negative feedback mechanism.
In a functional stress response, an increase of free fraction plasma cortisol inhibits the release of
CRH and ACTH which in turn decreases cortisol levels. Endogenous glucocorticoids, primarily
glucose, contribute to the suppression of the HPA-axis and the stabilizing neural excitability
(Bianchi & Esposito, 2012).
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Figure 1.2 The HPA axis under conditions of stress. In response to a perceived stressor, the
paraventricular nucleus in the hypothalamus secretes CRF which targets the anterior pituitary gland to in
turn release ACTH. ACTH stimulates the release of CORT from the adrenal glands. CORT diffuses
through the blood-brain barrier to bind to glucocorticoid receptors (GRs) in the cytosol of target cells.
This activates a negative feedback system to shut off the stress response, however chronic stress can lead
to maladaptive downregulation of GRs, and dysregulation of the negative feedback loop.
Hypercortisolemia is observed in = 60% of patients with diagnosed with depression and is heavily
implicated in the associated stress response. Figure created by author in BioRender.

Normal cortisol release is cyclical, with individual variation in diurnal rhythms and magnitude of

release. In humans, cortisol levels peak after waking and are lowest before bed (Adam et al.,
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2010) while in nocturnal rodents CORT levels are highest at night (Watts et al., 2004). Cortisol
levels are highly variable across individuals and can fluctuate up to 60% throughout a given day
(Watts et al., 2004). However, hypercortisolemia is associated with brain atrophy, decreases in
neurogenesis, and slowed cell maturation (Brymer et al., 2018). Overactivation of the HPA-axis
can cause dendritic atrophy in the amygdala and neuronal death in the PFC and hippocampus
(Bianchi & Esposito, 2012; Tafet, 2022). It is therefore likely that dysregulation of the HPA-axis
may contribute to the reductions in hippocampus volume observed in patients with MDD (Adam
et al., 2010; Bianchi & Esposito, 2012; Brymer et al., 2018).

The relationship between chronic stress and depression is well-established. Periods of high stress
such as grief or divorce are pertinent risk factors for depression onset (Kessing, 2004).
Biologically, high levels of cortisol are consistently reported in the plasma of patients with MDD
(Heim et al., 2008; Pariante & Lightman, 2008), paralleled with increased ACTH and CRF in the
brain, cerebrospinal fluid, and blood (Carroll et al., 2007; Nestler et al., 2002). In fact,
hypercortisolemia is seen in ~60% of depressed patients (Carroll et al., 2007). Higher levels of
CRF and cortisol are also recorded in the PFC, blood, hair, and saliva of suicide victims those
experiencing suicidal ideation (Johnston et al., 2022; Merali et al., 2004). The relationship
between HPA functioning and responsiveness to antidepressant treatment is controversial. Some
studies suggest that the HPA-axis functioning can be a predictor of antidepressant response
(Fischer et al., 2017), others found no relationship between cortisol level and therapeutic
response (Nandam et al., 2020), and yet other studies argue for a sexually dimorphic approach
(Holsen et al., 2013; Kokras et al., 2012). However, antidepressants and electroconvulsive
therapy (ECT) do appear to normalize HPA-axis function (Du & Pang, 2015; Pariante, 2003;
Pariante & Lightman, 2008). Discussed in further detail later in this thesis, exposure of chronic
mild stress increases plasma concentrations of CORT in rodents (L. et al., 2008), and chronic
CORT administration produces depressive-like phenotypes (Allen et al., 2022; Brymer et al.,
2020; Johnston et al., 2020; Romay-Tallon et al., 2018). The consistent association of chronic
stress with depression provides evidence that the HPA-axis plays an important role in depression

which needs to be studied further.
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1.6 Translational neuroscience: Animal models of MDD

Animal models are used to better understand human pathologies and to develop effective
treatment approaches, however there are challenges in the translatability of such models. For
ethical reasons, limitations on studying human pathologies are abundant including restrictions on
human genetic modification. Additionally, while studying post-mortem tissue can provide
valuable neurobiological information in psychiatric illness genomics and proteomics, it is not
without limitations. Researchers must disentangle the nature of the primary disease from the
consequences of illness lifecourse, the potential influence of other comorbid disorders, the
impact of, if any, pharmacological agents, and the elapsed time between death and fixation of
brain tissue. Further, the morphological and biochemical integrity of the brain structures may be
affected during the agonal state such as alterations in acid-base balance, blood oxygenation, and
structural alterations (Lewis, 2002). Ultimately, post-mortem brain samples are difficult to obtain
and often tell an incomplete story of illness course, riddled with confounding issues. This is
particularly true in depression where death by suicide, prolonged post-mortem interval, and
influences of psychoactive medications can cause significant changes in the brain. Animal
models of depression provide a crucial framework to examine neurochemical circuits in a
controlled environment, allowing for methods impossible to employ in human patient studies

such as gene editing and pharmacological manipulations (Wang et al., 2017).

Although humans and rodents diverged from a common ancestor approximately 75-125 million
years ago, human disease genes are highly represented (~99.5%) in rodent orthologs (Center,
2002; Huang et al., 2004). Rodents are used to model human conditions due to their low cost,
size, replicability, and fast reproductive rates. Across pathophysiology systems, rodent
neurological genomes exhibit the greatest evolutionary conservation suggesting that rodent
models of neuropsychiatric disease can provide an accurate representation of human pathologies
(Huang et al., 2004). That said, modeling human neuropsychiatric disorders in animals is not
without challenge due to the subjective nature of many key symptoms and the lack of biomarkers
and objective diagnostic tests. In depression, the highly heterogeneous symptom characteristics
and elusive disease etiology provide challenges in translational validity. For example, hallmark
symptoms such as depressed mood, suicidal ideation, feelings of worthlessness, low self-esteem,

and excessive guilt are difficult to model due a presumed lack of rodent self-reflection. Further,

30


https://www-sciencedirect-com.ezproxy.library.uvic.ca/topics/medicine-and-dentistry/proteomics

the interplay of human genetic predispositions, environmental stressors, and socioeconomic
factors create a complex pathophysiology causing researchers to often focus on a particular facet
of the disorder. For this reason, there are many different models to study depressive-like
behaviour, although the “best model” depends on the specific research question at hand. These
include but are not limited to models of chronic or acute exposure to environmental stressors
(during development and/or adulthood), targeted genetic manipulations (transgenic gene deletion
or overexpression), and biological manipulations (surgical procedures, targeted lesions, and
optogenetic control).

Experimental animal models of human disorders must meet standards to ensure reliability and
translatability of preclinical research. Models are established based on three basic constructs:
face validity (similarity in illness phenotype and clinical symptoms), predictive validity
(effectiveness of disease-specific interventions in humans), and construct validity (human
pathology recapitulation within the model) (Belzung & Lemoine, 2011; McKinney & Bunney,
1969; Wang et al., 2017; Willner, 1997). Face validity ensures analogy of the model’s
behavioural phenotype with clinical symptoms, predictive validity refers to the amelioration with
clinically effective treatments (but not ineffective ones), and construct validity examines the

similarity of neurobiological mechanisms with the etiology of the disorder.

1.6.1 Behavioural tests to evaluate depressive-like phenotypes

There are many behavioural changes that can be observed in animals to evaluate depressive-like
phenotypes such as changes in exploratory behaviour, fear-conditioning, escape responses,
memory performance, and anhedonia. Although there are many common paradigms to evaluate
depressive-like behaviours, this thesis will focus on the most widely used behavioural test for
antidepressant efficacy, the forced swim test. The FST was first described by Porsolt and
colleagues (1978) as a measure of behavioural despair through learned helplessness. Rodents
were subjected to 15 minutes of forced swimming in a deep, inescapable, water-filled cylinder.
The following day, animals were returned to the tank for 5 minutes and researchers scored the
amount of time spent swimming, climbing (used interchangeably with struggling), immobile, and
latency to immobility. Porsolt argued that time spent immobile was indicative of despair-like

behaviour brought on by learned helplessness from the 15-minute pre-swim, and that immobility
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could be rescued through antidepressant treatment (Porsolt et al., 1978). However, criticisms of
the 2-day procedure argued that immobility on the second day of testing could be an adaptive
response as rodents learned to conserve energy remembering that they will be removed from the
tank. Consequently, a one-day 10-minute protocol was established to remove the confounding
effects of memory. In the updated protocol, stressed animals are consistently more immobile
than controls, a phenomenon that is reversible with antidepressants (Allen et al., 2022; Brymer et
al., 2018, 2020; Fenton et al., 2015; Lebedeva et al., 2020).

However, the updated FST protocol is not without critique, as the complexity of human
depression cannot be captured by a simple rodent behavioural test. Critics focus on the
translatability to human symptomology, the subjectivity of immobility analysis, and the failure to
account for the treatment-resistant population. Some researchers argue that the FST measures
coping behaviour rather than despair (Commons et al., 2017), while others see the FST more as a

tool for screening antidepressant efficacy (Allen, 2022).

Despite these criticisms, the updated FST remains the most ubiquitous behavioural test for
antidepressant efficacy largely due to its predictive validity (defined as similarity in drug
response used to treat human condition). Therapeutics that decrease depressive symptoms in
humans are often paralleled by decreases in rodent FST-immobility (Nani et al., 2019). For
example, chronic (but not acute) treatment with traditional antidepressants decreases FST
immobility in a time course similar to humans (Fenton et al., 2015; Holick et al., 2008), a single
dose of ketamine rescues this behaviour rapidly (Browne & Lucki, 2013), and psychedelic drugs
do so persistently (Hibicke et al., 2020), effects that are also seen in human patients (Kadriu et
al., 2021). Genetic animal models of depression were also found to influence the immobility
behaviour (Yankelevitch-Yahav et al., 2015). While this demonstrates some form of predictive
validity, differences in therapeutic response do exist between human participants and rodents.
For instance, while antidepressants rescue depressive-like phenotypes in most rodents, 30-50%
of human patients do not respond to initial treatment (Planchez et al., 2019), largely due to the
heterogeneity of the human-condition. Nonetheless, the therapeutic parallels found in a broad

range of antidepressant drugs provides context for the ubiquitous use of this test.
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1.6.2 Chronic stress models of depression

To tackle the heterogeneity of depression, a multitude of animal models have been developed
based on stress exposure, brain lesions, and genetic manipulations. As the link between stress
and MDD is well-defined, it is not surprising that chronic stress models of depression often show
the greatest validity and translational potential (DeCarolis & Eisch, 2010; Willner, 1997, 2016).
Commonly used models of chronic stress include exogenous glucocorticoid administration
(Sterner & Kalynchuk, 2010), chronic unpredictable mild stress (Willner, 2016), learned
helplessness (Vollmayr & Gass, 2013), chronic restraint (Wang et al., 2017), and social isolation
or instability (Lopez & Bagot, 2021). However, a lack of experimental control over individual
differences in responsivity to physiological and psychological stressors combined with a large
variability in animal response makes it difficult to evaluate the direct effect of stress in many of
these models. High variability in corticosterone levels is found between different rats exposed to
the same experimenter-applied stressor, and many animals habituate to the aversive effects of

repeated exposure (Sterner & Kalynchuk, 2010).

To circumvent these differences our laboratory uses a chronic corticosterone administration
paradigm to model depressive-like behaviour whereby rats are subjected to 3 weeks of daily
subcutaneous injections of 40mg/kg of CORT. This allows us to control the amount of CORT
given to each rat dependent on bodyweight, and more directly examine the detrimental effects of
stress (Sterner & Kalynchuk, 2010). Rodents are typically subjected to 21 days of CORT
injections although shorter and longer exposure periods have been used (Lussier et al., 2013).
This paradigm is shown to consistently induce depressive-phenotypes comparable to humans,
and antidepressants can reliably rescue CORT-induced behavioural and neurochemical
abnormalities (Allen et al., 2022; Brymer et al., 2020; Fenton et al., 2015; Johnston et al., 2020;
Lebedeva et al., 2020). While CORT can be administered in a variety of ways including through
food, water, pellet implantation, or osmotic pump infusion, injections allow for the most control

over quantity administered.

As previously discussed, the best animal models address face, predictive, and constructive
validity, as well as external validity (reproducibility) in a sex-standardized manner. Research
indicates that face validity of the CORT model is met as it produces robust and reliable

behavioural phenotypes that approximates clinical depression symptoms (DeCarolis & Eisch,
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2010). Chronic CORT administration increases despair-like behaviour in the FST (Ali et al.,
2015; Gourley & Taylor, 2009; Wrobel et al., 2017) in a dose- (5mg/kg, 10mg/kg, 20mg/Kkg, or
40mg/kg) and time-dependent manner (Johnson et al., 2006; Lussier et al., 2013; Marks et al.,
2015). Depressive-like behaviour worsens with each additional 21-day CORT cycle (Lebedeva et
al., 2017, 2020), can be reversed by treatment with antidepressants (David et al., 2009; Fenton et
al., 2015; Rainer et al., 2012), and is not mediated by weight or muscle strength of the animals.
In addition, CORT-treated rats display anhedonic behaviours (Gourley & Taylor, 2009; Kvarta et
al., 2015; Ma et al., 2018) and deficits in social behaviours, food-seeking, and sexual behaviours
that are normally rewarding (Berger et al., 2019; Chan et al., 2017; Peng et al., 2021). Anxiety-
like behaviours, often comorbid with depression in humans, are also increased in the CORT
model as demonstrated with the open-field test (Li et al., 2017), the elevated-plus maze (Luo et
al., 2017), and the light-dark box test (Murray et al., 2008). Cognitive deficits comparable to
those observed in depressed humans are also observed in the CORT model, evidenced by
impairments in the rodent’s ability to recognize novel objects (Darcet et al., 2014) or familiar
objects in a new location (Brymer et al., 2018, 2020), and deficits in spatial memory (Coburn-
Litvak et al., 2003).

Biological changes in the chronic CORT model also parallel those found in depressed humans.
Body-weight decreases are observed in a dose- and time-dependent manner (Johnson et al.,
2006; Lebedeva et al., 2020). Alterations in circadian rhythm, often expressed as sleep deficits in
humans, are expressed in CORT-treated rodents (Ma et al., 2018). Moreover, CORT-induced
inflammatory responses are thought to contribute to premature aging (Ma et al., 2018; Xie et al.,
2018). Of note, sex-differences in low-doses of shorter-length chronic CORT administration
exist, showing a paradoxical behavioural effect in females (Brotto et al., 2001).

Neurochemical alterations are also found in CORT-treated rodents that parallel human depressed
patients. Our laboratory has found CORT-induced reductions in neurogenesis paralleled
depressive-like behaviour (Lussier et al., 2013) and can be rescued by antidepressants (Brymer et
al., 2018; Fenton et al., 2015). Depressive-like states induced by CORT were also associated
with decreases in excitability of dopaminergic VTA neurons (Peng et al., 2021), reductions in
AMPAR-mediated neurotransmission (Kvarta et al., 2015), decreased GIuA1 expression in the
SGZ (Brymer et al., 2020), dendritic retraction in hippocampal neurons (Sousa et al., 2000),
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dendritic hypertrophy in the amygdala (Mitra & Sapolsky, 2008), and mitochondrial damage
resulting in cellular excitotoxicity, oxidative stress, and apoptosis (Allen et al., 2021; Ma et al.,
2018). CORT-treated rats also show gradual decreases in reelin expression in the SGZ and CA1,
and a lower number of dentate granule cells, paralleled in a time-dependent manner with
depressive behaviours (Lussier et al., 2009, 2013). Interestingly, chronic restraint stress was
ineffective at inducing depressive- and anxiety-like behaviours, did not reduce reelin expression,
and failed at inducing GABAergic and glutamatergic neurotransmission generally associated
with depression (Gregus et al., 2005; Lussier et al., 2013). Combined, these findings provide

rationale for using chronic CORT-injections to model depressive-like phenotypes in rodents.

1.7 Ketamine

Ketamine is a dissociative anesthetic that can be used as an analgesic and has recently been
implicated in the treatment of psychiatric disorders, particularly depression. As a non-
competitive NDMAR antagonist, ketamine produces its effects in dose-dependent manner. First
synthesized in 1962 as a derivative of phencyclidine (PCP), ketamine was observed to produce
cataleptic, analgesic, and anaesthetic action without the hypnotic and hallucinogenic effects
associated with PCP (Domino & Warner, 2010). Combined with its shorter acting properties,
ketamine quickly grew in favour over PCP with the first human patient trials beginning in 1964.
The term “dissociative anesthetic” was coined by the patients to describe a floating sensation of
environmental disconnection, most likely due to a functional dissociation between the limbic and
thalamocortical systems (Mion, 2017). Due largely in part to its large safety margins, ketamine
was approved in 1970 by the USA Food and Drug Administration (FDA) as anesthesia, used
primarily for field soldiers in the Vietnam war. However, ketamine use was largely discontinued
soon after due to lowered patient tolerability from its psychotomimetic actions, seizures, and
increases in intracranial pressure (Hirota & Lambert, 2022). Societal concerns surrounding
ketamine’s abuse potential led to the US Controlled Substances Act designation of ketamine as a

class 111 substance in 1999.

As an anesthetic, ketamine provides a unique spectrum of pharmacological effects including
sedation, analgesia, catalepsy, bronchodilation, and sympathomimetic properties (Kurdi et al.,

2014). Although it is most commonly used in veterinary medicine, ketamine is still used as an
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intravenous induction agent in shocked or hypotensive patients, for children with congenital
heart disease, burn patients, bronchospasms, battlefield analgesia, and in conjunction with
benzodiazepines (Kurdi et al., 2014). At high doses, ketamine’s antagonism on NMDA receptors
produces amnesia and loss of consciousness due to NMDARS role in excitatory
neurotransmission, LTP, and memory formation (Kohtala, 2021). Anesthetic doses of ketamine
also antagonise p and k-opioid receptors (Hirota & Lambert, 2011). Non-analgesic doses can
potentiate opioid analgesia in rodents (Campos et al., 2006) and perioperatively in human
patients (Bell et al., 2006). Ketamine also appears to reduce the production of excess
proinflammatory cytokines and inflammation-induced nitric oxide in a dose-dependent manner
(Zanos et al., 2018). NMDAR inhibition also underlies ketamine’s antinociceptive actions along
with activation of descending inhibitory monoaminergic pain pathways (Hirota & Lambert,
2011). While NMDAR blockade is responsible for ketamine’s most pronounced effects, other
putative lower-affinity pharmacological targets have been identified including GABAergic,
dopaminergic, serotonergic, adrenergic, opioidergic, cholinergic, and sigma receptors (Frohlich
& Van Horn, 2014; Sinner & Graf, 2008), serotonin, noradrenaline, and dopamine reuptake
transporters (Kohtala, 2021), and various ion channels such as voltage-gated sodium and

hyperpolarization-activated cyclic nucleotide-gated channels (Zanos et al., 2018).

As ketamine is water- and lipid-soluble, it can be administered through multiple routes
(intravenous or intramuscular injection, intranasally, rectally, and orally) while still rapidly
crossing the blood-brain barrier (Sinner & Graf, 2008). Ketamine is characterized by a chiral
carbon at the optically active centre (C2 position) of the molecule creating two enantiomers: S(+)
isomer and R(—) isomer. Pharmaceutically, ketamine is produced in both racemic and
enantiopure forms as its stereoselective binding causes differences in clinical potencies and
receptor-affinities (Sinner & Graf, 2008). (S)-ketamine is generally preferred in clinical
anesthesia due a higher binding affinity to NMDARs 4x that of (R)-ketamine and 2x that of the
racemic mixture (Kohtala, 2021; Zhang et al., 2021). Both stereoisomers exhibit voltage- and
use-dependent blockade of NMDAR currents by acting as an open channel block (Zanos, et al.,
2018). By binding to the allosteric PCP site localized deep within the NMDAR channel pore,
ketamine occludes ions from moving through the channel; although the PCP site is only
accessible when the channel is in open confirmation with the Mg 2+ block already removed
(MacDonald et al., 1987). Interestingly, women express a 20% greater elimination clearance rate
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of (S)-ketamine, (R)-ketamine, and its metabolites, resulting in lower drug plasma concentrations

in women (Saland et al., 2017; Sigtermans et al., 2009).

1.7.1 Ketamine as an antidepressant

The discovery of ketamine’s rapid-acting antidepressant effects has resulted in a surge of clinical
and pre-clinical research to establish ketamine as a novel therapeutic in the treatment psychiatric
disorders. Berman and colleagues first demonstrated that subanesthetic doses (0.5mg/kg) of
ketamine could elicit rapid-acting (within hours) and sustained (up to 3 days) antidepressant
effects in patients previously diagnosed with MDD (Berman et al., 2000). Since this
breakthrough, a multitude of randomized placebo-controlled trials have extended upon this
findings to validate ketamine’s robust antidepressant effects in patients with MDD (Alnefeesi et
al., 2022; Mclintyre et al., 2020), treatment-resistant depression (Dai et al., 2022; Zarate et al.,
2006), treatment-resistant bipolar disorder (Diazgranados et al., 2010; Zarate et al., 2012), and
post-traumatic stress disorder (Kim, 2017; Stein & Simon, 2021). Compared to traditional
antidepressants, ketamine showed significantly higher response and remission rates and was able
to improve traditionally hard to treat symptoms such as suicidality, anhedonia, and amotivation
(Monteggia & Zarate, 2015). Meta-analysis shows that reduction in depressive symptoms start as
early as within 40 minutes and last up to 8 days, with response peaking at 24 hours post-infusion
(Kishimoto et al., 2016). This is remarkable because ketamine’s antidepressant effects are
sustained well beyond its relatively short half-life (2-4 h) and peak pharmacokinetic exposure
(Kohtala, 2021; Monteggia & Zarate, 2015). Considering this, ketamine’s antidepressant
response is most likely mediated by acute changes in synaptic plasticity that lead to sustained

strengthening of excitatory synapses.

These exciting findings led to the approval of intranasal esketamine (the S-enantiomer of
ketamine; Spravato) for adults with TRD (defined as non-responsiveness to at least two
antidepressant treatments of adequate dose and duration) by the U.S. FDA and the European
Union. However, concerns around ketamine’s abuse potential persist largely due to its transient
efficacy and overlapping neural circuitry between depression and addiction (Kokane et al., 2020;
Turner, 2019). Additionally, ketamine must be administered under medical supervision as acute

neurocognitive and psychotomimetic side-effects are common at around 40 minutes post-
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infusion (Acevedo-Diaz et al., 2020; Sassano-Higgins et al., 2016), although they are generally
transient and resolve spontaneously (Short et al., 2016). More recently, a flood of research has
focused on (R)-ketamine in attempt to minimize the adverse effects while maintaining the fast-
acting antidepressant properties of (S)-ketamine. (R)-ketamine appears to exhibit greater potency
and longer-lasting antidepressant effects in rodent models of depression (Fukumoto et al., 2017;
Yang et al., 2018; Zhang et al., 2014), with a higher safety profile and lower side effects
(Bonaventura et al., 2021; Chang et al., 2019; Tian et al., 2018), as well as in human patients
with TRD (He et al., 2022; Leal et al., 2021). Despite intense research efforts, the
neurobiological mechanisms underlying ketamine’s antidepressant effects remain elusive largely
due to its dose-specific effects on molecular mechanisms, multiple pharmacologically active

metabolites, and complex mechanism of action.

There are currently two main hypotheses to explain the neural mechanisms of ketamine’s
antidepressant effects: the disinhibition hypothesis and the direct inhibition hypothesis. At the
core of both hypotheses, low dose ketamine’s NMDAR antagonism promotes LTP-like synaptic
plasticity and increases excitatory synapses in corticolimbic brain regions (Autry et al., 2011,
Miller et al., 2016; Monteggia & Zarate, 2015), a dysregulation of which is a biological hallmark
of depression (Castrén & Hen, 2013; Massart et al., 2012; Normann et al., 2018). The
disinhibition hypothesis proposes that ketamine selectively antagonizes tonically active
NMDARs expressed on GABAergic interneurons, which leads to the disinhibition (the loss of
tonic inhibition) and indirect excitation of pyramidal neurons (Zanos & Gould, 2018). Enhanced
glutamatergic firing increases postsynaptic AMPAR expression, which activates downstream
neurotrophic signaling pathways to promote protein synthesis (Li et al., 2010; Miller et al.,
2016). Under the second hypothesis, ketamine’s direct inhibition on extra-synaptic GIuUN2B-
containing NMDARSs lessens their tonic activation resulting in rapid compensatory glutamatergic
increases, which then deactivates eukaryotic elongation factor 2 (eEF2) kinase (CaMKIII) (Autry
etal., 2011; Nosyreva et al., 2013). From there, common downstream effector pathways increase
protein synthesis which ameliorates the chronic-stress synaptic induced deficits associated with
depression (Zanos et al., 2018). It should be noted that these two hypotheses are not mutually
exclusive and may act complementarily with hydroxynorketamine (HNK) metabolites (2R,6R)-
HNK and (2S,6S)-HNK and other mechanisms of action for antidepressant response (Zanos &
Gould, 2018).
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AMPAR-mediated mechanisms may underlie the downstream signaling pathways to produce the
above-described plasticity and neurogenesis (Kohtala, 2021). Briefly, the evoked glutamine
release activates to post-synaptic AMPARSs which enhances BDNF release (Abdallah et al.,
2018). BDNF then binds to the tropomyosin receptor kinase B (TrkB) receptor, which activates
mechanistic target of rapamycin complex 1 (mTORC1) through downstream signaling molecules
(Zanos et al., 2018). Transient mMTORCL activation upregulates proteins involved in increasing
excitatory transmission such as post-synaptic density-95 (PSD-95) and Synapsin I, and increases
membrane insertion of GIuA1 subunit which mediates AMPAR trafficking (Li et al., 2010). Of
note, while the induction of antidepressant response is associated with changes in AMPAR
activation, the persistent antidepressant response is associated with changes in AMPAR number
and function (Zanos et al., 2018). This promotion of protein synthesis, synaptogenesis, and
activity-dependent synaptic plasticity allows for a continued antidepressant response, even when
the drug has been metabolized and is no longer in the system (Wohleb et al., 2017).

1.8 Reelin

Reelin is an endogenous glycoprotein that plays an important role in both the developing and
adult brain in which our laboratory has been studying for the past decade (Caruncho et al., 2016).
The “reeler” mouse was first described in 1951 following a spontaneous autosomal recessive
mutation in a colony of mildly inbred mice (Falconer, 1951). These mutant homologous reeler
mice (RELN™) exhibited severe neuronal abnormalities accompanied by a “reeling” gait
(Caviness, 1976), which was later discovered to be from the complete loss of RELN gene
transcription (D’ Arcangelo et al., 1995). The loss of RELN, a protein coding gene that normally
produces the extracellular glycoprotein reelin, was accompanied by neuronal ectopia in
laminated brain structures including the hippocampus, cerebellum, and cortex (D’ Arcangelo et
al., 1999). Aberrant cortical lamination was accompanied by other neurological abnormalities
including severe cerebellar hypoplasia and size decreases, as well as behavioural deficits of
impaired motor coordination, tremors, ataxia, and imbalance (Cooper, 2008; D’Arcangelo et al.,
1999). More recently, studies using molecular marker-based phenotyping and fine-scale electron
microscopy suggest a more widespread disorganization in the reeler neocortex which contain
neuronal clusters instead the classic six-layered organization of the neocortex (Prume et al.,

2018; Ranaivoson et al., 2016). In humans, RELN mutations can cause major brain
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malformations such as lissencephaly (smooth brain) due to improper migration of post-mitotic
neurons from the ventricular zone (Kato & Dobyns, 2003). Since its discovery, research has
implicated reelin in the facilitation of proper neurodevelopment, the maintenance of brain
functioning in adulthood, and a dysfunctional role in neuropsychiatric and neurodegenerative

disorders.

The reelin sequence is composed of 3461 amino acids that are coded by the RELN gene located
on chromosome 5 in mouse and 7 (7922) in humans, with a molecular mass of 388 kDa (DeSilva
et al., 1997; Ranaivoson et al., 2016). Mouse and human reelin have a sequence identity of
94.2% for amino acids and 87.2% at DNA level (DeSilva et al., 1997), suggesting some inter-
species functional conservation. Structurally, reelin is homomeric protein complex composed of
an N-terminal (required for multimerization), 8 consecutive reelin repeats (RR), and a highly
basic C-terminal which participates in downstream signaling (de Bergeyck et al., 1998; Koie et
al., 2014). Each RR (350-390 amino acids each) is divided into two homologous sub-domains (A
and B) separated by an epidermal growth factor (EGF)-like cysteine motif (DeSilva et al., 1997;
Ranaivoson et al., 2016). In vivo, secreted reelin undergoes proteolysis by which extracellular
matrix metalloproteinases degrade reelin into three major fragments (Jossin, 2020). As the
central region (RR3-RR6) is necessary for reelin functioning and receptor-binding, central reelin
is specifically cleaved at the N-t (between Pro-1244 and Ala-1245 within RR3) and C-t (between
Arg3455 and Ser3456 within RR6-RR7) sites (D’ Arcangelo et al., 1999; Ranaivoson et al.,
2016). Proteolysis occurs by members of the Disintegrin and Metalloproteinase with
Thrombospondin Motifs (ADAMT) family of proteins (ADAMT2/3 cleaves N-t; ADAMT4/5
cleaves C-t) and can occur in endosomes or extracellular space (Jossin, 2020; Koie et al., 2014;
Sato et al., 2016). The central fragment of reelin binds to apolipoprotein E receptor 2 (ApoER?2)
and the very-low-density lipoprotein receptor (VLDLR), members of the lipoprotein superfamily
(Ranaivoson et al., 2016; Yasui et al., 2007). It is thought that each fragment may regulate
different processes of radially migrating neurons (Jossin et al., 2004, 2007; Kubo et al., 2002),

however the functional significance of degradation remains elusive.

40



1.8.1 Reelin throughout the lifecourse

From early preplate embryonic stages of cerebral cortex development (day 10-12), reelin is
secreted from Cajal-Retzius cells in the marginal zone of the cortex and hippocampus, and by
glutamatergic cerebellar cells (Curran & D’Arcangelo, 1998; D’ Arcangelo et al., 1999; Vilchez-
Acosta et al., 2022). Once released into the extracellular space, reelin binds to VLDLR and
ApoER2, which induces tyrosine phosphorylation to activate disabled-1 (Dabl) by Src family
kinases (SFKs) Fryn and Src (Fuchigami et al., 2013). Dabl is an adaptor protein that initiates a
tyrosine kinase signal transduction cascade to regulate cell positioning in the developing brain
(Luque et al., 2003).

During early phase of cortical neurogenesis, reelin (and its receptors VLDLR and ApoER2) is
critical in orchestrating the typical inside-out arrangement of cortical neurons by controlling cell-
to-cell interactions to appropriately position migrating neurons (Chameau et al., 2009). To do so,
reelin induces a specific radial glia phenotype from progenitor cells born in the ventricular zone
which have projection fibers that act as ascent scaffolds (Chai et al., 2009). In normal
development of the six-layered cortex, early-born neurons occupy the deeper layers and late-born
neurons bypass their predecessors to reach more superficial layers (Fuchigami et al., 2013).
Several theories suggest that reelin may act as a detachment/positional signal or chemoattractant
migrating cortical neurons, while others suggest it to be a repellent to subplate neurons (Gilmore
& Herrup, 2000). It is clear however, that reeler mutations affect the ability of postmitotic
neurons to correctly position themselves in the developing brain. The cortical plate develops
ectopically; young neurons fail to migrate past their predecessors and pile underneath layers of
pre-existing cells resulting in an apparent inversion of cortical layers (Chai et al., 2009; Curran &
D’Arcangelo, 1998; Vilchez-Acosta et al., 2022). Interestingly, double-knockout of VLDLR and
ApoER2, or loss of Dabl mutants, express a reeler-like phenotype although the receptors appear
to have divergent roles in cell migration (Wasser & Herz, 2017). VLDLR mutants (but not

in ApoER27) express marginal zone neuronal invasion, implying that VLDLR may act as a ‘stop
signal’, while ApoER2 mutants (but not VIdIr’") show late-generated neuronal migration defects
(Hack et al., 2007). Similarly, Dabl gene mutations produce similar phenotypes as reeler- and
VLDLR/ApoER2 knockout mice, and disrupts proper neuronal layering (Howell et al., 1997;

Sweet et al., 1996). This illuminates the interconnectedness of reelin, its receptors, and Dab1l in
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brain development, and why the central fragment of reelin (RR3-RR6) is sufficient to govern

proper cortical layer formation (Jossin et al., 2004; Wasser & Herz, 2017).

Postnatally, reelin is repurposed as a neuromodulator for NMDAR-mediated neurotransmission,
which is essential for synaptic plasticity, learning, and memory (Knuesel, 2010). As Cajal-
Retzius cell density decreases (in rodents: the first 2 postnatal weeks) due to differentiation and
apoptosis, reelin production is shifted to cortical and hippocampal GABAergic and glutamatergic
cells in the olfactory bulb, cerebellum, and layer 11 pyramidal cells in the piriform and EC
(Chameau et al., 2009; Jossin, 2020). In these areas, reelin regulates cell signaling by modulating
neuronal connections through synaptogenesis, dendritogenesis, and dendritic spinogensis
(Beffert et al., 2006; Niu et al., 2004; Rogers et al., 2013; Ventruti et al., 2011; Weeber et al.,
2002). Indeed, reelin overexpression accelerates dendritic growth and maturation, while the
reelin/Dabl pathway disruption produces neurons with aberrant dendritic development and
orientation (Jossin, 2020; Lossi et al., 2019; Wasser & Herz, 2017). Dysregulation of this
pathway can also affect the morphology of dendritic spines by changing the configuration of
presynaptic boutons which, in turn, can affect the function of synapses (Bosch et al., 2016).

In adulthood, reelin regulates dendrite development, spine formation, glutamatergic
neurotransmission, and neural plasticity. Reelin also modulates the molecular composition of
hippocampal synapses, as reelin expression changes alter NMDAR subunit composition (Wasser
& Herz, 2017). Reelin signaling is a critical regulator of both number and strength of synaptic
connections, which is important because the number and molecular composition of synaptic
connections determines the efficacy of neuronal networks (Wasser & Herz, 2017). Interestingly,
one intraventricular injection of reelin can enhance LTP and cognitive function in wild-type mice
(Rogers et al., 2011) and heterozygous reeler mice (Rogers et al., 2013). Reelin is also thought to
have an effect on the immune system, liver fibrosis, multiple cancers, and is essential for the
structural and functional organization of the blood-brain barrier (D’ Arcangelo et al., 1999;
Vilchez-Acosta et al., 2022). Schematic representation of reelin’s signaling pathway can be

found at Figure 1.3.
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Figure 1.3 Hypothesized overlapping signaling pathways of reelin and ketamine. Reelin is released
from GABAergic interneurons and then binds to its receptors VLDLR (very low-density lipoprotein
receptor) and ApoER2 (Apolipoprotein E receptor 2). Upon binding, cytoplasmic adaptor protein Dabl is
phosphorylated by SFKs Fyn and Src, which activates PI3K (phosphoinositide-3’kinase) to initiate
downstream activation of mMTORC1 (mammalian target of rapamycin complex 1). mTORC1
phosphorylation increases expression of synaptic proteins (e.g., GluAl and PSD-95) which feeds forward
for excitatory signalling. Ketamine may antagonize NMDARs on GABAergic interneurons which
disinhibits excitatory cells, leading to an influx of synaptic glutamate. Glutamate release triggers Ca?*
influx, which increased BDNF release, which in turn binds to TrkB receptors to activate parallel pathways
as reelin to upregulate mTORC1 activity. Figure was created in BioRender by author.

1.8.2 Reelin and its involvement in depression

Since its discovery, reelin has been implicated in a myriad of neurodevelopmental and
neuropsychiatric disorders including autism, Alzheimer’s disease, schizophrenia, bipolar
disorder, and depression. Post-mortem brain analyses show a significant decrease of RELN
MRNA throughout the brain in schizophrenia (Impagnatiello et al., 1998), in the cerebral cortex

of those with bipolar disorder (Guidotti et al., 2000), and in the hippocampus (most notably in
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the DG) from patients with schizophrenia, bipolar, and MDD (Fatemi et al., 2000; Knable et al.,
2004). Abnormal serum reelin levels paralleled this central downregulation in those with mood
and psychotic disorders (Fatemi et al., 2000), an effect which may be mediated by epigenetic
mechanisms (e.g., psychosocial stress) through the hypermethylation of the RELN promoter
(Abdolmaleky et al., 2005; Veldic et al., 2004).

The role of reelin in neuropsychiatric disorders is often examined using homozygous (RELN™)
and heterozygous (RELN*") reeler mice who express null- and 40-60% levels of reelin
respectively. The neuroanatomical abnormalities seen in homozygous reeler mice (e.g., improper
lamination) are not present in the haplo-insufficient reeler mice, however RELN*"- mice do
express some subtle physiological abnormalities that can be linked to psychiatric disorders. For
example, reductions in dendritic spine number and density observed in RELN*" and RELN"" to
varying degrees, is similarly found in patients with schizophrenia (Wasser & Herz, 2017). Along
with dendritic spine deficiencies, reductions in PSD-95, parvalbumin, and activity-regulated
cytoskeletal protein (Arc) are observed in RELN*" and RELN” mice which combined, weaken
synaptic transmission in brain areas pertinent in depression (Dong et al., 2003; Liu et al., 2001).
In fact, inactivation of the reelin signaling pathway in adult hippocampal neural progenitor cells
impedes proper migration and dendritic maturation, while heightened reelin activity promotes
dendritic outgrowth and proper circuit establishment of dentate granule cells (Teixeira et al.,
2012). This is important because deficiencies in hippocampal neurogenesis and dendritic atrophy
are pertinent characteristics of depression (Nissen et al., 2010; Paizanis et al., 2007; Wainwright
& Galea, 2013). Additionally, reelin downregulation alters its co-expression with neuronal nitric
oxide synthase (nNOS) which can create imbalances in glutamatergic and GABAergic circuits
(Caruncho et al., 2016), and disturbances in the dopaminergic and 5-Htergic systems (Ballmaier
et al., 2002; Varela et al., 2015). These systems influence mood and motivational behaviour and
are thought to play crucial roles in the pathophysiology of depression (Di Giovanni et al., 2008;
Duman et al., 2019; Li et al., 2015; Sanacora et al., 2012; Venzala et al., 2013).

Behaviourally, certain tests such as Open Field Test (OFT), black-white box, FST, novelty-
suppressed feeding tests, and cocaine sensitization are unable to phenotypically distinguish
between RELN*"-and wild-type mice (Fatemi, 2011; Teixeira et al., 2011). However, compared

to wild-type mice, RELN*"- demonstrate working-memory impairments and emotional deficits
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particularly in males (lemolo et al., 2021), and VLDLR/ApoER?2 knockout mice display deficits
in contextual fear conditioning (Weeber et al., 2002). Further, RELN*" mice display social
deficits, poor inhibitory control, and altered stress responses (lemolo et al., 2021), phenotypes
that characterize an array of psychiatric disorders. It is possible that the downregulation of reelin
potentiates depressive-like behaviour by delaying new-born cell maturation and interfering with
their proper neuronal placement and integration (Caruncho et al., 2016). Haplo-insufficient reeler
mice are particularly vulnerable to the depressive-like phenotype; chronic CORT administration
increases immobility on the FST and decreases in neurogenesis in RELN* but not wild-type

mice (Lussier et al., 2011).

Chronic stress also consistently decreases reelin expression in rodents that do not express genetic
vulnerabilities (Caruncho et al., 2016). Our laboratory has shown that chronic CORT exposure
decreased the number of reelin-IR cells by 21% in the CA1 stratum-lacunosum-moleculare and
by 26% in the dentate gyrus SGZ (Lussier et al., 2009). We then showed that chronic-stress
induced decreases in reelin-IR SGZ expression are paralleled with depressive-like phenotypes,
demonstrated by an increase in time spent immobile in the FST indicative of despair (Lussier et
al., 2011, 2013). Both traditional and non-traditional antidepressants were able to rescue the
CORT-induced behavioural and neurochemical deficits. Chronic administration of the TCA
imipramine and TNF-a inhibitor etanercept were both able to rescue deficits in hippocampal
reelin and neurogenesis (Brymer et al., 2018; Fenton et al., 2015); repeated treatment with the
SSRI citalopram counteracted the downregulation of reelin mRNA and protein levels from kainic
acid’s deleterious effects (Jaako et al., 2011); and ketamine was able to rescue hippocampal
reelin (Johnston et al., 2020). In fact, it was recently demonstrated that the genetic abolishment
of reelin, its receptor ApoERZ2, or certain downstream effectors can abolish the behavioural and
biochemical antidepressant- like effects of ketamine (Kim et al., 2021). Together, these studies
provide strong evidence that reelin signaling may play a role in the antidepressant therapeutic

response.

The accumulating evidence towards reelin’s role in depression led our lab to evaluate the
antidepressant-like effects of exogenous reelin administration. Following the chronic CORT
paradigm, 1pg of reelin was infused directly into the hippocampus in a repeated (once per week
for 3 weeks) or acute (one time 24 hours before FST) manner. Both repeated and singular
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injections of intrahippocampal reelin rescued despair-like behaviour in the FST immobility,
hippocampal-dependent cognitive deficits in object location task, and neurochemical deficits in
NMDARs, AMPARs, and GABAARs, but only if AMPARS were not blocked by antagonist
CNQX (Brymer et al., 2020). Repeated but not singular injections rescued the number and
dendritic complexity of newborn granule cell proliferation, suggesting that increases in
neurogenesis are not necessary for reelin’s fast-acting antidepressant effects. Other labs have
also found therapeutic effects of intracranial reelin infusions in mouse models of depression
including intrahippocampal (Ibi et al., 2020), intra-amygdalar (Nelson & Pinna, 2010), and
intraventricular (Hethorn et al., 2015; Rogers et al., 2011).

As intracranial infusions are not a viable option in humans, our lab established a peripheral
administration paradigm using intraventricular injections (i.v.) of reelin into the lateral tail vein
of chronic CORT treated rats (Allen et al., 2022). Repeated and acute i.v. reelin injections were
able to rescue FST immobility, hippocampal reelin, GABA AP2/3, GluA1l, and GluN2B
receptors, and serotonin transporter (SERT) clustering deficits in peripheral lymphocytes (Allen
et al., 2022). Low reelin levels could therefore provide sensitization to the depressogenic effects
of stress whereas increasing reelin signaling could improve stress resilience (Fatemi, 2011). We
also found sex-specific differences in stress response as basal density of reelin-positive cells in
the medial preoptic and paraventricular hypothalamus were lower in females (Sanchez-Lafuente
et al., 2022). Most recently, our lab demonstrated that reelin and ketamine similarly rescue reelin
expression in the SGZ, and synaptic expression of mTOR and p-mTOR that were decreased by
corticosterone (Johnston et al., 2020). Reelin may work through similar synaptic mechanisms as
ketamine to rescue the CORT-induced behavioural and biochemical deficits, further implicating
reelin as a potential fast-acting antidepressant.

1.8.3 Reelin in the periphery

Peripheral reelin has important pleiotropic roles in the development, repair, and function of
biological systems associated with psychiatric disorders. While most research on reelin
expression in MDD has focused on the central nervous system, peripheral reelin could also be
heavily implicated in the pathophysiology of depression. Reelin is expressed in non-neuronal

tissues during development and adulthood including the spleen, liver, kidney, testes, ovaries,
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colon, adrenal glands, and lymphatic tissue (Bottner et al., 2014; Lutter et al., 2012; Samama &
Boehm, 2005; Smalheiser et al., 2000). Reelin is also expressed in the lymphatic system in bone
marrow (Dou et al., 2021; Maurin et al., 2004) and circulated in blood plasma (Smalheiser et al.,
2000; Tseng et al., 2010). While the functional role of reelin in the periphery is not well
understood, peripheral reelin expression could have important physiological and therapeutic
implications in psychiatric disorders. For instance, altered levels of plasma reelin were found in
patients with schizophrenia, bipolar, and depression (Fatemi et al., 2001). Further, patients with
schizophrenia who have lower levels of lymphocyte VLDLR expression showed a negative

correlation with clinical symptom severity (Suzuki et al., 2008).

Reelin regulates membrane protein clustering (MPC) which appears to influence proper
functioning of proteins and is involved in responsiveness to antidepressants (Johnston et al.,
2020; Rasenick et al., 2007; Strasser et al., 2004; Zhang & Rasenick, 2010). Embedded within
the external leaflet of the plasma membrane’s lipid bilayer are lipid microdomains involved in
the assembly and organization of neurotransmitter signalling components (Rivera-Baltanas et al.,
2010). Lipid rafts are highly ordered and tightly packed dynamic microdomains that move and
communicate with one another but can also cluster to form large, ordered platforms (Ouweneel
et al., 2020). The efficient functioning of SERT, a free-floating membrane protein and the
primary target of antidepressants, is maintained by its clustering into specific lipid raft domains
(Magnani et al., 2004), and is thought to be critical in the antidepressant response (Allen et al.,
2007). In fact, independent of MDD diagnosis, SERT binding is significantly lower in those who
died by suicide (Underwood et al., 2018), and could be a substrate in the biology of suicidality
(Purselle & Nemeroff, 2003).

Our laboratory has identified SERT clustering on the lipid rafts of peripheral blood mononuclear
cells (PBMC) as a promising therapeutic biomarker. We found that SERT cluster sizes are
increased in treatment-naive depression patients compared to non-psychiatric controls, a finding
that is paralleled in preclinical animal models (Caruncho et al., 2019). Additionally, SERT
distribution pattern (percent clusters within modal peak) in depressed patients could predict
treatment response to antidepressants, differentiating a treatment-resistant depressed group
(Rivera-Baltanas et al., 2012). Treatment-resistant patients had ~40% of clusters within the

modal peak and relatively few clusters of a larger size, while those that responded better to
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treatment expressed more clusters of a larger size and ~25% of clusters within the modal peak
(Rivera-Baltanas et al., 2014). As reelin is thought to induce membrane protein clustering (Dong
et al., 2003), we analyzed SERT cluster size in reeler mice compared to wild-type mice and
found 2x and 60% cluster size increases in homozygous and heterozygous reeler mice
respectively (Rivera-Baltanas et al., 2010). We later found that chronic-CORT administration
induces alterations in SERT clustering patterns and increases protein cluster size (Romay-Tallon
et al., 2018), parameters that can be rescued by a singular i.v. injection of reelin (Allen et al.,
2022), but not ketamine (Johnston et al., 2020). Overall, it seems that a lack of reelin expression
is associated with abnormal protein clustering in immune cells, many of which can cross the

blood-brain barrier (BBB) and are implicated in depression.

Drug transport across the BBB is important in neurotherapeutics, however it is currently
unknown if full-length reelin or fragments of reelin can cross the BBB. Formed by the brain
capillary endothelium, epithelial-like tight junctions in the BBB prevent the passage of large
molecules and ~98% of all small-molecule drugs (Pardridge, 2005). While most antidepressants
are able to passively diffuse across the BBB, recombinant proteins such as reelin are often
thought to be too large to be delivered across the BBB. Interestingly, reelin-immunoreactivity
has been observed in endothelial cells, particularly in caveolae (vesicles of transcytosis), that line
the BBB which may represent a mechanism whereby reelin can access the brain (Perez-Costas et
al., 2015). Indeed, ApoER2 are localized in the same caveolae, suggesting that reelin may cross
in a receptor-mediated mechanism (Riddell et al., 2001). New theories on the putative
mechanisms of antidepressants suggest that stimulating peripheral mediators such as insulin-like
growth factor 1 (IFG-1) could underlie the antidepressant action of 5-HT (Manev & Manev,
2002). Understanding the relationship between peripheral reelin and the BBB could have

important physiological, pathological, and therapeutic implications.

1.9 Specific Research Aims

The research presented in this thesis aims to ascertain reelin’s time course effect both
individually and synergistically with that of ketamine. Our lab has already shown that

individually, one dose of either reelin or ketamine can rescue CORT-induced behavioural and
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neurochemical alterations after 24h. Based on our previous work and with the suggestions of

patient-partners, | developed two main objectives for my research:

Objective 1: assess the time-course effect of reelin and ketamine individually. Before translation
to clinical trials, a drug’s pharmacokinetics and pharmacodynamics must be evaluated in
preclinical research to determine therapeutic potential. Thus, I decided to examine reelin and
ketamine’s time course response which is based on drug absorption, distribution, metabolism,
and elimination, to evaluate onset of action and sustained duration. Using a chronic CORT-
administration paradigm, | evaluated their pharmacological effects at 1h, 6h, and 12h after
treatment with either ketamine or reelin. An additional treatment group (1w) received five more
days of CORT injections after reelin/ketamine treatment to evaluate the protection of a single
dose against continued stress. Behaviourally, the time course response was evaluated using the
FST, a measure of despair-like behaviour. Reelin-immunoreactive cells in the SGZ and SERT
clustering changes on lymphocytes were examined to evaluate the short-term effects of
exogenous reelin and ketamine administration on central and peripheral reelin expression

respectively.

Objective 2: evaluate the synergistic, time-dependent effect of ketamine and reelin combined.
As evidence suggests that ketamine and reelin may be working in parallel pathways, | decided to
investigate their combined effect at sub-anesthetic doses at the above-mentioned time-points.
Behavioural testing (FST) was followed by post-mortem analyses of reelin in the hippocampus,
and | analyzed the effect of reelin on SERT MPC in blood lymphocytes, all of which are

associated with depression.
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2.1 Animal husbandry

Female Long Evans rats (N = 120) were acquired from Charles River Laboratories (Montreal,
Quebec, Canada) and were 6 weeks old upon arrival. The rats weighed between 150 — 250g for
the duration of the experiment. Animals were housed individually in clear polypropylene cages
that contained a red hut and a wooden chew cube. Social isolation elicits chronic stress and is a
widely used as an animal model to potentiate depression-like behaviour in rodents (Murinova et
al., 2017). Access to food (Purina rat chow) and water were provided ad libitum except during
behavioural testing procedures, and bedding was changed once per week. The colony was
thermal-controlled (21°C) and maintained on a 12-h light/dark cycle, with lights turning on at
07:00 a.m. All procedures were approved by the University of Victoria Animal Research Ethics

Board and conducted in accordance with the Canadian Council on Animal Care.

2.2 Experimental procedure

Upon arrival, rats were habituated for one week in quarantine followed by another week of daily
handling. Rats were weighed daily and randomly assigned to treatment groups receiving either
vehicle (Sigma Aldrich; 0.9% [w/v] sodium chloride and 2% [v/v] polysorbate-80 solution) or
corticosterone (Steraloids; 40mg/kg suspended in vehicle solution) injections administered at
1ml/kg. The injections were administered subcutaneously between the hours of 08:00 and 11:00
am daily for 21 days (timepoints 1h, 6h, 12h) or 26 days (1w timepoint). On the last day (21 or
26 group-dependent) vehicle (PBS), ketamine hydrochloride (Narketan; Vetoquinol; Lavaltrie,
Quebec, Canada; 10mg/kg), recombinant reelin (R&D systems, 3820-MR-025; composed of RR
3-6; predicted molecular weight of 180kDa by SDS-PAGE using reducing conditions), or
recombinant reelin and ketamine were administered. Reelin was administered intravenously into
the lateral tail vein at 3ug based off a previous effective dose (Allen, 2022) and suspended in
0.5ml of 0.1M phosphate buffered saline (PBS, pH = 7.4). Ketamine hydrochloride was
suspended in saline and injected intraperitoneally at 10 mg/kg in a volume of 1 ml/kg, based off
previous pre-clinical research, which found that a dose of 10mg/kg — 15mg/kg is the most
effective at rescuing depressive-like behaviour (Ardalan et al., 2016; Zhu et al., 2017). Animals

in the 1w treatment group underwent five more days of CORT/vehicle injections following
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vehicle/reelin/ketamine/reelin-ketamine treatment. Schematic representation of experimental

groups can be found in Figure 2.1 and experimental timeline can be found in Figure 2.2.

Vehicle Vehicle n=6 n=6 n=6 n=6
CORT Vehicle n=6 n=6 n==6 n=6
CORT Reelin n=6 n=6 n=6 n=6
CORT Ketamine n=6 n=6 n=6 n=6
CORT Reelin & n=6 | n=6 | n=6 | n=6

Figure 2.1 Experimental groups. CORT (40mg/kg subcutaneously), reelin (3 g, intravenously),
ketamine (10 mg/kg, intraperitoneally). Figure created by author in BioRender.

Reelin/Ketamine ~»._ : \
injections b, /&

o W 1h 6h
Handling ) Vehicle or CORT injections |Injections FST — Perfuse  Vehicle or C
: v/, : f
1 week 21 days 5 days Day 26
L Y,
Vo
Day 21

Figure 2.2 Experimental timeline. Female Long Evans rats received daily subcutaneous injections of
CORT (40mg/kg) or vehicle (saline) for 21 days. On day 21, rats received injections of reelin (3 g,
intravenously), ketamine (10 mg/kg, intraperitoneally), reelin and ketamine, or vehicle (PBS). Rats
underwent the forced-swim test and were perfused immediately following the FST at 1h, 6h, and 12h
post-injection. 1w timepoint rats underwent an additional 5 days of either CORT or vehicle injections
before the FST and perfusions on day 26. Figure created by author in BioRender.
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2.3 Forced Swim Test

A modified one-day version of the Porsolt test was used 1h, 6h, 12h, and 1w following
vehicle/reelin/ketamine/reelin-ketamine treatment. The Porsolt test was originally designed to
serve as a behavioural assay for the efficacy of antidepressant drugs (Porsolt et al., 1978), with
the one-day protocol abolishing potential confounding effects of memory influencing behaviour
in a 2-day protocol. Rats were placed into a rectangular Plexiglas swim tank (25cm wide x 25¢cm
long x 60cm high) filled with water (27+2°C) to a depth of approximately 30cm for 10 mins.

The amount of time swimming, climbing, immobile, and latency to immobility were manually
scored over the 10-minute test time. Immobility was defined as the rat floating or moving just
enough to keep afloat as an indicator of despair-like behaviour. As time following treatment was
an important factor in this study and behavioural tests should be administered with a minimum of

a day apart (Rizzo & Silverman, 2016), only the FST was used as a behavioural measure.

2.4 Perfusions, blood collection, tissue preparation

First, the rats were deeply anaesthetized with 5% isoflurane maintained through an isoflurane
machine attached to a nosecone that was placed over the rat’s nose. While anaesthetized, 3ml of
blood was extracted from the heart with a syringe containing 0.5ml ACD anticoagulant (85mM
trisodium citrate, 65mM citric acid, 111mM anhydrous glucose) to make smears on slides.
Visual observation and vaginal cytology through the collection of a vaginal lavage smear was
used to determine the stage of the estrous cycle by cell type. The rats were then transcardially
perfused with 0.1M phosphate buffer (PB, pH 7.4) followed by 500ml of ice-cold 4% (w/v)
paraformaldehyde in 0.1M PB (pH 7.4). The brains were then removed and postfixed in 4%
paraformaldehyde (w/v) for 48 hours at 4°C. The brains were transferred to 10%, 20%, and then
30% sucrose containing 0.1% sodium azide for 72h before sectioning. Sectioning occurred in the
coronal plane at 30 um on a cryostat (Vibratome ULTRAPRO 5000; CM1850 UV, Leica
Biosystems) at -20°C. Sections were stored in standard cryoprotectant solution [30% (w/v)
sucrose, 1% (w/v) polyvinylpyrrolidone, and 30% (v/v) ethylene glycol in 0.1 M PBS (pH =
7.4)] at -20°C until use.
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2.5 Immunostaining

Standard immunohistochemical and immunocytochemistry techniques were utilized with

commercially available antibodies.

2.5.1 Immunohistochemistry protocol

Reelin-immunoreactive (reelin-IR) cells were visualized following immunohistochemical
protocols as previously validated by our lab (Lussier et al., 2013). Every 6™ section of the
coronal brain sections containing the dorsal hippocampus was collected and placed in 6-well
tissue culture plates as free-floating sections in tris-buffered saline (TBS) under gentle agitation.
All rinses were conducted in TBS (50 mM Tris-Cl, 150 mM NacCl; pH 7.6). No immunoreactive

cells were detected when the primary antibody was omitted in an additional well.

Following the initial rinses, the antigen retrieval step took place in which sections were
incubated in sodium citrate (pH = 6.0) for 30 minutes at 85 °C. The sections were then
preincubated TBS for 30 minutes at room temperature of 15% (v/v) normal horse serum (NHS),
0.5% triton X-100 and bovine serum albumin (1%; w/v) in 0.1 M to block unspecific antibody
binding in a blocking solution. Next, mouse anti-reelin primary antibody (1:1000; EMD
Millipore, MAB5364) diluted in the previously mentioned blocking solution was applied for 24 h
at 4°C. After primary incubation, the endogenous peroxidase activity was blocked by incubating
the tissue in 10% (v/v) H20z in TBS for 30 mins. Sections were subsequently incubated at room
temperature for 2 hours with biotinylated goat anti-mouse secondary antibody (IgG, 1:500,
Sigma-Aldrich, St. Louis, MO) diluted in above-described blocking buffer. Finally, tissue was
incubated for 1h in avidin-biotin complex (1:500, Vecta Stain Elite ABC reagent, Vector Labs)
at room temperature. Each step was followed by 3 washes for 5 minutes in TBS. To visualize
reelin, sections were stained using 0.002% [w/v] 3’-diaminobenzidine (DAB, Sigma-Aldrich, St.
Louis, MO) with 0.0078% [v/v] hydrogen peroxide in TBS (see Figure 2.3 for schematic
representation). After approximately 10 minutes, the sections were rinsed to terminate the DAB
reaction, and then mounted onto polarized glass slides. After drying overnight, sections were
dehydrated using increasing concentrations of ethanol (70, 95 and 100%), cleared in xylene, and
then cover slipped using Permount mounting medium (Thermo Fisher Scientific, Waltham, MA).
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Figure 2.3 Standard immunohistochemistry procedure. Following antigen-retrieval, proteins can be
detected using primary and secondary antibodies. The avidin-biotin complex is labelled with horseradish
peroxidase (HRP) and can conjugate with the secondary antibody. DAB is added and oxidized by H,O; in
a reaction catalyzed by HRP, which produces a brown colorimetric product. Figure created by author in
BioRender adapted from Dr. Josh Allen.

2.5.1.1 Reelin imaging and cell counting

Immunohistochemical results were quantified blinded to treatment groups using an unbiased
optical fractionator method for stereological estimates as previously described by our laboratory
(Botterill et al., 2015; Lussier et al., 2013). Using a Nikon Eclipse EB00 microscope with a
motorized stage linked to a computerized image analysis program (Stereo Investigator, version
8.0, MicroBrightField Inc), reelin-IR cells in the SGZ were imaged and counted. The SGZ,
defined as a 2-cell width zone in between the inner granule cell layer and the polymorphic layer,
was initially traced at 2.5x magnification. Immunopositive cells were then counted in 5 sections
in both hemispheres at 40X magnification for stereological analysis. The estimated number of

immunoreactive cells was calculated using the formula:
Ntotal: XQ— X 1 /ssf X A(x,y step) / a(frame) X t/h,

where £Q— is the number of counted cells; ssf is the section sampling fraction (1 in 6); A(X,y

step) is the area associated with each x,y movement (10 000um?); a(frame) is the area of the
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counting frame (3 600um?); t is the weighted average section thickness; and h is the height of the

dissector plane (12um). A guard zone of 2um was used to avoid counting sectioning artifacts.

2.5.2 Immunocytochemistry protocol

Blood smears collected on slides (Fisherbrand, Superfrost Plus) were used an
immunocytochemistry protocol for the visualization of SERT clusters as previously described by
our lab (Romay-Tallon et al., 2017). First, slides were fixed in 1% paraformaldehyde for 10mins
then rinsed with phosphate-buffered saline (PBS). Slides were then incubated in a blocking
solution of 3% rat immunoglobulin (Sigma) and Bovine serum albumin (BSA; 1% [w/v]) in PBS
for one hour at room temperature to block unspecific antibody binding. Primary antibody (rabbit
anti-SERT, 1:100, Millipore Sigma, cat# AB10514P) overnight incubation of slides occurred at
4°C. The following day, slides were rinsed in PBS and then secondary antibody (goat anti-rabbit
Alexa Fluor 568, 1:200, Molecular Probes, cat #ab175471 abcam, Cambridge, UK diluted in
PBS) diluted in 1% bovine serum albumin (BSA) in PBS was applied for 2 hours at room
temperature. Next, Hoescht (1:1000) was applied for 10 minutes at room temperature to ascertain
lymphocyte histology. Slides were then cover-slipped with AF1 Citifluor- Mountant Solution

(Electron Microscopy Sciences) and stored at —20°C until imaging.

2.5.2.1 SERT imaging and cell counting

SERT clusters on the membrane of 50 individual lymphocytes were imaged per sample at 60x
using confocal laser scanning microscopy (Olympus FluoView FVV1000). Fiji software (image
processing package based on ImageJ2) was used to analyze the lymphocytes in a macro created
by PhD candidate Brady Reive and modified by PhD candidate Hannah Reid based on previous
principles of cluster analysis (Romay-Tallon et al., 2017). Briefly, lymphocytes are isolated from
background and other leukocytes as the region of interest. Threshold nuclei was used for
masking and excluded nuclei that did not fit lymphocyte morphology were excluded. The image
is transformed into a binary to quantify the number of SERT clusters and their surface area.
Quantification of number and size of SERT clusters was used for statistical analyses.
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2.6 Statistical analysis

All statistical tests were computed using SPSS (IBM’s Statistical Package for Social Sciences
version 27). Two-way ANOVASs were run to assess differences between condition (timepoint:
1h, 6h, 12, 1w) and treatment group (vehicle/vehicle or CORT with vehicle, reelin, ketamine, or
reelin-ketamine). The assumptions of normality and homogeneity of variance were tested, and
Kruskal Wallis tests were used if data was not normally distributed. Tukey post hoc tests were
conducted when appropriate. Group means were considered statistically different from one
another at p < 0.05. Data are expressed as mean + CI. Pearson’s r correlations were also
assessed. Analysis of covariance (ANCOVA) was used to examine the influence of an
independent variable (treatment group) on a dependent variable (cell count or behavioural data)

while removing the effect of the covariate factor (rat estro cycle).
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Chapter Three: Results
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3.1 Body weight

Body weight analysis indicted that CORT animals (M = 25.12, SD = 12.14, 95% CI [22.85-

27.38]), and vehicle animals (M = 50.37, SD = 10.24, 95% CI [46.32-54.42]) had significantly
different changes in bodyweight over the 21 day injection period in a two-way unpaired t-test,
t(45.2) = 11.09, p < 0.0001, MD = 25.26 + 2.278, 95% CI [20.67 to 29.84]. Although within-

group variances between CORT and vehicle animals was non-significant F(26, 112) = 1.404, p =

0.320, R?=0.731.

A one-way ANOVA was run to analyze whether treatment on day 21 had an effect on

bodyweight on day 26. The Bartlett’s test for homogeneity of variance indicated this assumption
had not been violated [F(4, 15) = 2.211, p = 0.116], and the ANOVA revealed a non-significant
relationship between treatment and end weight, F(4, 32) = 2.293, p = 0.081, R? = 0.223. Post hoc

analysis of multiple comparisons can be found in Table 3.1.

Treatment comparisons | Mean diff. | Upper 95% CI | Lower 95% CI | p-value | Significance
CVv \AY -5.125 -15.32 5.065 0.5991 ns
CVv CR 3.125 -7.065 13.32 0.8999 ns
CVv CK 1.286 -9.26 11.83 0.9965 ns
CVv CKR -5.833 -16.84 5.17 0.5505 ns
\AY CR 8.250 -1.94 18.44 0.1589 ns
\AYS CK 6.411 -4.14 16.96 0.4158 ns
\AY% CKR -0.7083 -11.71 10.30 0.9997 ns
CR CK -1.839 -12.39 8.71 0.9864 ns
CR CKR -8.958 -19.96 2.048 0.1552 ns
CK CKR -7.119 -18.46 4.22 0.3834 ns

Table 3.1 Multiple comparisons of body weight changes 5 days post-treatment. Tukey’s test for
multiple comparisons was used for post hoc analysis. No significant differences were found across any
group. (Mean diff. = mean difference, 95% CI = upper and lower confidence interval of difference).
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3.2 Behavioural results

Several two-way ANOVAs were performed to analyze the effect of drug treatment and time
since treatment on the rats’ behaviours (Figure 3.2). Mauchly's Test of Sphericity indicated that
the assumption of sphericity had not been violated for climbing (x2(21) = 1.249, p = .229),
swimming (x*(8.9) = 0.756, p = .781), latency to immobility (y?(17.9) = 1.171, p = .294), of
immobility (x%(8.9) = 0.988, p = .493). For climbing behaviour, a two-way ANOVA revealed no
statistically significant interaction between the effects of drug treatment and time since treatment
(F(12, 75) = 1.119, p = 0.358, 2 = 0.090), although drug treatment effect was statistically
significant (F(4, 25) = 5.680, p = 0.002, n? = 0.210). For swimming behaviour, there was a
statistically significant interaction between the effects of drug treatment and time since treatment
(F(12, 75) = 2.117, p = 0.026, 2 = 0.120), and drug treatment effect was statistically significant
(F(4, 25) = 30.04, p < 0.0001, n?= 0.428). Latency to immobility had a non-significant
interaction effect between drug treatment and time since treatment (F(12, 75) = 0.969, p = 0.486,
n? = 0.071), and a statistically significant drug treatment effect (F(4, 25) = 9.168, p =0.0001, n? =
0.263). There was a statistically significant interaction between the effects of drug treatment and
time on immobility (F(12, 75) = 3.535, p = 0.0004, n? = 0.154), and a significant treatment effect
(F(4, 25) = 32.70, p < 0.0001, n? = 0.470). The effect of time was not statistically significant on
climbing (F(3, 68) = 0.170, p = 0.902, 2 = 0.003), swimming (F(3, 59) = 0.236, p = 0.553, n° =
0.009), latency to immobility (F(3, 68) = 1.472, p = 0.236, n? = 0.027), or immobility (F(3, 57) =
1.185, p = 0.317, n? = 0.013) behaviours. Simple main effects were analyzed using Tukey's
multiple comparisons test; multiple comparisons with the CV group can be found at Table 3.2.
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Figure 3.1 Behavioural effects of reelin and ketamine treatment. A) Time spent climbing. B) Time
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spent swimming. C) Time spent immobile. D) Latency to first immobility. Vehicle rats generally

exhibited more active behaviours than CORT treated rats, which were rescued by reelin and ketamine in a

time-dependent manner. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001
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Time Treatment groups Climbing Swimming Latency Immobility
cV vV p =0.022* ns ns p = 0.004**
1h Ccv CR ns ns ns p =0.020*
CcVv CK ns ns ns p = 0.042*
Cv CKR ns ns ns ns
CcVv vV ns ns ns p = 0.042*
6h CcVv CR ns p =0.032* ns p =0.038*
CcVv CK ns p = 0.036* ns p =0.047*
Cv CKR ns ns ns ns
Cv \YAY ns ns ns p = 0.008**
12h CVv CR ns p = 0.009** ns p =0.021*
CcVv CK ns ns ns p = 0.024*
Cv CKR ns ns ns ns
Cv \YAY ns ns ns p = 0.009**
1w Ccv CR ns ns ns p =0.019*
Cv CK ns ns ns p =0.024*
CcVv CKR ns ns ns p =0.007**

Table 3.2 Simple main effects analysis of behavioural results. Multiple comparisons between the
CORT/Vehicle treatment group and all other treatment groups at all time points. *p < 0.05, **p < 0.01,
***p < 0.001

3.3 Reelin-IR expression in the SGZ

Reelin expression in the subgranular zone of the dorsal hippocampus was affected by condition
(CORT/vehicle), treatment (reelin/ketamine), and time (Figure 3.3). Mauchly's Test of Sphericity
indicated that the assumption of sphericity had been violated, ¥*(2.25) = 15.6, p = .0.004,
therefore the degrees of freedom were corrected using Greenhouse-Geisser estimates of
sphericity (g) = 0.88. A two-way ANOVA revealed a statistically significant effect of both
treatment [F(4, 25) = 22.130, p = 0.003, n? = 0.552] and time [F(3, 66) = 5.815, p = 0.002, n? =
0.483] on reelin expression in the SGZ, although there was no statistically significant interaction
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effect between treatment group and time point, F(12, 75) = 1.080, p = 0.389, n? = 0.046. Simple
main effects were analyzed using Tukey's multiple comparisons test, found at Table 3.3.

Representative images of each treatment/time group are found at Figures 3.3A-D and graphed on
Figure 3.3E.
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Figure 3.2 Reelin-IR cell counts in the SGZ. A) Representative photomicrographs of reelin expression
in the SGZ at 1h post-treatment for all treatment groups (VV, CV, CR, CK, CKR) at 2.5x and 20x. Scale
bar = 100 um. B) Representative photomicrographs of SGZ reelin expression at 6h post-injection. C)
Reelin SGZ at 12h imaged at 2.5x and 20x. D) Reelin SGZ at 1w imaged at 2.5xand 20x. E) Reelin-IR
expression across groups at 1h post treatment. F) Reelin-IR expression across groups at 6h post treatment.
G) Reelin-IR expression across groups at 12h post treatment. H) Reelin-IR expression across groups 5
days (1w) post treatment. Significance denoted between the CORT/Vehicle treatment group and all other
treatment groups at all time points. *p < 0.05, **p < 0.01, ***p < 0.001, **** p > 0.0001.
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Time Treatment groups Variability p value Significance
CcVv \AY) q=28.392 p = 0.004 *x
1h CVv CR q=8.022 p =0.015 *
CVv CK q=5.898 p=0.022 *
CVv CKR q=7.266 p =0.004 il
cV vV q=12.450 p < 0.0001 ke
6h Ccv CR q=23.814 ns ns
CVv CK q=5.853 p=0.019 *
CcVv CKR q=6.581 p =0.008 *x
CcVv \AY) q=10.520 p = 0.0005 *kx
12h CVv CR q=16.432 p=0.015 *
CVv CK q=5.404 p =0.035 *
Y CKR q=12.03 p < 0.0001 ek
CVv \AY q=7.639 p =0.007 il
1w CVv CR q=15.843 p=0.014 *
cVv CK q=5.41 p=0.044 *
CVv CKR q=9.738 p =0.001 il

Table 3.3 Simple main effects analysis of reelin-IR cell counts in the SGZ. Multiple comparisons
between the CORT/Vehicle treatment group and all other treatment groups at all time points. *p < 0.05,

**p < 0.01, ***p < 0.001, **** p > 0.0001

3.4 Effect of estrous cycle

A one-way ANCOVA was run to partial out any effect that the covariate, stage of rat estrous

cycle, might have on behavioural and neurochemical results. When analyzing time spent

immobile in the FST, Levene’s assumption of equality of error variances was violated, [F(4,

120) = 7.464, p = 0.04], however the variance ratio (c® < 2) indicated that non-parametric tests

corrections were not needed. A one-way ANCOVA revealed no statistical significance of estrous
cycle stage effect on time spent immobile on the FST, F(4, 120) = 8.89, p = 0.326, n?= 0.229.

For SGZ reelin-IR expression, Levene’s assumption of equality of error variances was met, [F(4,
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120) = 1.345, p = 0.257], and therefore no corrections were needed. A one-way ANCOVA
revealed no statistical significance of effect of estrous stage on reelin SGZ cell count, F(4, 120) =
0.05, p = 0.815, n?= 0.424).

3.5 Correlations with behaviour

Correlations between behaviour (time spent immobile in the FST) and neurochemical alterations
were run to examine the extent to which these data were related. Pearson’s bivariate correlation
coefficient test was used for all comparisons and can be found at Table 3.4. No significance was

found across any correlations for immobility-reelin-IR comparisons.

Treatment group Behavioural correlation with Reelin-IR
Treatment Time r CI lower limit CI upper limit R? p-value
1h -0.646 -0.956 0.3481 0.4173 0.1658
vV 6h -0.345 -0.904 0.6480 0.119 0.5031
12h -0.527 -0.938 0.4969 0.278 0.2824
1w 0.794 -0.0482 0.9764 0.631 0.0590
1h -0.290 -0.8912 0.6819 0.0843 0.5767
cVv 6h 0.268 -0.694 0.8868 0.0721 0.6070
12h 0.173 -0.7423 0.8633 0.0299 0.7432
1w 0.010 -0.808 0.8150 0.00010 0.9850
1h -0.658 -0.958 0.3300 0.433 0.1557
CR 6h 0.131 -0.762 0.8519 0.0171 0.8049
12h 0.220 -0.720 0.8754 0.0486 0.6747
1w 0.349 -0.645 0.9044 0.122 0.4975
1h -0.445 -0.9231 0.5739 0.198 0.3768
CK 6h 0.218 -0.721 0.8748 0.0475 0.6784
12h 0.187 -0.736 0.8670 0.0350 0.7226
1w 0.010 -0.808 0.8149 0.00010 0.9853
1h -0.178 -0.865 0.7404 0.0318 0.7354
CKR 6h -0.248 -0.882 0.7056 0.0615 0.6356
12h 0.111 -0.770 0.8462 0.0122 0.8348
1w -0.738 -0.969 0.1828 0.545 0.0938
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Table 3.4 Correlations between behavioural data, reelin-IR, and SERT MPC. Correlations were run
using Pearson’s r correlation coefficient. No significance was found across any of the comparisons. r =
Pearson’s r correlation coefficient, Cl LL = 95% confidence interval lower limit, Cl UL = 95%
confidence interval upper limit.

3.6 Effect of bodyweight

A one-way ANCOVA was run to partial out any effect that the covariate, body weight of rat at
time of testing, might have on behavioural and neurochemical results. When analyzing time
spent immobile in the FST Levene’s assumption of equality of error variances was violated,
[F(4, 120) = 5.615, p = 0.04], however the variance ratio (¢* < 2) indicated that no non-
parametric test corrections were needed. A one-way ANCOVA revealed no statistical
significance of body weight on time spent immobile on the FST, F(4, 120) = 2.425, p = 0.122,
=0.232). For SGZ reelin-IR expression, Levene’s assumption of equality of error variances was
met, [F(4, 120) = 1.213, p = 0.309], and therefore no corrections were needed. A one-way
ANCOVA revealed no statistical significance of effect of body weight reelin SGZ cell count,
F(4, 120) = 0.298, p = 0.586, n?>= 0.529).
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Chapter Four: Discussion
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4.1 Summary of main findings

The two main aims of this thesis were to: (1) ascertain the time course of action of reelin’s
antidepressant-like properties and (2) evaluate the synergistic effect of sub-anesthetic doses of
reelin and ketamine on depressive phenotypes in a paradigm of chronic stress. To the best of our
knowledge, no other laboratory has yet measured the reelin’s time-course of action either
individually or in combination with that of ketamine. This thesis expanded on previous findings
from our laboratory on reelin intrahippocampal (Brymer et al., 2020), and i.v. peripheral (Allen
et al., 2022) injections to normalize behavioural and neurochemical deficits in a CORT-induced
model of chronic stress. As previous findings have focused on males, yet MDD is twice as

prevalent in females, | decided to focus on female rats for the purpose of this study.

We first investigated the antidepressant-like properties of reelin on behavioural deficits induced
by chronic stress. We used the FST as a screening tool for antidepressant efficacy due to the
parallels found between compounds consistently normalize the depressive-like coping strategy in
rodents with that MDD patients (Fenton et al., 2015; Hibicke et al., 2020). As expected, 21-days
of 40mg/kg subcutaneous CORT injections increased time spent immobile in the FST compared
to animals who received saline injections at all time-points (1h, 6h, 12h, and 1w) following PBS
treatment. We found that i.v. injections of recombinant reelin rescued the CORT-induced
increases in FST immobility at 1 hour, 6 hours, and 12 hours after administration. We also found
that one 3g-dose reelin had a prolonged effect against continued administration of chronic
stress 5 days after reelin treatment. Ketamine similarly rescued FST immobility at 1h, 6h, and
12h following treatment. One dose of 10mg/kg of ketamine also had a sustained antidepressant-
like effect on behaviour after 5 additional days of CORT administration following ketamine
treatment. The combined effect of sub-anesthetic doses of reelin (3pg) and ketamine (10mg/kg)
did not rescue FST immobility at the 1h, 6h, or 12h time-period, and in fact increased immobility
compared to the CV control group at timepoints 1h and 6h following treatment. However, acute
treatment with reelin and ketamine rescued FST immobility after 5 days of continued CORT
injections more significantly than that of reelin or ketamine alone. This suggests a lasting

synergistic protective effect of reelin and ketamine against continued chronic stress.

Both reelin and ketamine rescued the expression of endogenous reelin in the SGZ thought to be
critical for the attenuation of behavioural deficits (Allen et al., 2022; Brymer et al., 2018; Kim,
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2017; Lussier et al., 2009). An acute dose of reelin increased SGZ reelin-IR expression at 1h and
12h post-injection and showed a protective effect against 5 days of continued chronic stress
administration. Interestingly, recombinant reelin treatment did not rescue reelin-IR expression at
6h post-injection. We also found that acute ketamine injection rescued SGZ reelin-IR expression
at all time-points (1h, 6h, and 12h), and had a lasting effect following 5 additional days of
CORT-administration. The synergistic effects of sub-anesthetic doses of reelin and ketamine
treatment showed an increased effect at all time-points on reelin-IR expression in the SGZ, as
well as a lasting protective effect against 5 extra days of continued chronic stress. The stage of
the estrous cycle did not have an effect on either behavioural results nor neurochemical deficits

rescued by reelin and/or ketamine at any time-point.

4.2 Reelin and ketamine rescue CORT-induced immobility in a time-dependent manner

Independently, both reelin and ketamine rescued CORT-induced immobility in the FST at 1h, 6h,
and 12h post-injection. A single dose of either reelin or ketamine had a lasting effect on FST
immobility against continued chronic stress. It would be interesting to conduct more research on
the time-course effect of reelin to better understand the immediate and lasting behavioural effect

against chronic stress.

When administered concordantly, reelin and ketamine rescued CORT-induced FST immobility
only at the 1w timepoint. Interestingly, although reelin and ketamine were administered at their
respective individual sub-anesthetic doses (3pg reelin; 10mg/kg ketamine), they appeared to
produce a combined synergistic psychoactive effect. Shortly following administration of the
second pharmaceutical agent [within 60 seconds second injection; CKR rats alternated order of
injections (i.v. reelin then i.p. ketamine; or i.p. ketamine followed by i.v. reelin)] the rats
displayed alterations in locomotor functions. Lasting approximately 10 mins, rats administered
with both reelin and ketamine exhibited balance disturbances including impaired gait and partial
loss of righting reflex. This observation was consistent across CKR rats irrespective of weight or
time of injection. Plausibly, reelin and ketamine have (a) shared mechanistic target(s) and/or
pathway(s), which can produce a synergistic effect. This drug synergism could explain the short-
term full-dose-like behavioural response to the administration of sub-anesthetic doses.

Interestingly in the 1w cohort, the CKR rats exhibited the greatest resistance to the deleterious
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effects of continued CORT administration compared to the CR or CK animals, as exemplified by
reductions in FST immobility. This could imply a long-lasting synergistic drug effect which

could provide a protective factor against continued stress.

4.3 Reelin and ketamine increase reelin-IR in the SGZ in a time-dependent manner

Reelin and ketamine were both able to individually rescue CORT-induced deficits in SGZ reelin-
IR cell expression at 1h and 12h post-injection, although only ketamine rescued reelin-IR
expression at the 6h timepoint. A single subanesthetic dose of either reelin or ketamine had a
lasting effect on increasing reelin-IR cells after 5 days of continued CORT injections. As
mentioned briefly above, decreases in FST immobility were paralleled with increased SGZ
reelin-IR cell expression for both recombinant reelin and ketamine treatment individually.
Logically this makes sense for ketamine, as research indicates that ketamine can easily cross the
BBB (clinical onset within 45-60 seconds) due to its high lipid solubility (Hailu et al., 2021;
Herd et al., 2008); rapidly reaching its neurobiological target allows for rapid-acting
neurochemical and behavioural changes. Similarly, the sustained behavioural and neurochemical
changes observed in the 1w rats can be (at least partially) explained by the changes in synaptic
plasticity and upregulation of AMPA receptor trafficking. On the other hand, the time-dependent
variability of neurobiological results following recombinant reelin administration demonstrates a
more puzzling phenomenon. Particularly of interest is the increased SGZ reelin at the 1h but not
6h timepoint, which is not paralleled by behavioural changes. One theory, which is covered in
more depth in section 4.6.1, involves whole or fragments of the injected recombinant reelin
being able to cross the BBB which could precipitate the early expression of reelin-IR cells.
Alternatively, exogenously increasing peripheral reelin could have downstream implications on
neurochemical functions leading to the observed increase in reelin-IR expression. More research
with larger sample sizes is needed to better elucidate the mechanisms of action and

pharmacokinetics of reelin’s neurochemical and behavioural effects.

Increased SGZ reelin-IR expression was observed at all time-points following acute sub-
anesthetic doses of both reelin and ketamine, and sustained after continued application of stress.
Interestingly, animals treated with both reelin and ketamine showed a more robust effect at each

timepoint (1h, 6h, 12h, 1w). In other words, the neurobiological synergistic effect of reelin and
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ketamine could be greater than that of reelin or ketamine alone in a fast-acting and persistent
manner. This provides evidence for overlapping signaling pathways and/or mechanisms of action
which could be promising in the search for novel ketamine-like pharmaceuticals without the
psychoactive side-effects.

4.4 Patient-oriented research

The importance of patient-partners in preclinical and clinical research cannot be understated. It is
these voices that should ultimately guide the direction of preclinical research and help identify
gaps in the health system. Our laboratory has focused on the inclusion of patient partners in our
research for the past five years. By increasing patient involvement in clinical and public health
research, research can be streamlined to target actual issues that patients experience. However,
there is a clear lack of patient voices in the laboratory-based foundational research that provides
the framework for larger-scale public health matters. It is for this reason that we formed the
patient-oriented committee, whereby patient engagement has enabled us to identify these gaps
between patient experience and research focus (Johnston et al., 2021).The primary goals of this
thesis were determined with patient involvement in attempt to increase the translatability of our

research to a human model disease.

4.5 Limitations

45.1 Sex differences

One of the major limitations in this thesis is the exclusion of males from behavioural and
neurochemical analysis. Although lifetime depression prevalence rates are double for women
than men (Eid et al., 2019), preclinical and clinical pharmaceutical studies are often focused on
males, and those that include females often fail to account for the potential effect of estrous
hormones. Sex differences are found throughout various chronic stress models and effect drug
absorption, distribution, metabolism, and elimination. Estrous hormones easily cross the BBB
and alter glucocorticoid receptor activity (Bourke et al., 2012), but may also have a
neuroprotective effect, decreasing female sensitivity to the depressogenic effects of chronic
unpredictable mild stress (Dalla et al., 2005). While I did not find any mediating effect of estrous
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hormones on depressive-like phenotypes, the use of a relatively small sample size (6 rats per
group) could mask any significance of effect. Understanding this paradoxical relationship could
alleviate the knowledge gap surrounding the increased prevalence rates of depression in women
with the potential neuroprotective effects of estrous hormones.

Sex hormones are known to affect reelin expression, exemplified by high levels of testosterone
decreasing reelin expression (Absil et al., 2003), and lower baseline levels of reelin in the
paraventricular nucleus of the hypothalamus in females (Sanchez-Lafuente et al., 2022).
However, our laboratory has not observed any sex differences in response to peripheral reelin
administration, nor in hippocampal reelin, GIuA1, or GABAAR expression at baseline, after
chronic CORT administration, nor with peripheral reelin administration (Allen et al., 2022;
Brymer et al., 2020). This is paralleled by a lack of sex differences in behavioural changes
following peripheral reelin administration (Allen et al., 2022). Minimal sex differences have
been found in the preclinical and clinical studies regarding the antidepressant effects of ketamine
and reelin, although many studies fail to differentiate findings between males and females
(Ponton et al., 2022; Johnston, 2023). Some preclinical models have found that females are more
sensitive to dose of ketamine exhibiting a greater magnitude or initial response, while males tend
to have a more prolonged response (Franceschelli et al., 2015; Magnani et al., 2004; Okine et al.,
2020). In my own research, the exclusion of males occluded any findings regarding sex
differences. Although previous findings suggest that the reported effects would be paralleled in a
male population as well, it is possible that the inclusion of males could illuminate sex-
differences. Utilizing a different model to study depression could also have an outcome effect, as

certain models of chronic stress are known to have sex-specific dependencies.

4.5.2 Necessity of mechanistic studies

In this thesis, | examined behavioural and neurobiological changes in response to reelin and
ketamine administration. However, mechanistic studies are required to fully ascertain the
proteins and pathways specifically involved in reelin’s and ketamine’s antidepressant-like
effects. While AMPAR signaling inhibition can abolish the antidepressant-like effects of reelin
(Brymer et al., 2020) and ketamine (Zhang et al., 2016), there are a multitude of downstream

signaling pathways that could mediate reelin’s antidepressant effects. Other pathways such as
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Rap1l signaling, or Dab1-SFK-induced NMDAR regulation could be responsible for the observed
results independent of mMTOR. The use of inhibitors such as rapamycin (an mTORCL1 inhibitor)
and GGTI (a Rapl inhibitor) could help elucidate reelin’s mechanism of action that brings about
antidepressant-like results and neurochemical changes. This invaluable information could
provide a blueprint for translating preclinical research into a clinical model to develop

mechanistically relevant novel antidepressants.

45.3 Translatability: extrapolation of preclinical findings

As with all preclinical animal models, the interpretation and extrapolation of experimental
findings is a major obstacle in translation to a human model of disease. In fact, preclinical
research often fails to leave the bench side due to the complex, intricate differences between
basic research and the human condition. Researchers attempt to overcome these barriers by using
evidence-based models and examining all aspects of validity, with the ultimate goal of
minimizing these differences. At the core of the research presented in this thesis is the
foundational objective of developing a fast-acting, safe, and effective antidepressant for human
disease, and identification of reliable biomarkers. While all paradigms used in this thesis were
chosen with this in mind, preclinical animal research contains inherent limitation in

translatability.

The pathophysiology of depression is still poorly understood, paralleled by a significant lack of
knowledge surrounding the precise underlying mechanisms of antidepressant action. A
significant amount of research is also needed to determine the effect of extraneous factors on
depression and pharmacological action including states of chronic stress, comorbid disorders,
and age- and sex-related disparities. This is further complicated by the inability to assess an
animal’s psycho-physical condition, and an uncertainty on whether a rodent can in fact
experience states thought to only affect humans such as self-reflection, rumination, suicidal
ideation, guilt, and shame. Indeed, it can be argued that the application of chronic stress does not
entirely replicate the human expression of any specified or unspecified human depressive
disorder. It is important to recognize the disparities between preclinical animal models and the
human experience of depression, which are not always directly related, to draw the most accurate

conclusions. The preclinical research in this thesis was ultimately designed to lay the foundation
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for the potential of developing novel fast-acting antidepressants and identifying biomarkers that

could streamline psychiatric illness diagnosis and treatment course.

4.6 Future directions

4.6.1 Reelin and the blood brain barrier

Our laboratory has demonstrated that intrahippocampal and peripherally administered reelin
enhances several forms of neuroplasticity and rescue behavioural, cognitive, and neurochemical
deficits (Allen et al., 2022; Brymer et al., 2020; Caruncho et al., 2016; Sanchez-Lafuente et al.,
2022). Despite the parallels between direct- and peripheral-infusions of reelin, it remains
unknown whether full length or fragments of reelin can cross the BBB, information which is
invaluable in the development of reelin-based psychotropics. My work in this thesis has provided
some evidence that may suggest that reelin crosses the BBB due to the rapid increase in reelin-IR
cell counts in the SGZ (1h post-infusion) paralleled with a rescue in behavioural deficits. This is
supported by reelin- and ApoER2-immunoreactivity detected in hippocampal stratum
lacunosum-moleculare endothelial cells, mainly in putative transcytosis caveolae vesicles, that
line the BBB (Perez-Costas et al., 2015; Riddell et al., 2001). This could represent a receptor-
mediated mechanism by which reelin could access the brain. However, reelin is a large protein
that has limited diffusion properties once released into the extracellular space, meaning a specific
transport process would be needed rather than simple diffusion. Accordingly, another putative
explanation for the increase in SGZ reelin-IR cells at 1h post-infusion could be peripheral actions
with an indirect effect on the CNS that may cause an earlier expression of reelin-expressing

GABAergic interneurons migrating from the SGZ.

Evaluating whether peripherally administered reelin can cross the BBB contains an additional
challenge in that reelin is an endogenous protein which is already expressed in the brain,
therefore simple analysis of analyte concentration will not suffice. Future studies could include
PET or single-photon emission-computed tomography (SPECT), which have been employed to
study brain uptake kinetics, BBB integrity, cerebral blood flow, and efflux mechanisms. This

would involve injecting recombinant reelin labeled with a positron-emitting radionuclide, and
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then measuring the emitted y radiation as a function of tissue depth to produce a three-

dimensional image of its distribution.

4.6.2 Reelin signaling and ketamine’s antidepressant effects

The research presented in this thesis provides evidence that there is both a fast-acting and long-
lasting synergistic effect of reelin and ketamine, suggesting similar pathway effectors. In support
of this, recent research from another lab has found that the inhibition of key mediators in reelin
signaling (genetic deletion of ApoER2 or inhibition of SFKs or PI3k) abolished ketamine’s
antidepressant-like behavioural effects and hippocampal NMDAR-mediated synaptic plasticity
(Kim et al., 2021). Another study found that GIuN2B knockdown in GABAergic interneurons
Gadl, Sst, and Pvalb occluded the antidepressant-like effects of ketamine, suggesting an
underlying role of GIuN2B-containing NMDARSs blockade on GABAergic interneurons in the
medial prefrontal cortex (Gerhard et al., 2020). Inversely, | have also shown that ketamine
administration can increase reelin-IR expression, which should be further examined to determine
the exact underlying mechanisms. While evidence suggests some common pathway proteins and
receptors, future studies should focus on specifying the ketamine’s mechanism of action and the

putative reciprocal role of reelin signaling in its antidepressant effects.

4.6.3 Reelin pharmacokinetics and pharmacodynamics

The research in this thesis attempted to uncover aspects of the time course of drug absorption,
distribution, metabolism, and excretion, also known as pharmacokinetics. Pharmacokinetic
studies focus on enhancing drug efficacy while decreasing toxicity for the entire duration of its
exposure with the body. Understanding the body’s interaction with reelin throughout the entire
time course is fundamental for the development of reelin-based pharmaceuticals and
implementing safe and effective therapeutic management. Future studies should focus on
elucidating reelin’s biochemical interactions during absorption, distribution, metabolism, and
excretion, as well as the mechanisms that bring about the time-dependent behaviour and
neurochemical alterations described in this thesis. This could be done by examining the time-
dependent dose-response relationship by utilizing, for example, the plasma drug concentration-

time curve to reflect the rate of drug elimination following exposure. This could help elucidate
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not only the time course effect, but also examine different dosages of reelin independently, as
well as with mixed dosages of ketamine. Although as reported earlier in this thesis in
concordance with findings in Allen et al., 2022, administration of a body-weight independent
dose of reelin (3ug) did not have a significant effect on either behavioural or neurochemical

outcome, more research on dosages is required.

Equally, preclinical research should focus on uncovering principles of reelin’s
pharmacodynamics in the search of creating a novel therapeutic. Pharmacodynamics is the study
of a drug’s molecular, biochemical, and physiologic actions, including the relationship between
drug concentration at the action site and the effect. This thesis examined aspects related to
pharmacodynamics such as the intensity of therapeutic and adverse effects over time, however
more research is needed to understand reelin’s site of action and receptor binding. Future studies
should focus on understanding reelin’s molecular targets and interactions, such as with ketamine,
including receptor binding, post-receptor effectors, and chemical interactions. Downstream drug-
target effects could include enzyme-binding, cell surface signaling proteins, or binding to

molecular targets.

4.6.4 The next steps for reelin-based therapeutics: clinical studies

Ultimately, the goal of preclinical drug developmental research is to test the safety and potential
viability of a novel therapeutic for human consumption. The research in this thesis lays the
groundwork for developing reelin-based pharmaceuticals for human mental health disorders.
While basic scientific research is critical for drug development, human clinical trials are needed
to truly evaluate the safety and efficacy of exogenous reelin for the treatment of mental illness.
With this in mind, the end goal is to work with patient partners to advance exogenous reelin to
the first phase of clinical trial. Before receiving FDA approval for safe consumption, a potential
therapeutic will have to pass four phases of clinical trials. The goal of phase I (15-50 patients) is
to determine the safety of the treatment and the best route of administration; phase Il (<100
patients) focuses on therapeutic efficacy; phase 111 (100-1000 patients) assesses whether the new
treatment is better than standard treatment; and phase IV (1000+ patients) occurs once treatment
is approved and available to examine the long-term effects. Transitioning this preclinical

research to clinical studies is necessary to truly evaluate the efficacy of reelin-based therapeutics
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for major depressive disorder, treatment resistant depression, and/or other related

neuropsychiatric disorders.

4.7 Importance of this work and concluding remarks

The prevalence rates of depression have been steadily increasing, with the disease burden of
depression at an all-time high. Current first-line therapeutics produce an inadequate response in
approximately 1/3 of patients with depression, have a delayed therapeutic onset, and do not
target hard-to-treat core symptoms of depression such as suicidality and anhedonia (Cipriani et
al., 2018; Rush et al., 2006). At the forefront of research for novel fast-acting antidepressants is
ketamine, which is thought to have an effect in the treatment-resistant population while
minimizing the traditionally hard-to-treat symptoms. However, ketamine has a relatively high
abuse potential due to its ability to induce psychomimetic side effects, and therefore it must be
administered under clinician supervision, minimizing its accessibility. Reelin, as demonstrated in
this thesis, is a promising putative therapeutic that may act in a parallel manner to ketamine. This
thesis provides preliminary, exploratory research into the pharmacokinetics of reelin in the hopes
of developing a reelin-based novel fast-acting therapeutic for major depressive disorder or

related neuropsychiatric disorders.

82



Bibliography

Abdallah, C. G., Sanacora, G., Duman, R. S., & Krystal, J. H. (2018). The neurobiology of
depression, ketamine and rapid-acting antidepressants: Is it glutamate inhibition or activation?
Pharmacology & Therapeutics (Oxford), 190, 148-158.
https://doi.org/10.1016/j.pharmthera.2018.05.010

Abdolmaleky, H. M., Cheng, K., Russo, A., Smith, C. L., Faraone, S. V., Wilcox, M., Shafa, R.,
Glatt, S. J., Nguyen, G., Ponte, J. F., Thiagalingam, S., & Tsuang, M. T. (2005).
Hypermethylation of the reelin (RELN) promoter in the brain of schizophrenic patients: A
preliminary report. American Journal of Medical Genetics B, 134B(1), 60—66.
https://doi.org/10.1002/ajmg.b.30140

Absil, P., Pinxten, R., Balthazart, J., & Eens, M. (2003). Effects of testosterone on Reelin
expression in the brain of male European starlings. Cell and Tissue Research, 312(1), 81-93.
https://doi.org/10.1007/s00441-003-0701-9

Acevedo-Diaz, E. E., Cavanaugh, G. W., Greenstein, D., Kraus, C., Kadriu, B., Zarate, C. A., &
Park, L. T. (2020). Comprehensive assessment of side effects associated with a single dose of
ketamine in treatment-resistant depression. Journal of Affective Disorders, 263, 568-575.
https://doi.org/10.1016/j.jad.2019.11.028

Adam, E. K., Doane, L. D., Zinbarg, R. E., Mineka, S., Craske, M. G., & Griffith, J. W. (2010).
Prospective prediction of major depressive disorder from cortisol awakening responses in
adolescence. Psychoneuroendocrinology, 35(6), 921-931.
https://doi.org/10.1016/j.psyneuen.2009.12.007

Albert, P. R. (2015). Why is depression more prevalent in women? Journal of Psychiatry &
Neuroscience : JPN, 40(4), 219-221. https://doi.org/10.1503/jpn.150205

Ali, S. H., Madhana, R. M., KV, A., Kasala, E. R., Bodduluru, L. N., Pitta, S., Mahareddy, J. R.,
& Lahkar, M. (2015). Resveratrol ameliorates depressive-like behavior in repeated
corticosterone-induced depression in mice. Steroids, 101, 37-42.
https://doi.org/10.1016/j.steroids.2015.05.010

Allen, J. (2022). The antidepressant-like effects of intravenous reelin in the repeated-
corticosterone paradigm of chronic stress [Thesis].
https://dspace.library.uvic.ca/handle/1828/13893

Allen, J. A., Rasenick, M. M., & Halverson-Tamboli, R. A. (2007). Lipid raft microdomains and
neurotransmitter signalling. Nature Reviews. Neuroscience, 8(2), 128-140.
https://doi.org/10.1038/nrn2059

Allen, J., Caruncho, H. J., & Kalynchuk, L. E. (2021). Severe life stress, mitochondrial
dysfunction, and depressive behavior: A pathophysiological and therapeutic perspective.
Mitochondrion, 56, 111-117. https://doi.org/10.1016/j.mit0.2020.11.010

83



Allen, J., Romay-Tallon, R., Brymer, K. J., Caruncho, H. J., & Kalynchuk, L. E. (2018).
Mitochondria and Mood: Mitochondrial Dysfunction as a Key Player in the Manifestation of
Depression. Frontiers in Neuroscience, 12, 386-386. https://doi.org/10.3389/fnins.2018.00386

Allen, J., Romay-Tallon, R., Mitchell, M. A., Brymer, K. J., Johnston, J., Sdnchez-Lafuente, C.
L., Pinna, G., Kalynchuk, L. E., & Caruncho, H. J. (2022). Reelin has antidepressant-like effects
after repeated or singular peripheral injections. Neuropharmacology, 211, 109043—-109043.
https://doi.org/10.1016/j.neuropharm.2022.109043

Alnefeesi, Y., Chen-Li, D., Krane, E., Jawad, M. Y., Rodrigues, N. B., Ceban, F., Di Vincenzo,
J. D., Meshkat, S., Ho, R. C., Gill, H., Teopiz, K. M., Cao, B., Lee, Y., MciIntyre,R. S., &
Rosenblat, J. D. (2022). Real-world effectiveness of ketamine in treatment-resistant depression:
A systematic review & meta-analysis. Journal of Psychiatric Research, 151, 693-709.
https://doi.org/10.1016/j.jpsychires.2022.04.037

Alshammari, T. K. (2021). Sexual dimorphism in pre-clinical studies of depression. Progress in
Neuro-Psychopharmacology & Biological Psychiatry, 105, 110120-.
https://doi.org/10.1016/j.pnpbp.2020.110120

Alvarez, J. C., Cremniter, D., Lesieur, P., Gregoire, A., Gilton, A., Macquin-Mavier, I., Jarreau,
C., & Spreux-Varoquaux, O. (1999). Low blood cholesterol and low platelet serotonin levels in
violent suicide attempters. Biological Psychiatry (1969), 45(8), 1066—-1069.
https://doi.org/10.1016/S0006-3223(98)00160-7

American Psychiatric Association. (2022). Diagnostic and statistical manual of mental
disorders: DSM-5-TR (5th edition, text revision.). American Psychiatric Association Publishing.

Andrade, S., Silveira, S. L., Arbo, B. D., Batista, B. A. M., Gomez, R., Barros, H. M. T., &
Ribeiro, M. F. M. (2010). Sex-dependent antidepressant effects of lower doses of progesterone in
rats. Physiology & Behavior, 99(5), 687-690. https://doi.org/10.1016/j.physbeh.2010.02.002

Angold, A., Costello, E. J., & Worthman, C. M. (1998). Puberty and depression: The roles of
age, pubertal status and pubertal timing. Psychological Medicine, 28(1), 51-61.
https://doi.org/10.1017/S003329179700593X

Ardalan, M., Wegener, G., Polsinelli, B., Madsen, T. M., & Nyengaard, J. R. (2016).
Neurovascular plasticity of the hippocampus one week after a single dose of ketamine in genetic
rat model of depression. Hippocampus, 26(11), 1414-1423. https://doi.org/10.1002/hip0.22617

Arpels, J. (1996). The female brain hypoestrogenic continuum from the premenstrual syndrome
to menopause. A hypothesis and review of supporting data. The Journal of Reproductive
Medicine, 41(9), 633-639.

Astbury, J. (2010). Chapter 2 The Social Causes of Women’s Depression: A Question of Rights
Violated? In D. C. Jack & A. Ali (Eds.), Silencing the Self Across Cultures: Depression and
Gender in the Social World (p. 0). Oxford University Press.
https://doi.org/10.1093/acprof:0s0/9780195398090.003.0002

84



Atkinson, H. C., & Waddell, B. J. (1997). Circadian variation in basal plasma corticosterone and
adrenocorticotropin in the rat: Sexual dimorphism and changes across the estrous cycle.
Endocrinology (Philadelphia), 138(9), 3842-3848. https://doi.org/10.1210/en.138.9.3842

Austin, M.-P., Mitchell, P., & Goodwin, G. M. (2001). Cognitive deficits in depression: Possible
implications for functional neuropathology. British Journal of Psychiatry, 178(3), 200-206.
https://doi.org/10.1192/bjp.178.3.200

Autry, A. E., Adachi, M., Nosyreva, E., Na, E. S., Los, M. F., Cheng, P., Kavalali, E. T., &
Monteggia, L. M. (2011). NMDA receptor blockade at rest triggers rapid behavioural
antidepressant responses. Nature, 475(7354), 91-95. https://doi.org/10.1038/nature10130

Babb, J. A., Masini, C. V., Day, H. E. W., & Campeau, S. (2013). Stressor-specific effects of sex
on HPA axis hormones and activation of stress-related neurocircuitry. Stress (Amsterdam,
Netherlands), 16(6), 664—677. https://doi.org/10.3109/10253890.2013.840282

Bach-Mizrachi, H., Underwood, M. D., Kassir, S. A., Bakalian, M. J., Sibille, E., Tamir, H.,
Mann, J. J., & Arango, V. (2006). Neuronal Tryptophan Hydroxylase mRNA Expression in the
Human Dorsal and Median Raphe Nuclei: Major Depression and Suicide.
Neuropsychopharmacology, 31(4), 814-824. https://doi.org/10.1038/sj.npp.1300897

Bach-Mizrachi, H., Underwood, M. D., Tin, A, Ellis, S. P., Mann, J. J., & Arango, V. (2008).
Elevated expression of tryptophan hydroxylase-2 mRNA at the neuronal level in the dorsal and
median raphe nuclei of depressed suicides. Molecular Psychiatry, 13(5), 507-513.
https://doi.org/10.1038/sj.mp.4002143

Backstrom, T., Bixo, M., Johansson, M., Nyberg, S., Ossewaarde, L., Ragagnin, G., Savic, .,
Strémberg, J., Timby, E., van Broekhoven, F., & van Wingen, G. (2014). Allopregnanolone and
mood disorders. Progress in Neurobiology, 113, 88-94.
https://doi.org/10.1016/j.pneurobio.2013.07.005

Ballmaier, M., Zoli, M., Leo, G., Agnati, L. F., & Spano, P. (2002). Preferential alterations in the
mesolimbic dopamine pathway of heterozygous reeler mice: An emerging animal-based model
of schizophrenia. The European Journal of Neuroscience, 15(7), 1197-1205.
https://doi.org/10.1046/j.1460-9568.2002.01952.x

Barnett, J. H., & Smoller, J. W. (2009). The Genetics of Bipolar Disorder. Neuroscience, 164(1),
331-343. https://doi.org/10.1016/j.neuroscience.2009.03.080

Barth, C., Villringer, A., & Sacher, J. (2015). Sex hormones affect neurotransmitters and shape
the adult female brain during hormonal transition periods. Frontiers in Neuroscience, 9, 37.
https://doi.org/10.3389/fnins.2015.00037

Bartsch, T., & Bartsch, T. (Eds.). (2012). Introduction: The Hippocampus in the Clinical
Neurosciences. In The Clinical Neurobiology of the Hippocampus: An integrative view (p. 0).
Oxford University Press. https://doi.org/10.1093/acprof:0s0/9780199592388.003.0001

85



Basu, J., & Siegelbaum, S. A. (2015). The Corticohippocampal Circuit, Synaptic Plasticity, and
Memory. Cold Spring Harbor Perspectives in Biology, 7(11), a021733-.
https://doi.org/10.1101/cshperspect.a021733

Bebbington, P. E. (1998). Sex and depression. Psychological Medicine, 28(1), 1-8.
https://doi.org/10.1017/S0033291797006065

Beck, A. T. (2009). Depression causes and treatment (Second edition.). University of
Pennsylvania Press. https://doi.org/10.9783/9780812290882

Beck, A. T., Ward, C. H., Mendelson, M., Mock, J., & Erbaugh, J. (1961). An inventory for
measuring depression. Archives of General Psychiatry, 4, 561-571.
https://doi.org/10.1001/archpsyc.1961.01710120031004

Becker, S., & Wojtowicz, J. M. (2007). A model of hippocampal neurogenesis in memory and
mood disorders. Trends in Cognitive Sciences, 11(2), 70-76.
https://doi.org/10.1016/j.tics.2006.10.013

Beffert, U., Durudas, A., Weeber, E. J., Stolt, P. C., Giehl, K. M., Sweatt, J. D., Hammer, R. E.,
& Herz, J. (2006). Functional Dissection of Reelin Signaling by Site-Directed Disruption of
Disabled-1 Adaptor Binding to Apolipoprotein E Receptor 2: Distinct Roles in Development and
Synaptic Plasticity. The Journal of Neuroscience, 26(7), 2041-2052.
https://doi.org/10.1523/JNEUROSCI.4566-05.2006

Bell, R. F., Dahl, J. B., Moore, R. A., & Kalso, E. A. (2006). Perioperative ketamine for acute
postoperative pain. Cochrane Database of Systematic Reviews, 1.
https://doi.org/10.1002/14651858.CD004603.pub2

Belzung, C., & Lemoine, M. (2011). Criteria of validity for animal models of psychiatric
disorders: Focus on anxiety disorders and depression. Biology of Mood & Anxiety Disorders, 1,
9. https://doi.org/10.1186/2045-5380-1-9

Benmansour, S., Weaver, R. S., Barton, A. K., Adeniji, O. S., & Frazer, A. (2012). Comparison
of the Effects of Estradiol and Progesterone on Serotonergic Function. Biological Psychiatry,
71(7), 633-641. https://doi.org/10.1016/j.biopsych.2011.11.023

Berger, S., Gureczny, S., Reisinger, S. N., Horvath, O., & Pollak, D. D. (2019). Effect of
Chronic Corticosterone Treatment on Depression-Like Behavior and Sociability in Female and
Male C57BL/6N Mice. Cells, 8(9), 1018-. https://doi.org/10.3390/cells8091018

Berlim, M. T., & Turecki, G. (2007). What is the meaning of treatment resistant/refractory major
depression (TRD)? A systematic review of current randomized trials. European
Neuropsychopharmacology, 17(11), 696—707. https://doi.org/10.1016/j.euroneuro.2007.03.009

Berman, R. M., Cappiello, A., Anand, A., Oren, D. A., Heninger, G. R., Charney, D. S., &
Krystal, J. H. (2000). Antidepressant effects of ketamine in depressed patients. Biological
Psychiatry (1969), 47(4), 351-354. https://doi.org/10.1016/S0006-3223(99)00230-9

86



Bianchi, V., & Esposito, A. (2012). Cortisol physiology, regulation and health implications.
Nova Science Publishers.

Bonaventura, J., Lam, S., Carlton, M., Boehm, M. A., Gomez, J. L., Solis, O., Sdnchez-Soto, M.,
Morris, P. J., Fredriksson, 1., Thomas, C. J., Sibley, D. R., Shaham, Y., Zarate, C. A., &
Michaelides, M. (2021). Pharmacological and behavioral divergence of ketamine enantiomers:
Implications for abuse liability. Molecular Psychiatry, 26(11), Article 11.
https://doi.org/10.1038/s41380-021-01093-2

Bosch, C., Masachs, N., Exposito-Alonso, D., Martinez, A., Teixeira, C. M., Fernaud, 1.,
Pujadas, L., Ulloa, F., Comella, J. X., DeFelipe, J., Merchan-Pérez, A., & Soriano, E. (2016).
Reelin Regulates the Maturation of Dendritic Spines, Synaptogenesis and Glial Ensheathment of
Newborn Granule Cells. Cerebral Cortex (New York, N.Y. 1991), 26(11), 4282-4298.
https://doi.org/10.1093/cercor/bhw216

Botterill, J. J., Brymer, K. J., Caruncho, H. J., & Kalynchuk, L. E. (2015). Aberrant hippocampal
neurogenesis after limbic kindling: Relationship to BDNF and hippocampal-dependent memory.
Epilepsy & Behavior, 47, 83-92. https://doi.org/10.1016/j.yebeh.2015.04.046

Battner, M., Ghorbani, P., Harde, J., Barrenschee, M., Hellwig, 1., Vogel, 1., Ebsen, M., Forster,
E., & Wedel, T. (2014). Expression and regulation of reelin and its receptors in the enteric
nervous system. Molecular and Cellular Neurosciences, 61, 23-33.
https://doi.org/10.1016/j.mcn.2014.05.001

Bou Khalil, R., & Richa, S. (2014). When Affective Disorders Were Considered to Emanate
From the Heart: The Ebers Papyrus. The American Journal of Psychiatry, 171(3), 275-275.
https://doi.org/10.1176/appi.ajp.2013.13070860

Bourke, C. H., Harrell, C. S., & Neigh, G. N. (2012). Stress-induced sex differences: Adaptations
mediated by the glucocorticoid receptor. Hormones and Behavior, 62(3), 210-218.
https://doi.org/10.1016/j.yhbeh.2012.02.024

Bromet, E., Andrade, L. H., Hwang, ., Sampson, N. A., Alonso, J., de Girolamo, G., de Graaf,
R., Demyttenaere, K., Hu, C., lwata, N., Karam, A. N., Kaur, J., Kostyuchenko, S., Lépine, J.-P.,
Levinson, D., Matschinger, H., Mora, M. E. M., Browne, M. O., Posada-Villa, J., ... Kessler, R.
C. (2011). Cross-national epidemiology of DSM-1V major depressive episode. BMC
MEDICINE, 9(1), 90-90. https://doi.org/10.1186/1741-7015-9-90

Brotto, L. A., Gorzalka, B. B., & Barr, A. M. (2001). Paradoxical effects of chronic
corticosterone on forced swim behaviours in aged male and female rats. European Journal of
Pharmacology, 424(3), 203-209. https://doi.org/10.1016/S0014-2999(01)01148-7

Browne, C. A., & Lucki, I. (2013). Antidepressant effects of ketamine: Mechanisms underlying
fast-acting novel antidepressants. Frontiers in Pharmacology, 4, 161-161.
https://doi.org/10.3389/fphar.2013.00161

Brymer, K. J., Fenton, E. Y., Kalynchuk, L. E., & Caruncho, H. J. (2018). Peripheral Etanercept
Administration Normalizes Behavior, Hippocampal Neurogenesis, and Hippocampal Reelin and

87



GABAA Receptor Expression in a Preclinical Model of Depression. Frontiers in Pharmacology,
9, 121-121. https://doi.org/10.3389/fphar.2018.00121

Brymer, K. J., Johnston, J., Botterill, J. J., Romay-Tallon, R., Mitchell, M. A., Allen, J., Pinna,
G., Caruncho, H. J., & Kalynchuk, L. E. (2020). Fast-acting antidepressant-like effects of Reelin
evaluated in the repeated-corticosterone chronic stress paradigm. Neuropsychopharmacology
(New York, N.Y.), 45(10), 1707-1716. https://doi.org/10.1038/s41386-020-0609-z

Burt, D. B., Zembar, M. J., & Niederehe, G. (1995). Depression and Memory Impairment: A
Meta-Analysis of the Association, Its Pattern, and Specificity. Psychological Bulletin, 117(2),
285-305. https://doi.org/10.1037/0033-2909.117.2.285

Cahill, L. (2006). Why sex matters for neuroscience. Nature Reviews. Neuroscience, 7(6), 477—
484. https://doi.org/10.1038/nrn1909

Campobell, S., Marriott, M., Nahmias, C., & MacQueen, G. M. (2004). Lower Hippocampal
Volume in Patients Suffering From Depression: A Meta-Analysis. The American Journal of
Psychiatry, 161(4), 598-607. https://doi.org/10.1176/appi.ajp.161.4.598

Campos, A. R., Santos, F. A., & Rao, V. S. (2006). Ketamine-Induced Potentiation of Morphine
Analgesia in Rat Tail-Flick Test: Role of Opioid-, a2-Adrenoceptors and ATP-Sensitive
Potassium Channels. Biological and Pharmaceutical Bulletin, 29(1), 86-89.
https://doi.org/10.1248/bpb.29.86

Carroll, B. J., Cassidy, F., Naftolowitz, D., Tatham, N. E., Wilson, W. H., Iranmanesh, A., Liu,
P. Y., & Veldhuis, J. D. (2007). Pathophysiology of hypercortisolism in depression. Acta
Psychiatrica Scandinavica, 115(s433), 90-103. https://doi.org/10.1111/j.1600-
0447.2007.00967.x

Caruncho, H. J., Brymer, K., Romay-Tallén, R., Mitchell, M. A., Rivera-Baltanas, T., Botterill,
J., Olivares, J. M., & Kalynchuk, L. E. (2016). Reelin-Related Disturbances in Depression:
Implications for Translational Studies. Frontiers in Cellular Neuroscience, 10, 48-48.
https://doi.org/10.3389/fncel.2016.00048

Caruncho, H. J., Rivera-Baltanas, T., Romay-Tallon, R., Kalynchuk, L. E., & Olivares, J. M.
(2019). Patterns of Membrane Protein Clustering in Peripheral Lymphocytes as Predictors of
Therapeutic Outcomes in Major Depressive Disorder. Frontiers in Pharmacology, 10.
https://www.frontiersin.org/articles/10.3389/fphar.2019.00190

Caspi, A., Sugden, K., Moffitt, T. E., Taylor, A., Craig, I. W., Harrington, H., McClay, J., Mill,
J., Martin, J., Braithwaite, A., & Poulton, R. (2003). Influence of Life Stress on Depression:
Moderation by a Polymorphism in the 5-HTT Gene. Science, 301(5631), 386—-389.
https://doi.org/10.1126/science.1083968

Castrén, E., & Hen, R. (2013). Neuronal plasticity and antidepressant actions. Trends in
Neurosciences (Regular Ed.), 36(5), 259-267. https://doi.org/10.1016/j.tins.2012.12.010

88



Caviness, V. S. (1976). Patterns of cell and fiber distribution in the neocortex of the reeler
mutant mouse. Journal of Comparative Neurology, 170(4), 435-447.
https://doi.org/10.1002/cne.901700404

Center, G. (2002). The mouse genome. In Nature (London) (Vol. 420, pp. 510-510). Nature
Publishing Group.

Chai, X., Forster, E., Zhao, S., Bock, H. H., & Frotscher, M. (2009). Reelin acts as a stop signal
for radially migrating neurons by inducing phosphorylation of n-cofilin at the leading edge.
Communicative & Integrative Biology, 2(4), 375-377. https://doi.org/10.4161/cib.2.4.8614

Chameau, P., Inta, D., Vitalis, T., Monyer, H., Wadman, W. J., & van Hooft, J. A. (2009). N-
terminal region of reelin regulates postnatal dendritic maturation of cortical pyramidal neurons.
Proceedings of the National Academy of Sciences - PNAS, 106(17), 7227-7232.
https://doi.org/10.1073/pnas.0810764106

Chan, J. N.-M., Lee, J. C.-D., Lee, S. S. P, Hui, K. K. Y., Chan, A. H. L., Fung, T. K.-H.,
Sanchez-Vidafa, D. I., Lau, B. W.-M., & Ngai, S. P.-C. (2017). Interaction Effect of Social
Isolation and High Dose Corticosteroid on Neurogenesis and Emotional Behavior. Frontiers in
Behavioral Neuroscience, 11, 18-18. https://doi.org/10.3389/fnbeh.2017.00018

Chang, L., Zhang, K., Pu, Y., Qu, Y., Wang, S., Xiong, Z., Ren, Q., Dong, C., Fujita, Y., &
Hashimoto, K. (2019). Comparison of antidepressant and side effects in mice after intranasal
administration of (R,S)-ketamine, (R)-ketamine, and (S)-ketamine. Pharmacology Biochemistry
and Behavior, 181, 53-59. https://doi.org/10.1016/j.pbb.2019.04.008

Charney, D. S. (2004). Psychobiological Mechanisms of Resilience and Vulnerability:
Implications for Successful Adaptation to Extreme Stress. The American Journal of Psychiatry,
161(2), 195-216. https://doi.org/10.1176/appi.ajp.161.2.195

Cheasty, M., Clare, A. W., & Collins, C. (1998). Relation between sexual abuse in childhood and
adult depression: Case-control study. BMJ, 316(7126), 198-201.
https://doi.org/10.1136/bmj.316.7126.198

Chiba, S., Numakawa, T., Ninomiya, M., Richards, M. C., Wakabayashi, C., & Kunugi, H.
(2012). Chronic restraint stress causes anxiety- and depression-like behaviors, downregulates
glucocorticoid receptor expression, and attenuates glutamate release induced by brain-derived
neurotrophic factor in the prefrontal cortex. Progress in Neuro-Psychopharmacology &
Biological Psychiatry, 39(1), 112-119. https://doi.org/10.1016/j.pnpbp.2012.05.018

Cipriani, A., Furukawa, T. A,, Salanti, G., Chaimani, A., Atkinson, L. Z., Ogawa, Y., Leucht, S.,
Ruhe, H. G., Turner, E. H., Higgins, J. P. T., Egger, M., Takeshima, N., Hayasaka, Y., Imai, H.,
Shinohara, K., Tajika, A., loannidis, J. P. A., & Geddes, J. R. (2018). Comparative efficacy and
acceptability of 21 antidepressant drugs for the acute treatment of adults with major depressive
disorder: A systematic review and network meta-analysis. Lancet (London, England),
391(10128), 1357-1366. https://doi.org/10.1016/S0140-6736(17)32802-7

89



Citri, A., & Malenka, R. C. (2008). Synaptic plasticity: Multiple forms, functions, and
mechanisms. Neuropsychopharmacology : Official Publication of the American College of
Neuropsychopharmacology, 33(1), 18-41. https://doi.org/10.1038/sj.npp.1301559

Coburn-Litvak, P. S., Pothakos, K., Tata, D. A., McCloskey, D. P., & Anderson, B. J. (2003).
Chronic administration of corticosterone impairs spatial reference memory before spatial
working memory in rats. Neurobiology of Learning and Memory, 80(1), 11-23.
https://doi.org/10.1016/S1074-7427(03)00019-4

Cohen, L. S., Soares, C. N., Vitonis, A. F., Otto, M. W., & Harlow, B. L. (2006). Risk for New
Onset of Depression During the Menopausal Transition: The Harvard Study of Moods and
Cycles. Archives of General Psychiatry, 63(4), 385-390.
https://doi.org/10.1001/archpsyc.63.4.385

Collier, D. A., Stober, G., Li, T., Heils, A., Catalano, M., Di Bella, D., Arranz, M. J., Murray, R.
M., Vallada, H. P., Bengel, D., Mller, C. R., Roberts, G. W., Smeraldi, E., Kirov, G., Sham, P.,
& Lesch, K. P. (1996). A novel functional polymorphism within the promoter of the serotonin
transporter gene: Possible role in susceptibility to affective disorders. Molecular Psychiatry,
1(6), 453-460.

Commons, K. G., Cholanians, A. B., Babb, J. A., & Ehlinger, D. G. (2017). The Rodent Forced
Swim Test Measures Stress-Coping Strategy, Not Depression-like Behavior. ACS Chemical
Neuroscience, 8(5), 955-960. https://doi.org/10.1021/acschemneuro.7b00042

Cooper, J. A. (2008). A mechanism for inside-out lamination in the neocortex. Trends in
Neurosciences (Regular Ed.), 31(3), 113-119. https://doi.org/10.1016/j.tins.2007.12.003

Curran, T., & D’Arcangelo, G. (1998). Role of reelin in the control of brain development. Brain
Research Reviews, 26(2), 285-294. https://doi.org/10.1016/S0165-0173(97)00035-0

Dahl, J., Ormstad, H., Aass, H. C. D., Malt, U. F., Bendz, L. T., Sandvik, L., Brundin, L., &
Andreassen, O. A. (2014). The plasma levels of various cytokines are increased during ongoing
depression and are reduced to normal levels after recovery. Psychoneuroendocrinology, 45(Apr
6), 77-86. https://doi.org/10.1016/j.psyneuen.2014.03.019

Dai, D., Miller, C., Valdivia, V., Boyle, B., Bolton, P., Li, S., Seiner, S., & Meisner, R. (2022).
Neurocognitive effects of repeated ketamine infusion treatments in patients with treatment
resistant depression: A retrospective chart review. BMC Psychiatry, 22(1), 140-140.
https://doi.org/10.1186/s12888-022-03789-3

Dalla, C., Antoniou, K., Drossopoulou, G., Xagoraris, M., Kokras, N., Sfikakis, A., &
Papadopoulou-Daifoti, Z. (2005). Chronic mild stress impact: Are females more vulnerable?
Neuroscience, 135(3), 703—-714. https://doi.org/10.1016/j.neuroscience.2005.06.068

Daly, E. J.,, Trivedi, M. H., Janik, A., Li, H., Zhang, Y., Li, X., Lane, R., Lim, P., Duca, A. R,,
Hough, D., Thase, M. E., Zajecka, J., Winokur, A., Divacka, I., Fagiolini, A., Cubala, W. J.,
Bitter, 1., Blier, P., Shelton, R. C., ... Singh, J. B. (2019). Efficacy of Esketamine Nasal Spray
Plus Oral Antidepressant Treatment for Relapse Prevention in Patients With Treatment-Resistant

90



Depression: A Randomized Clinical Trial. Archives of General Psychiatry, 76(9), 893-903.
https://doi.org/10.1001/jamapsychiatry.2019.1189

D’Arcangelo, G., G Miao, G., Chen, S.-C., Scares, H. D., Morgan, J. I., & Curran, T. (1995). A
protein related to extracellular matrix proteins deleted in the mouse mutant reeler. Nature
(London), 374(6524), 719-723. https://doi.org/10.1038/374719a0

D’ Arcangelo, G., Homayouni, R., Keshvara, L., Rice, D. S., Sheldon, M., & Curran, T. (1999).
Reelin Is a Ligand for Lipoprotein Receptors. Neuron, 24(2), 471-479.
https://doi.org/10.1016/S0896-6273(00)80860-0

Darcet, F., Mendez-David, |., Tritschler, L., Gardier, A. M., Guilloux, J.-P., & David, D. J.
(2014). Learning and memory impairments in a neuroendocrine mouse model of
anxiety/depression. Frontiers in Behavioral Neuroscience, 8, 136—136.
https://doi.org/10.3389/fnbeh.2014.00136

David, A., & Pierre, L. (2006). Hippocampal Neuroanatomy. In P. Andersen, R. Morris, D.
Amaral, T. Bliss, & J. O’Keefe (Eds.), The Hippocampus Book (p. 0). Oxford University Press.
https://doi.org/10.1093/acprof:0s0/9780195100273.003.0003

David, D. J., Samuels, B. A., Rainer, Q., Wang, J.-W., Marsteller, D., Mendez, 1., Drew, M.,
Craig, D. A., Guiard, B. P., Guilloux, J.-P., Artymyshyn, R. P., Gardier, A. M., Gerald, C.,
Antonijevic, I. A., Leonardo, E. D., & Hen, R. (2009). Neurogenesis-Dependent and -
Independent Effects of Fluoxetine in an Animal Model of Anxiety/Depression. Neuron, 62(4),
479-493. https://doi.org/10.1016/j.neuron.2009.04.017

de Bergeyck, V., Naerhuyzen, B., Goffinet, A. M., & Lambert de Rouvroit, C. (1998). A panel of
monoclonal antibodies against reelin, the extracellular matrix protein defective in reeler mutant
mice. Journal of Neuroscience Methods, 82(1), 17—-24. https://doi.org/10.1016/S0165-
0270(98)00024-7

De Carlo, V., Calati, R., & Serretti, A. (2016). Socio-demographic and clinical predictors of non-
response/non-remission in treatment resistant depressed patients: A systematic review.
Psychiatry Research, 240, 421-430. https://doi.org/10.1016/j.psychres.2016.04.034

De Vriese, S. R., Christophe, A. B., & Maes, M. (2004). In humans, the seasonal variation in
poly-unsaturated fatty acids is related to the seasonal variation in violent suicide and serotonergic
markers of violent suicide. Prostaglandins, Leukotrienes and Essential Fatty Acids, 71(1), 13—
18. https://doi.org/10.1016/j.plefa.2003.12.002

DeCarolis, N. A., & Eisch, A. J. (2010). Hippocampal neurogenesis as a target for the treatment
of mental illness: A critical evaluation. Neuropharmacology, 58(6), 884-893.
https://doi.org/10.1016/j.neuropharm.2009.12.013

Dennison, C. A., Legge, S. E., Pardifias, A. F., & Walters, J. T. R. (2020). Genome-wide
association studies in schizophrenia: Recent advances, challenges and future perspective.
Schizophrenia Research, 217, 4-12. https://doi.org/10.1016/j.schres.2019.10.048

91



DeSilva, U., D’Arcangelo, G., Braden, V. V., Chen, J., Miao, G. G., Curran, T., & Green, E. D.
(1997). The human reelin gene: Isolation, sequencing, and mapping on chromosome 7. Genome
Research, 7(2), 157-164. https://doi.org/10.1101/gr.7.2.157

Di Giovanni, G., Di Matteo, V., & Esposito, E. (2008). Serotonin-dopamine interaction
experimental evidence and therapeutic relevance. Elsevier.

Diagnostic and statistical manual of mental disorders: DSM-5 (Fifth edition). (2013). American
Psychiatric Publishing.

Diazgranados, N., Ibrahim, L., Brutsche, N. E., Newberg, A., Kronstein, P., Khalife, S.,
Kammerer, W. A., Quezado, Z., Luckenbaugh, D. A., Salvadore, G., Machado-Vieira, R., Maniji,
H. K., & Zarate, C. A. (2010). A Randomized Add-on Trial of an N-methyl-D-aspartate
Antagonist in Treatment-Resistant Bipolar Depression. Archives of General Psychiatry, 67(8),
793-802. https://doi.org/10.1001/archgenpsychiatry.2010.90

do Nascimento, E. B., Dierschnabel, A. L., de Macédo Medeiros, A., Suchecki, D., Silva, R. H.,
& Ribeiro, A. M. (2019). Memory impairment induced by different types of prolonged stress is
dependent on the phase of the estrous cycle in female rats. Hormones and Behavior, 115,
104563. https://doi.org/10.1016/j.yhbeh.2019.104563

Domino, E. F., & Warner, D. S. (2010). Taming the Ketamine Tiger. Anesthesiology
(Philadelphia), 113(3), 678-684. https://doi.org/10.1097/ALN.0b013e3181ed09a2

Dong, E., Caruncho, H., Liu, W. S., Smalheiser, N. R., Grayson, D. R., Costa, E., & Guidotti, A.
(2003). A Reelin-Integrin Receptor Interaction Regulates Arc mRNA Translation in
Synaptoneurosomes. Proceedings of the National Academy of Sciences - PNAS, 100(9), 5479—
5484. https://doi.org/10.1073/pnas.1031602100

Dou, A., Zhang, Y., Wang, Y., Liu, X., & Guo, Y. (2021). Reelin depletion alleviates multiple
myeloma bone disease by promoting osteogenesis and inhibiting osteolysis. Cell Death
Discovery, 7(1), 219-219. https://doi.org/10.1038/s41420-021-00608-8

Dowlati, Y., Herrmann, N., Swardfager, W., Liu, H., Sham, L., Reim, E. K., & Lanct6t, K. L.
(2010). A Meta-Analysis of Cytokines in Major Depression. Biological Psychiatry (1969), 67(5),
446-457. https://doi.org/10.1016/j.biopsych.2009.09.033

Du, X., & Pang, T. Y. (2015). Is Dysregulation of the HPA-AXxis a Core Pathophysiology
Mediating Co-Morbid Depression in Neurodegenerative Diseases? Frontiers in Psychiatry, 6,
32-32. https://doi.org/10.3389/fpsyt.2015.00032

Duman, R. S., & Li, N. (2012). A neurotrophic hypothesis of depression: Role of synaptogenesis
in the actions of NMDA receptor antagonists. Philosophical Transactions of the Royal Society B:
Biological Sciences, 367(1601), 2475-2484. https://doi.org/10.1098/rsth.2011.0357

Duman, R. S., Nakagawa, S., & Malberg, J. (2001). Regulation of adult neurogenesis by
antidepressant treatment. Neuropsychopharmacology: Official Publication of the American

92



College of Neuropsychopharmacology, 25(6), 836-844. https://doi.org/10.1016/S0893-
133X(01)00358-X

Duman, R. S., Sanacora, G., & Krystal, J. H. (2019). Altered Connectivity in Depression: GABA
and Glutamate Neurotransmitter Deficits and Reversal by Novel Treatments. Neuron
(Cambridge, Mass.), 102(1), 75-90. https://doi.org/10.1016/j.neuron.2019.03.013

Dunlop, D. D., Song, J., Lyons, J. S., Manheim, L. M., & Chang, R. W. (2003). Racial/Ethnic
Differences in Rates of Depression Among Preretirement Adults. American Journal of Public
Health, 93(11), 1945-1952.

Eccard, J. A., & Herde, A. (2013). Seasonal variation in the behaviour of a short-lived rodent.
BMC Ecology, 13, 43. https://doi.org/10.1186/1472-6785-13-43

Eid, R. S., Gobinath, A. R., & Galea, L. A. M. (2019). Sex differences in depression: Insights
from clinical and preclinical studies. Progress in Neurobiology, 176, 86-102.
https://doi.org/10.1016/j.pneurobio.2019.01.006

Eisch, A. J., & Petrik, D. (2012). Depression and Hippocampal Neurogenesis: A Road to
Remission? Science (American Association for the Advancement of Science), 338(6103), 72—75.
https://doi.org/10.1126/science.1222941

Essex, M. J., Klein, M. H., Cho, E., & Kalin, N. H. (2002). Maternal stress beginning in infancy
may sensitize children to later stress exposure: Effects on cortisol and behavior. Biological
Psychiatry (1969), 52(8), 776-784. https://doi.org/10.1016/S0006-3223(02)01553-6

Falconer, D. S. (1951). Two new mutants, ‘trembler’ and ‘reeler’, with neurological actions in
the house mouse (Mus musculus L.). Journal of Genetics, 50(2), 192—205.
https://doi.org/10.1007/BF02996215

Fancourt, D., & Steptoe, A. (2020). The longitudinal relationship between changes in wellbeing
and inflammatory markers: Are associations independent of depression? Brain, Behavior, and
Immunity, 83, 146-152. https://doi.org/10.1016/j.bbi.2019.10.004

Fanselow, M. S., & Dong, H.-W. (2010). Are the Dorsal and Ventral Hippocampus Functionally
Distinct Structures? Neuron, 65(1), 7-19. https://doi.org/10.1016/j.neuron.2009.11.031

Fatemi, S. H. (2011). Reelin, a Marker of Stress Resilience in Depression and Psychosis.
Neuropsychopharmacology (New York, N.Y.), 36(12), 2371-2372.
https://doi.org/10.1038/npp.2011.169

Fatemi, S. H., Earle, J. A., & McMenomy, T. (2000). Reduction in Reelin immunoreactivity in
hippocampus of subjects with schizophrenia, bipolar disorder and major depression. Molecular
Psychiatry, 5(6), 571-571.

Fatemi, S. H., Kroll, J. L., & Stary, J. M. (2001). Altered levels of Reelin and its isoforms in
schizophrenia and mood disorders. Neuroreport, 12(15), 3209-3215.
https://doi.org/10.1097/00001756-200110290-00014

93



Fenton, E. Y., Fournier, N. M., Lussier, A. L., Romay-Tallon, R., Caruncho, H. J., & Kalynchuk,
L. E. (2015). Imipramine protects against the deleterious effects of chronic corticosterone on
depression-like behavior, hippocampal reelin expression, and neuronal maturation. Progress in
Neuro-Psychopharmacology & Biological Psychiatry, 60, 52-59.
https://doi.org/10.1016/j.pnpbp.2015.02.001

Fischer, S., Macare, C., & Cleare, A. J. (2017). Hypothalamic-pituitary-adrenal (HPA) axis
functioning as predictor of antidepressant response—Meta-analysis. Neuroscience and
Biobehavioral Reviews, 83, 200—211. https://doi.org/10.1016/j.neubiorev.2017.10.012

Forgeard, M. J. C., Haigh, E. A. P, Beck, A. T., Davidson, R. J., Henn, F. A., Maier, S. F.,
Mayberg, H. S., & Seligman, M. E. P. (2011). Beyond Depression: Towards a Process-Based
Approach to Research, Diagnosis, and Treatment. Clinical Psychology : A Publication of the
Division of Clinical Psychology of the American Psychological Association, 18(4), 275-299.
https://doi.org/10.1111/j.1468-2850.2011.01259.x

Franceschelli, A., Sens, J., Herchick, S., Thelen, C., & Pitychoutis, P. M. (2015). Sex differences
in the rapid and the sustained antidepressant-like effects of ketamine in stress-naive and
“depressed” mice exposed to chronic mild stress. Neuroscience, 290, 49-60.
https://doi.org/10.1016/j.neuroscience.2015.01.008

Frohlich, J., & Van Horn, J. D. (2014). Reviewing the ketamine model for schizophrenia.
Journal of Psychopharmacology, 28(4), 287—-302. https://doi.org/10.1177/0269881113512909

Fuchigami, T., Sato, Y., Tomita, Y., Takano, T., Miyauchi, S., Tsuchiya, Y., Saito, T., Kubo, K.,
Nakajima, K., Fukuda, M., Hattori, M., & Hisanaga, S. (2013). Dab1-mediated colocalization of
multi-adaptor protein CIN85 with Reelin receptors, ApoER2 and VLDLR, in neurons. Genes to
Cells, 18(5), 410-424. https://doi.org/10.1111/gtc.12045

Fukumoto, K., Toki, H., lijima, M., Hashihayata, T., Yamaguchi, J., Hashimoto, K., & Chaki, S.
(2017). Antidepressant Potential of (R)-Ketamine in Rodent Models: Comparison with (S)-
Ketamine. Journal of Pharmacology and Experimental Therapeutics, 361(1), 9-16.
https://doi.org/10.1124/jpet.116.239228

Garcia, A. D., & Buffalo, E. A. (2020). Anatomy and Function of the Primate Entorhinal Cortex.
Annual Review of Vision Science, 6, 411-432. https://doi.org/10.1146/annurev-vision-030320-
041115

GBD. (2018). Global, regional, and national incidence, prevalence, and years lived with
disability for 354 diseases and injuries for 195 countries and territories, 1990-2017: A
systematic analysis for the Global Burden of Disease Study 2017.
https://escholarship.org/uc/item/3xx9b33s

Gelenberg, A. J. (2010). The prevalence and impact of depression. The Journal of Clinical
Psychiatry, 71(3), e06. https://doi.org/10.4088/JCP.8001tx17c

Georgiou, P., Zanos, P., Mou, T.-C. M., An, X., Gerhard, D. M., Dryanovski, D. I., Potter, L. E.,
Highland, J. N., Jenne, C. E., Stewart, B. W., Pultorak, K. J., Yuan, P., Powels, C. F., Lovett, J.,

94



Pereira, E. F. R., Clark, S. M., Tonelli, L. H., Moaddel, R., Zarate, C. A., ... Gould, T. D. (2022).
Experimenters’ sex modulates mouse behaviors and neural responses to ketamine via
corticotropin releasing factor. Nature Neuroscience, 25(9), 1191-1200.
https://doi.org/10.1038/s41593-022-01146-X

Gerhard, D. M., Pothula, S., Liu, R.-J., Wu, M., Li, X.-Y., Girgenti, M. J., Taylor, S. R., Duman,
C. H., Delpire, E., Picciotto, M., Wohleb, E. S., & Duman, R. S. (2020). GABA interneurons are
the cellular trigger for ketamine’s rapid antidepressant actions. The Journal of Clinical
Investigation, 130(3), 1336-1349. https://doi.org/10.1172/JC1130808

Gilmore, E. C., & Herrup, K. (2000). Cortical development: Receiving Reelin. Current Biology,
10(4), R162-R166. https://doi.org/10.1016/S0960-9822(00)00332-8

Goel, N., & Bale, T. L. (2010). Sex Differences in the Serotonergic Influence on the
Hypothalamic-Pituitary-Adrenal Stress Axis. Endocrinology, 151(4), 1784-1794.
https://doi.org/10.1210/en.2009-1180

Gould, E., & Tanapat, P. (1999). Stress and hippocampal neurogenesis. Biological Psychiatry
(1969), 46(11), 1472-1479. https://doi.org/10.1016/S0006-3223(99)00247-4

Gourley, S. L., & Taylor, J. R. (2009). Recapitulation and reversal of a persistent depression-like
syndrome in rodents. Current Protocols in Neuroscience, Chapter 9, Unit 9.32.
https://doi.org/10.1002/0471142301.ns0932s49

Grabe, S., Hyde, J. S., & Lindberg, S. M. (2007). Body Obijectification and Depression in
Adolescents: The Role of Gender, Shame, and Rumination. Psychology of Women Quarterly,
31(2), 164-175. https://doi.org/10.1111/j.1471-6402.2007.00350.x

Graber, J. A. (2013). Pubertal timing and the development of psychopathology in adolescence
and beyond. Hormones and Behavior, 64(2), 262—-269.
https://doi.org/10.1016/j.yhbeh.2013.04.003

Gregus, A., Wintink, A. J., Davis, A. C., & Kalynchuk, L. E. (2005). Effect of repeated
corticosterone injections and restraint stress on anxiety and depression-like behavior in male rats.
Behavioural Brain Research, 156(1), 105-114. https://doi.org/10.1016/j.bbr.2004.05.013

Guidotti, A., Auta, J., Davis, J. M., Gerevini, V. D., Dwivedi, Y., Grayson, D. R., Impagnatiello,
F., Pandey, G., Pesold, C., Sharma, R., Uzunov, D., & Costa, E. (2000). Decrease in Reelin and
Glutamic Acid Decarboxylase67 (GAD67) Expression in Schizophrenia and Bipolar Disorder: A
Postmortem Brain Study. Archives of General Psychiatry, 57(11), 1061-10609.
https://doi.org/10.1001/archpsyc.57.11.1061

Hack, 1., Hellwig, S., Junghans, D., Brunne, B., Bock, H. H., Zhao, S., & Frotscher, M. (2007).
Divergent roles of ApoER2 and VIdIr in the migration of cortical neurons. Development
(Cambridge), 134(21), 3883-3891. https://doi.org/10.1242/dev.005447

Hailu, S., Getachew, H., Hailu, S., Abebe, T., Seifu, A., Regassa, T., Girma, T., Dastew, B.,
Zemedkun, A., Neme, D., Teshome, D., & Tadesse, M. (2021). Effectiveness of ketofol versus

95



propofol induction on hemodynamic profiles in adult elective surgical patients: A Randomized
Controlled Trial. International Journal of Surgery Open, 37, 100392.
https://doi.org/10.1016/j.ijs0.2021.100392

Hainmueller, T., & Bartos, M. (2020). Dentate gyrus circuits for encoding, retrieval and
discrimination of episodic memories. Nature Reviews. Neuroscience, 21(3), 153-168.
https://doi.org/10.1038/s41583-019-0260-z

Hamilton, M. (1960). A Rating Scale for Depression. Journal of Neurology, Neurosurgery, and
Psychiatry, 23(1), 56-62.

Harraz, M. M., Tyagi, R., Cortés, P., & Snyder, S. H. (2016). Antidepressant action of ketamine
via mTOR is mediated by inhibition of nitrergic Rheb degradation. Molecular Psychiatry, 21(3),
313-3109. https://doi.org/10.1038/mp.2015.211

Harvey, P.-O., Fossati, P., Pochon, J.-B., Levy, R., LeBastard, G., Lehéricy, S., Allilaire, J.-F., &
Dubois, B. (2005). Cognitive control and brain resources in major depression: An fMRI study
using the n-back task. Neurolmage, 26(3), 860-869.
https://doi.org/10.1016/j.neuroimage.2005.02.048

He, T., Wang, D., Wu, Z., Huang, C., Xu, X., Xu, X., Liu, C., Hashimoto, K., & Yang, C.
(2022). A bibliometric analysis of research on (R)-ketamine from 2002 to 2021.
Neuropharmacology, 218, 109207. https://doi.org/10.1016/j.neuropharm.2022.109207

Heim, C., Newport, D. J., Mletzko, T., Miller, A. H., & Nemeroff, C. B. (2008). The link
between childhood trauma and depression: Insights from HPA axis studies in humans.
Psychoneuroendocrinology, 33(6), 693-710. https://doi.org/10.1016/j.psyneuen.2008.03.008

Herd, David. W., Anderson, B., Keene, N., & Holford, N. (2008). Investigating the
pharmacodynamics of ketamine in children. Pediatric Anesthesia, 18(1), 36-42.
https://doi.org/10.1111/j.1460-9592.2007.02384.x

Herman, J. P., & Cullinan, W. E. (1997). Neurocircuitry of stress: Central control of the
hypothalamo-pituitary-adrenocortical axis. Trends in Neurosciences, 20(2), 78-84.
https://doi.org/10.1016/s0166-2236(96)10069-2

Hethorn, W. R., Ciarlone, S. L., Filonova, 1., Rogers, J. T., Aguirre, D., Ramirez, R. A., Grieco,
J. C., Peters, M. M., Gulick, D., Anderson, A. E., L Banko, J., Lussier, A. L., & Weeber, E. J.
(2015). Reelin supplementation recovers synaptic plasticity and cognitive deficits in a mouse
model for Angelman syndrome. The European Journal of Neuroscience, 41(10), 1372-1380.
https://doi.org/10.1111/ejn.12893

Hibicke, M., Landry, A. N., Kramer, H. M., Talman, Z. K., & Nichols, C. D. (2020).
Psychedelics, but Not Ketamine, Produce Persistent Antidepressant-like Effects in a Rodent
Experimental System for the Study of Depression. ACS Chemical Neuroscience, 11(6), 864-871.
https://doi.org/10.1021/acschemneuro.9b00493

96



Hilker, R., Helenius, D., Fagerlund, B., Skytthe, A., Christensen, K., Werge, T. M., Nordentoft,
M., & Glenthgj, B. (2018). Heritability of Schizophrenia and Schizophrenia Spectrum Based on
the Nationwide Danish Twin Register. Biological Psychiatry, 83(6), 492-498.
https://doi.org/10.1016/j.biopsych.2017.08.017

Hirota, K., & Lambert, D. G. (2011). Ketamine: New uses for an old drug? British Journal of
Anaesthesia, 107(2), 123-126. https://doi.org/10.1093/bja/aer221

Hirota, K., & Lambert, D. G. (2022). Ketamine; history and role in anesthetic pharmacology.
Neuropharmacology, 216, 109171. https://doi.org/10.1016/j.neuropharm.2022.109171

Hirschfeld, R. M. (2000). History and evolution of the monoamine hypothesis of depression.
Journal of Clinical Psychiatry, 61(6), 4-6.

Holick, K. A., Lee, D. C., Hen, R., & Dulawa, S. C. (2008). Behavioral Effects of Chronic
Fluoxetine in BALB cJ Mice Do Not Require Adult Hippocampal Neurogenesis or the Serotonin
1A Receptor. Neuropsychopharmacology (New York, N.Y.), 33(2), 406-417.
https://doi.org/10.1038/sj.npp.1301399

Hollon, S. D., Shelton, R. C., Wisniewski, S., Warden, D., Biggs, M. M., Friedman, E. S.,
Husain, M., Kupfer, D. J., Nierenberg, A. A., Petersen, T. J., Shores-Wilson, K., & Rush, A. J.
(2006). Presenting characteristics of depressed outpatients as a function of recurrence:
Preliminary findings from the STAR*D clinical trial. Journal of Psychiatric Research, 40(1),
59-69. https://doi.org/10.1016/j.jpsychires.2005.07.008

Holsen, L. M., Lancaster, K., Klibanski, A., Whitfield-Gabrieli, S., Cherkerzian, S., Buka, S., &
Goldstein, J. M. (2013). HPA-axis hormone modulation of stress response circuitry activity in
women with remitted major depression. Neuroscience, 250, 733-742.
https://doi.org/10.1016/j.neuroscience.2013.07.042

Howard, D. M., Adams, M. J., Clarke, T.-K., Hafferty, J. D., Gibson, J., Shirali, M., Coleman, J.
R. I., Hagenaars, S. P., Ward, J., Wigmore, E. M., Alloza, C., Shen, X., Barbu, M. C., Xu, E. Y.,
Whalley, H. C., Marioni, R. E., Porteous, D. J., Davies, G., Deary, L. J., ... McIntosh, A. M.
(2019). Genome-wide meta-analysis of depression identifies 102 independent variants and
highlights the importance of the prefrontal brain regions. Nature Neuroscience, 22(3), 343-352.
https://doi.org/10.1038/s41593-018-0326-7

Howell, B. W., Hawkes, R., Soriano, P., & Cooper, J. A. (1997). Neuronal position in the
developing brain is regulated by mouse disabled-1. Nature (London), 389(6652), 733-737.
https://doi.org/10.1038/39607

Huang, H., Winter, E. E., Wang, H., Weinstock, K. G., Xing, H., Goodstadt, L., Stenson, P. D.,
Cooper, D. N., Smith, D., Alba, M. M., Ponting, C. P., & Fechtel, K. (2004). Evolutionary
conservation and selection of human disease gene orthologs in the rat and mouse genomes.
Genome Biology, 5(7), R47-R47. https://doi.org/10.1186/gb-2004-5-7-r47

Ibi, D., Nakasai, G., Koide, N., Sawahata, M., Kohno, T., Takaba, R., Nagai, T., Hattori, M.,
Nabeshima, T., Yamada, K., & Hiramatsu, M. (2020). Reelin Supplementation Into the

97



Hippocampus Rescues Abnormal Behavior in a Mouse Model of Neurodevelopmental Disorders.
Frontiers in Cellular Neuroscience, 14, 285-285. https://doi.org/10.3389/fncel.2020.00285

lemolo, A., Montilla-Perez, P., Nguyen, J., Risbrough, V. B., Taffe, M. A., & Telese, F. (2021).
Reelin deficiency contributes to long-term behavioral abnormalities induced by chronic
adolescent exposure to A9-tetrahydrocannabinol in mice. Neuropharmacology, 187, 108495—
108495. https://doi.org/10.1016/j.neuropharm.2021.108495

Impagnatiello, F., Guidotti, A. R., Pesold, C., Dwivedi, Y., Caruncho, H., Pisu, M. G., Uzunov,
D. P., Smalheiser, N. R., Davis, J. M., Pandey, G. N., Pappas, G. D., Tueting, P., Sharma, R. P,
& Costa, E. (1998). A Decrease of Reelin Expression as a Putative Vulnerability Factor in
Schizophrenia. Proceedings of the National Academy of Sciences - PNAS, 95(26), 15718-15723.
https://doi.org/10.1073/pnas.95.26.15718

Ismail, Z., Elbayoumi, H., Fischer, C. E., Hogan, D. B., Millikin, C. P., Schweizer, T., Mortby,
M. E., Smith, E. E., Patten, S. B., & Fiest, K. M. (2016). Prevalence of Depression in Patients

With Mild Cognitive Impairment: A Systematic Review and Meta-analysis. JAMA Psychiatry

(Chicago, Ill.), 74(1), 58-67. https://doi.org/10.1001/jamapsychiatry.2016.3162

Jaako, K., Aonurm-Helm, A., Kalda, A., Anier, K., Zharkovsky, T., Shastin, D., & Zharkovsky,
A. (2011). Repeated citalopram administration counteracts kainic acid-induced spreading of
PSA-NCAM-immunoreactive cells and loss of reelin in the adult mouse hippocampus. European
Journal of Pharmacology, 666(1), 61-71. https://doi.org/10.1016/j.ejphar.2011.05.008

Jenkins, J. A., Williams, P., Kramer, G. L., Davis, L. L., & Petty, F. (2001). The influence of
gender and the estrous cycle on learned helplessness in the rat. Biological Psychology, 58(2),
147-158. https://doi.org/10.1016/S0301-0511(01)00111-9

Johnson, S. A., Fournier, N. M., & Kalynchuk, L. E. (2006). Effect of different doses of
corticosterone on depression-like behavior and HPA axis responses to a novel stressor.
Behavioural Brain Research, 168(2), 280-288. https://doi.org/10.1016/j.bbr.2005.11.019

Johnston, J. N., Campbell, D., Caruncho, H. J., Henter, I. D., Ballard, E. D., & Zarate, C. A.
(2022). Suicide Biomarkers to Predict Risk, Classify Diagnostic Subtypes, and Identify Novel
Therapeutic Targets: 5 Years of Promising Research. The International Journal of
Neuropsychopharmacology, 25(3), 197-214. https://doi.org/10.1093/ijnp/pyab083

Johnston, J. N., Ridgway, L., Cary-Barnard, S., Allen, J., Sanchez-Lafuente, C. L., Reive, B.,
Kalynchuk, L. E., & Caruncho, H. J. (2021). Patient oriented research in mental health: Matching
laboratory to life and beyond in Canada. Research Involvement and Engagement, 7(1), 21-21.
https://doi.org/10.1186/s40900-021-00266-1

Johnston, J. N., Thacker, J. S., Desjardins, C., Kulyk, B. D., Romay-Tallon, R., Kalynchuk, L.

E., & Caruncho, H. J. (2020). Ketamine Rescues Hippocampal Reelin Expression and Synaptic
Markers in the Repeated-Corticosterone Chronic Stress Paradigm. Frontiers in Pharmacology,
11. https://www.frontiersin.org/articles/10.3389/fphar.2020.559627

98



Jossin, Y. (2020). Reelin Functions, Mechanisms of Action and Signaling Pathways During
Brain Development and Maturation. Biomolecules, 10(6), 964.
https://doi.org/10.3390/biom10060964

Jossin, Y., Gui, L., & Goffinet, A. M. (2007). Processing of Reelin by Embryonic Neurons Is
Important for Function in Tissue But Not in Dissociated Cultured Neurons. Journal of
Neuroscience, 27(16), 4243-4252. https://doi.org/10.1523/INEUROSCI.0023-07.2007

Jossin, Y., Ignatova, N., Hiesberger, T., Herz, J., Rouvroit, C. L. de, & Goffinet, A. M. (2004).
The Central Fragment of Reelin, Generated by Proteolytic Processing In Vivo, Is Critical to Its
Function during Cortical Plate Development. Journal of Neuroscience, 24(2), 514-521.
https://doi.org/10.1523/JNEUROSCI.3408-03.2004

Kadriu, B., Greenwald, M., Henter, I. D., Gilbert, J. R., Kraus, C., Park, L. T., & Zarate, C. A.
(2021). Ketamine and Serotonergic Psychedelics: Common Mechanisms Underlying the Effects
of Rapid-Acting Antidepressants. The International Journal of Neuropsychopharmacology,
24(1), 8-21. https://doi.org/10.1093/ijnp/pyaa087

Kasper, S., & Montgomery, S. A. (2013). Treatment-resistant depression. Wiley-Blackwell.

Kato, M., & Dobyns, W. B. (2003). Lissencephaly and the molecular basis of neuronal
migration. Human Molecular Genetics, 12(suppl-1), R89-R96.
https://doi.org/10.1093/hmg/ddg086

Keers, R., & Aitchison, K. J. (2010). Gender differences in antidepressant drug response.
International Review of Psychiatry (Abingdon, England), 22(5), 485-500.
https://doi.org/10.3109/09540261.2010.496448

Keller, M. B. (2001). Long-Term Treatment of Recurrent and Chronic Depression. The Journal
of Clinical Psychiatry, 62(suppl 24), 10812.

Kemp, S., & Williams, K. (1987). Demonic possession and mental disorder in medieval and
early modern Europe. Psychological Medicine, 17(1), 21-29.
https://doi.org/10.1017/S0033291700012940

Kendler, K. S., Karkowski, L. M., & Prescott, C. A. (1999). Causal Relationship Between
Stressful Life Events and the Onset of Major Depression. The American Journal of Psychiatry,
156(6), 837-841. https://doi.org/10.1176/ajp.156.6.837

Kendler, K. S., Kuhn, J. W., Vittum, J., Prescott, C. A., & Riley, B. (2005). The Interaction of
Stressful Life Events and a Serotonin Transporter Polymorphism in the Prediction of Episodes of
Major Depression: A Replication. Archives of General Psychiatry, 62(5), 529-535.
https://doi.org/10.1001/archpsyc.62.5.529

Kendler, K. S., Thornton, L. M., & Gardner, C. O. (2000). Stressful Life Events and Previous
Episodes in the Etiology of Major Depression in Women: An Evaluation of the “Kindling”
Hypothesis. The American Journal of Psychiatry, 157(8), 1243-1251.
https://doi.org/10.1176/appi.ajp.157.8.1243

99



Kendler, K. S., Thornton, L. M., & Prescott, C. A. (2001). Gender Differences in the Rates of
Exposure to Stressful Life Events and Sensitivity to Their Depressogenic Effects. American
Journal of Psychiatry, 158(4), 587-593. https://doi.org/10.1176/appi.ajp.158.4.587

Kessing, L. V. (2004). Endogenous, reactive and neurotic depression—Diagnostic stability and
long-term outcome. Psychopathology, 37(3), 124-130. https://doi.org/10.1159/000078611

Kessler, R. C., Berglund, P., Demler, O., Jin, R., Koretz, D., Merikangas, K. R., Rush, A. J.,
Walters, E. E., & Wang, P. S. (2003). The Epidemiology of Major Depressive Disorder: Results
From the National Comorbidity Survey Replication (NCS-R). JAMA : The Journal of the
American Medical Association, 289(23), 3095-3105. https://doi.org/10.1001/jama.289.23.3095

Kessler, R. C., Berglund, P., Demler, O., Jin, R., Merikangas, K. R., & Walters, E. E. (2005).
Lifetime Prevalence and Age-of-Onset Distributions of DSM-IV Disorders in the National
Comorbidity Survey Replication. Archives of General Psychiatry, 62(6), 593-602.
https://doi.org/10.1001/archpsyc.62.6.593

Kim, J. (2017). Ketamine for treatment-resistant depression or post-traumatic stress disorder in
various settings: A review of clinical effectiveness, safety, and guidelines. Canadian Agency for
Drugs and Technologies in Health.

Kim, J.-W., Herz, J., Kavalali, E. T., & Monteggia, L. M. (2021). A key requirement for synaptic
Reelin signaling in ketamine-mediated behavioral and synaptic action. Proceedings of the
National Academy of Sciences - PNAS, 118(20), 1-. https://doi.org/10.1073/pnas.2103079118

Kishimoto, T., Chawla, J. M., Hagi, K., Zarate, C. A., Kane, J. M., Bauer, M., & Correll, C. U.
(2016). Single-dose infusion ketamine and non-ketamine N-methyl-d-aspartate receptor
antagonists for unipolar and bipolar depression: A meta-analysis of efficacy, safety and time
trajectories. Psychological Medicine, 46(7), 1459-1472.
https://doi.org/10.1017/S0033291716000064

Klein, D. N., Kotov, R., & Bufferd, S. J. (2011). Personality and Depression: Explanatory
Models and Review of the Evidence. Annual Review of Clinical Psychology, 7(1), 269-295.
https://doi.org/10.1146/annurev-clinpsy-032210-104540

Kleisiaris, C. F., Sfakianakis, C., & Papathanasiou, I. V. (2014). Health care practices in ancient
Greece: The Hippocratic ideal. Journal of Medical Ethics and History of Medicine, 7, 6-5.

Knable, M. B., Barci, B. M., Webster, M. J., Meador-Woodruff, J., & Torrey, E. F. (2004).
Molecular abnormalities of the hippocampus in severe psychiatric illness: Postmortem findings
from the Stanley Neuropathology Consortium. Molecular Psychiatry, 9(6), 609-620.
https://doi.org/10.1038/sj.mp.4001471

Knierim, J. J. (2015). The hippocampus. Current Biology, 25(23), R1116-R1121.
https://doi.org/10.1016/j.cub.2015.10.049

100



Knuesel, 1. (2010). Reelin-mediated signaling in neuropsychiatric and neurodegenerative
diseases. Progress in Neurobiology, 91(4), 257-274.
https://doi.org/10.1016/j.pneurobio.2010.04.002

Kohtala, S. (2021). Ketamine—50 years in use: From anesthesia to rapid antidepressant effects
and neurobiological mechanisms. Pharmacological Reports, 73(2), 323-345.
https://doi.org/10.1007/s43440-021-00232-4

Kohyama, J. (2011). Sleep, Serotonin, and Suicide in Japan. Journal of PHYSIOLOGICAL
ANTHROPOLOGY, 30(1), 1-8. https://doi.org/10.2114/jpa2.30.1

Koie, M., Okumura, K., Hisanaga, A., Kamei, T., Sasaki, K., Deng, M., Baba, A., Kohno, T., &
Hattori, M. (2014). Cleavage within Reelin Repeat 3 Regulates the Duration and Range of the
Signaling Activity of Reelin Protein. The Journal of Biological Chemistry, 289(18), 12922—
12930. https://doi.org/10.1074/jbc.M113.536326

Koike, H., & Chaki, S. (2014). Requirement of AMPA receptor stimulation for the sustained
antidepressant activity of ketamine and LY 341495 during the forced swim test in rats.
Behavioural Brain Research, 271, 111-115. https://doi.org/10.1016/j.bbr.2014.05.065

Kokane, S. S., Armant, R. J., Bolafios-Guzman, C. A., & Perrotti, L. I. (2020). Overlap in the
neural circuitry and molecular mechanisms underlying ketamine abuse and its use as an
antidepressant. Behavioural Brain Research, 384, 112548-112548.
https://doi.org/10.1016/j.bbr.2020.112548

Kokras, N., Dalla, C., Sideris, A. C., Dendi, A., Mikail, H. G., Antoniou, K., & Papadopoulou-
Daifoti, Z. (2012). Behavioral sexual dimorphism in models of anxiety and depression due to
changes in HPA axis activity. Neuropharmacology, 62(1), 436-445.
https://doi.org/10.1016/j.neuropharm.2011.08.025

Kritchevsky, M., Chang, J., & Squire, L. R. (2004). Functional Amnesia: Clinical Description
and Neuropsychological Profile of 10 Cases. Learning & Memory, 11(2), 213-226.
https://doi.org/10.1101/Im.71404

Kronmiiller, K.-T., Schréder, J., Kohler, S., Gétz, B., Victor, D., Unger, J., Giesel, F., Magnotta,
V., Mundt, C., Essig, M., & Pantel, J. (2009). Hippocampal volume in first episode and recurrent
depression. Psychiatry Research, 174(1), 62—66.
https://doi.org/10.1016/j.pscychresns.2008.08.001

Kubo, K., Mikoshiba, K., & Nakajima, K. (2002). Secreted Reelin molecules form homodimers.
Neuroscience Research, 43(4), 381-388. https://doi.org/10.1016/S0168-0102(02)00068-8

Kuo, D. C., Tran, M., Shah, A. A., & Matorin, A. (2015). Depression and the Suicidal Patient.
Emergency Medicine Clinics of North America, 33(4), 765-778.
https://doi.org/10.1016/j.emc.2015.07.005

101



Kurdi, M. S., Theerth, K. A., & Deva, R. S. (2014). Ketamine: Current applications in
anesthesia, pain, and critical care. Anesthesia, Essays and Researches, 8(3), 283-290.
https://doi.org/10.4103/0259-1162.143110

Kvarta, M. D., Bradbrook, K. E., Dantrassy, H. M., Bailey, A. M., & Thompson, S. M. (2015).
Corticosterone mediates the synaptic and behavioral effects of chronic stress at rat hippocampal
temporoammonic synapses. Journal of Neurophysiology, 114(3), 1713-1724.
https://doi.org/10.1152/jn.00359.2015

Leal, G. C., Bandeira, I. D., Correia-Melo, F. S., Telles, M., Mello, R. P., Vieira, F., Lima, C. S.,
Jesus-Nunes, A. P., Guerreiro-Costa, L. N. F., Marback, R. F., Caliman-Fontes, A. T., Marques,
B. L. S., Bezerra, M. L. O., Dias-Neto, A. L., Silva, S. S., Sampaio, A. S., Sanacora, G., Turecki,
G., Loo, C., ... Quarantini, L. C. (2021). Intravenous arketamine for treatment-resistant
depression: Open-label pilot study. European Archives of Psychiatry and Clinical Neuroscience,
271(3), 577-582. https://doi.org/10.1007/s00406-020-01110-5

Lebedeva, K. A., Allen, J., Kulhawy, E. Y., Caruncho, H. J., & Kalynchuk, L. E. (2020).
Cyclical administration of corticosterone results in aggravation of depression-like behaviors and
accompanying downregulations in reelin in an animal model of chronic stress relevant to human
recurrent depression. Physiology & Behavior, 224, 113070-113070.
https://doi.org/10.1016/j.physbeh.2020.113070

Lebedeva, K. A., Caruncho, H. J., & Kalynchuk, L. E. (2017). Cyclical corticosterone
administration sensitizes depression-like behavior in rats. Neuroscience Letters, 650, 45-51.
https://doi.org/10.1016/j.neulet.2017.04.023

Lee, S., Herrin, J., Bobo, W. V., Johnson, R., Sangaralingha, L. R., & Campbell, R. L. (2017).
Predictors of Return Visits Among Insured Emergency Department Mental Health and Substance
Abuse Patients, 2005-2013. Western Journal of Emergency Medicine: Integrating Emergency
Care with Population Health, 18(5). https://doi.org/10.5811/westjem.2017.6.33850

Lewis, D. A. (2002). The human brain revisited: Opportunities and challenges in postmortem
studies of psychiatric disorders. Neuropsychopharmacology: Official Publication of the
American College of Neuropsychopharmacology, 26(2), 143-154.
https://doi.org/10.1016/S0893-133X(01)00393-1

Leyton, M., Young, S. N., & Benkelfat, C. (1997). Relapse of depression after rapid depletion of
tryptophan. The Lancet (British Edition), 349(9068), 1840-1841. https://doi.org/10.1016/S0140-
6736(05)61726-6

Li, J., Xie, X, Li, Y., Liu, X,, Liao, X., Su, Y.-A., & Si, T. (2017). Differential Behavioral and
Neurobiological Effects of Chronic Corticosterone Treatment in Adolescent and Adult Rats.
Frontiers in Molecular Neuroscience, 10, 25-25. https://doi.org/10.3389/fnmol.2017.00025

Li, N., Lee, B, Liu, R.-J., Banasr, M., Dwyer, J. M., lwata, M., Li, X.-Y., Aghajanian, G., &
Duman, R. S. (2010). MTOR-Dependent Synapse Formation Underlies the Rapid Antidepressant

102



Effects of NMDA Antagonists. Science, 329(5994), 959-964.
https://doi.org/10.1126/science.1190287

Li, S., Wang, C., Wang, W., Dong, H., Hou, P., & Tang, Y. (2008). Chronic mild stress impairs
cognition in mice: From brain homeostasis to behavior. Life Sciences (1973), 82(17), 934-942.
https://doi.org/10.1016/j.1fs.2008.02.010

Li, Z., He, Y., Tang, J., Zong, X., Hu, M., & Chen, X. (2015). Molecular imaging of striatal
dopamine transporters in major depression—A meta-analysis. Journal of Affective Disorders,
174, 137-143. https://doi.org/10.1016/j.jad.2014.11.045

Lindert, J., von Ehrenstein, O. S., Grashow, R., Gal, G., Braehler, E., & Weisskopf, M. G.
(2014). Sexual and physical abuse in childhood is associated with depression and anxiety over
the life course: Systematic review and meta-analysis. International Journal of Public Health,
59(2), 359-372. https://doi.org/10.1007/s00038-013-0519-5

Lisman, J., Buzsaki, G., Eichenbaum, H., Nadel, L., Ranganath, C., & Redish, A. D. (2017).
Viewpoints: How the hippocampus contributes to memory, navigation and cognition. Nature
Neuroscience, 20(11), 1434-1447. https://doi.org/10.1038/nn.4661

Liu, K. A., & Mager, N. A. D. (2016). Women’s involvement in clinical trials: Historical
perspective and future implications. Pharmacy Practice, 14(1), 708.
https://doi.org/10.18549/PharmPract.2016.01.708

Liu, W. S., Pesold, C., Rodriguez, M. A., Carboni, G., Auta, J., Lacor, P., Larson, J., Condie, B.
G., Guidotti, A., & Costa, E. (2001). Down-Regulation of Dendritic Spine and Glutamic Acid
Decarboxylase 67 Expressions in the Reelin Haploinsufficient Heterozygous Reeler Mouse.
Proceedings of the National Academy of Sciences - PNAS, 98(6), 3477-3482.
https://doi.org/10.1073/pnas.051614698

Lopez, J., & Bagot, R. C. (2021). Defining Valid Chronic Stress Models for Depression With
Female Rodents. Biological Psychiatry, 90(4), 226-235.
https://doi.org/10.1016/j.biopsych.2021.03.010

Lopez-Giménez, J. F., & Gonzalez-Maeso, J. (2018). Hallucinogens and Serotonin 5-HT2A
Receptor-Mediated Signaling Pathways. Behavioral Neurobiology of Psychedelic Drugs, 36, 45—
73. https://doi.org/10.1007/7854_2017_478

Lossi, L., Castagna, C., Granato, A., & Merighi, A. (2019). The Reeler Mouse: A Translational
Model of Human Neurological Conditions, or Simply a Good Tool for Better Understanding
Neurodevelopment? Journal of Clinical Medicine, 8(12), 2088.
https://doi.org/10.3390/jcm8122088

Lovick, T. A. (2012). Estrous cycle and stress: Influence of progesterone on the female brain.
Brazilian Journal of Medical and Biological Research, 45(4), 314-320.
https://doi.org/10.1590/S0100-879X2012007500044

103



Lovick, T. A., & Zangrossi, H. (2021). Effect of Estrous Cycle on Behavior of Females in
Rodent Tests of Anxiety. Frontiers in Psychiatry, 12, 711065.
https://doi.org/10.3389/fpsyt.2021.711065

Lund, T. D., Munson, D. J., Haldy, M. E., & Handa, R. J. (2004). Androgen Inhibits, While
Oestrogen Enhances, Restraint-Induced Activation of Neuropeptide Neurones in the
Paraventricular Nucleus of the Hypothalamus. Journal of Neuroendocrinology, 16(3), 272-278.
https://doi.org/10.1111/j.0953-8194.2004.01167.x

Luo, G.-Q., Liu, L., Gao, Q.-W., Wu, X.-N., Xiang, W., & Deng, W.-T. (2017). Mangiferin
prevents corticosterone-induced behavioural deficits via alleviation of oxido-nitrosative stress
and down-regulation of indoleamine 2,3-dioxygenase (IDO) activity. Neurological Research
(New York), 39(8), 709-718. https://doi.org/10.1080/01616412.2017.1310705

Luque, J. M., Morante-Oria, J., & Fairén, A. (2003). Localization of ApoER2, VLDLR and Dabl
in radial glia: Groundwork for a new model of reelin action during cortical development.
Developmental Brain Research, 140(2), 195-203. https://doi.org/10.1016/S0165-
3806(02)00604-1

Lussier, A. L., Caruncho, H. J., & Kalynchuk, L. E. (2009). Repeated exposure to corticosterone,
but not restraint, decreases the number of reelin-positive cells in the adult rat hippocampus.
Neuroscience Letters, 460(2), 170-174. https://doi.org/10.1016/j.neulet.2009.05.050

Lussier, A. L., Lebedeva, K., Fenton, E. Y., Guskjolen, A., Caruncho, H. J., & Kalynchuk, L. E.

(2013). The progressive development of depression-like behavior in corticosterone-treated rats is
paralleled by slowed granule cell maturation and decreased reelin expression in the adult dentate
gyrus. Neuropharmacology, 71, 174-183. https://doi.org/10.1016/j.neuropharm.2013.04.012

Lussier, A. L., Romay-Tallén, R., Kalynchuk, L. E., & Caruncho, H. J. (2011). Reelin as a
putative vulnerability factor for depression: Examining the depressogenic effects of repeated
corticosterone in heterozygous reeler mice. Neuropharmacology, 60(7), 1064-1074.
https://doi.org/10.1016/j.neuropharm.2010.09.007

Lutter, S., Xie, S., Tatin, F., & Makinen, T. (2012). Smooth muscle—endothelial cell
communication activates Reelin signaling and regulates lymphatic vessel formation. The Journal
of Cell Biology, 197(6), 837-849. https://doi.org/10.1083/jcb.201110132

Ma, L., Shen, Q., Yang, S., Xie, X., Xiao, Q., Yu, C., Cao, L., & Fu, Z. (2018). Effect of chronic
corticosterone-induced depression on circadian rhythms and age-related phenotypes in mice.
Acta Biochimica et Biophysica Sinica, 50(12), 1236-1246. https://doi.org/10.1093/abbs/gmy132

MacDonald, J. F., Miljkovic, Z., & Pennefather, P. (1987). Use-dependent block of excitatory
amino acid currents in cultured neurons by ketamine. Journal of Neurophysiology, 58(2), 251
266. https://doi.org/10.1152/jn.1987.58.2.251

MacGillivray, L., Reynolds, K. B., Rosebush, P. I., & Mazurek, M. F. (2012). The comparative
effects of environmental enrichment with exercise and serotonin transporter blockade on

104



serotonergic neurons in the dorsal raphe nucleus. Synapse (New York, N.Y.), 66(5), 465-470.
https://doi.org/10.1002/syn.21511

MacQueen, G., & Frodl, T. (2011). The hippocampus in major depression: Evidence for the
convergence of the bench and bedside in psychiatric research? Molecular Psychiatry, 16(3),
252-264. https://doi.org/10.1038/mp.2010.80

Magnani, F., Tate, C. G., Wynne, S., Williams, C., & Haase, J. (2004). Partitioning of the
Serotonin Transporter into Lipid Microdomains Modulates Transport of Serotonin. The Journal
of Biological Chemistry, 279(37), 38770-38778. https://doi.org/10.1074/jbc.M400831200

Manev, H., & Manev, R. (2002). New antidepressant drugs that do not cross the blood—brain
barrier. Medical Hypotheses, 58(1), 83-84. https://doi.org/10.1054/mehy.2001.1462

Marazita, M. L., Neiswanger, K., Cooper, M., Zubenko, G. S., Giles, D. E., Frank, E., Kupfer, D.
J., & Kaplan, B. B. (1997). Genetic Segregation Analysis of Early-Onset Recurrent Unipolar
Depression. American Journal of Human Genetics, 61(6), 1370-1378.
https://doi.org/10.1086/301627

Marcus, S. M., Kerber, K. B., Rush, A. J., Wisniewski, S. R., Nierenberg, A., Balasubramani, G.
K., Ritz, L., Kornstein, S., Young, E. A., & Trivedi, M. H. (2008). Sex differences in depression
symptoms in treatment-seeking adults: Confirmatory analyses from the Sequenced Treatment
Alternatives to Relieve Depression study. Comprehensive Psychiatry, 49(3), 238-246.
https://doi.org/10.1016/j.comppsych.2007.06.012

Marks, W. N., Fenton, E. Y., Guskjolen, A. J., & Kalynchuk, L. E. (2015). The effect of chronic
corticosterone on fear learning and memory depends on dose and the testing protocol.
Neuroscience, 289, 324-333. https://doi.org/10.1016/j.neuroscience.2015.01.011

Massart, R., Mongeau, R., & Lanfumey, L. (2012). Beyond the monoaminergic hypothesis:
Neuroplasticity and epigenetic changes in a transgenic mouse model of depression.
PHILOSOPHICAL TRANSACTIONS OF THE ROYAL SOCIETY B-BIOLOGICAL SCIENCES,
367(1601), 2485-2494. https://doi.org/10.1098/rsth.2012.0212

Matthew, W., Dennis, C., & Maria, T. (2006). Hippocampus and Human Disease. In P.
Andersen, R. Morris, D. Amaral, T. Bliss, & J. O’Keefe (Eds.), The Hippocampus Book (p. 0).
Oxford University Press. https://doi.org/10.1093/acprof:0s0/9780195100273.003.0016

Maurin, J.-C., Couble, M.-L., Didier-Bazes, M., Brisson, C., Magloire, H., & Bleicher, F. (2004).
Expression and localization of reelin in human odontoblasts. Matrix Biology, 23(5), 277-285.
https://doi.org/10.1016/j.matbio.2004.06.005

Mcintyre, R. S., Carvalho, I. P., Lui, L. M., Majeed, A., Masand, P. S., Gill, H., Rodrigues, N.
B., Lipsitz, O., Coles, A. C., Lee, Y., Tamura, J. K., lacobucci, M., Phan, L., Nasri, F., Singhal,
N., Wong, E. R., Subramaniapillai, M., Mansur, R., Ho, R., ... Rosenblat, J. D. (2020). The
effect of intravenous, intranasal, and oral ketamine in mood disorders: A meta-analysis. Journal
of Affective Disorders, 276, 576-584. https://doi.org/10.1016/j.jad.2020.06.050

105



McKinney, W. T., & Bunney, W. E. (1969). Animal Model of Depression: I. Review of
Evidence: Implications for Research. Archives of General Psychiatry, 21(2), 240-248.
https://doi.org/10.1001/archpsyc.1969.01740200112015

McLaughlin, K., & Hatzenbuehler, M. L. (2017). Sex, Sexual Orientation, and Depression. In R.
J. DeRubeis & D. R. Strunk (Eds.), The Oxford Handbook of Mood Disorders (p. 0). Oxford
University Press. https://doi.org/10.1093/oxfordhb/9780199973965.013.5

Merali, Z., Du, L., Hrdina, P., Palkovits, M., Faludi, G., Poulter, M. O., & Anisman, H. (2004).
Dysregulation in the suicide brain: MRNA expression of corticotropin-releasing hormone
receptors and GABA(A) receptor subunits in frontal cortical brain region. The Journal of
Neuroscience, 24(6), 1478-1485. https://doi.org/10.1523/JNEUROSCI.4734-03.2004

Miller, O. H., Moran, J. T., & Hall, B. J. (2016). Two cellular hypotheses explaining the
initiation of ketamine’s antidepressant actions: Direct inhibition and disinhibition.
Neuropharmacology, 100, 17-26. https://doi.org/10.1016/j.neuropharm.2015.07.028

Mion, G. (2017). History of anaesthesia: The ketamine story — past, present and future. European
Journal of Anaesthesiology, 34(9), 571-575. https://doi.org/10.1097/EJA.0000000000000638

Mitra, R., & Sapolsky, R. M. (2008). Acute corticosterone treatment is sufficient to induce
anxiety and amygdaloid dendritic hypertrophy. Proceedings of the National Academy of Sciences
- PNAS, 105(14), 5573-5578. https://doi.org/10.1073/pnas.0705615105

Monteggia, L. M., & Zarate, C. (2015). Antidepressant actions of ketamine: From molecular
mechanisms to clinical practice. Current Opinion in Neurobiology, 30, 139-143.
https://doi.org/10.1016/j.conb.2014.12.004

Moraczewski, J., & Aedma, K. K. (2022). Tricyclic Antidepressants. In StatPearls. StatPearls
Publishing. http://www.ncbi.nIm.nih.gov/books/NBK557791/

Morssinkhof, M. W. L., van Wylick, D. W., Priester-Vink, S., van der Werf, Y. D., den Heijer,
M., van den Heuvel, O. A., & Broekman, B. F. P. (2020). Associations between sex hormones,
sleep problems and depression: A systematic review. Neuroscience & Biobehavioral Reviews,
118, 669-680. https://doi.org/10.1016/j.neubiorev.2020.08.006

Murinova, J., Hlavacova, N., Chmelova, M., & Rie€ansky, 1. (2017). The Evidence for Altered
BDNF Expression in the Brain of Rats Reared or Housed in Social Isolation: A Systematic
Review. Frontiers in Behavioral Neuroscience, 11.
https://www.frontiersin.org/articles/10.3389/fnbeh.2017.00101

Murray, F., Smith, D. W., & Hutson, P. H. (2008). Chronic low dose corticosterone exposure
decreased hippocampal cell proliferation, volume and induced anxiety and depression like
behaviours in mice. European Journal of Pharmacology, 583(1), 115-127.
https://doi.org/10.1016/j.ejphar.2008.01.014

106



Musial, N., Ali, Z., Grbevski, J., Veerakumar, A., & Sharma, P. (2021). Perimenopause and
First-Onset Mood Disorders: A Closer Look. Focus: Journal of Life Long Learning in
Psychiatry, 19(3), 330-337. https://doi.org/10.1176/appi.focus.20200041

Nandam, L. S., Brazel, M., Zhou, M., & Jhaveri, D. J. (2020). Cortisol and Major Depressive
Disorder—Translating Findings From Humans to Animal Models and Back. Frontiers in
Psychiatry, 10, 974-974. https://doi.org/10.3389/fpsyt.2019.00974

Nani, J. V., Rodriguez, B., Cruz, F. C., Hayashi, M. A. F., Nani, J. V., Rodriguez, B., Cruz, F.
C., & Hayashi, M. A. F. (2019). Animal Models in Psychiatric Disorder Studies. In Animal
Models in Medicine and Biology. IntechOpen. https://doi.org/10.5772/intechopen.89034

Nelson, M., & Pinna, G. (2010). Relationship between allopregnanolone (Allo) and reduced
brain BDNF and reelin expression in a mouse model of posttraumatic stress disorders (PTSD).
https://scholar-google-
com.ezproxy.library.uvic.ca/scholar_lookup?journal=Soc.+Neurosci.&title=Relationship+betwe
en+allopregnanolone+(Allo)+and+reduced+brain+BDNF+and+reelin+expression+in+a+mouse+
model+of+posttraumatic+stress+disorders+(PTSD)&author=M.+Nelson&author=F.+Pibiri&aut
hor=G.+Pinna&publication_year=2010&

Nestler, E. J., Barrot, M., DiLeone, R. J., Eisch, A. J., Gold, S. J., & Monteggia, L. M. (2002).
Neurobiology of Depression. Neuron, 34(1), 13-25. https://doi.org/10.1016/S0896-
6273(02)00653-0

Nissen, C., Holz, J., Blechert, J., Feige, B., Riemann, D., Voderholzer, U., & Normann, C.
(2010). Learning as a Model for Neural Plasticity in Major Depression. Biological Psychiatry
(1969), 68(6), 544-552. https://doi.org/10.1016/j.biopsych.2010.05.026

Niu, S., Renfro, A., Quattrocchi, C. C., Sheldon, M., & D’Arcangelo, G. (2004). Reelin
Promotes Hippocampal Dendrite Development through the VLDLR/ApoER2-Dabl Pathway.
Neuron, 41(1), 71-84. https://doi.org/10.1016/S0896-6273(03)00819-5

Niu, S., Yabut, O., & D’Arcangelo, G. (2008). The Reelin Signaling Pathway Promotes
Dendritic Spine Development in Hippocampal Neurons. The Journal of Neuroscience, 28(41),
10339-10348. https://doi.org/10.1523/JNEUROSCI.1917-08.2008

Normann, C., Frase, S., Haug, V., von Wolff, G., Clark, K., Minzer, P., Dorner, A., Scholliers,
J., Horn, M., Vo Van, T., Seifert, G., Serchov, T., Biber, K., Nissen, C., Klugbauer, N., &
Bischofberger, J. (2018). Antidepressants Rescue Stress-Induced Disruption of Synaptic
Plasticity via Serotonin Transporter—Independent Inhibition of L-Type Calcium Channels.
Biological Psychiatry (1969), 84(1), 55-64. https://doi.org/10.1016/j.biopsych.2017.10.008

Nosyreva, E., Szabla, K., Autry, A. E., Ryazanov, A. G., Monteggia, L. M., & Kavalali, E. T.
(2013). Acute Suppression of Spontaneous Neurotransmission Drives Synaptic Potentiation. The
Journal of Neuroscience, 33(16), 6990-7002. https://doi.org/10.1523/JNEUROSCI.4998-
12.2013

107



NRC. (2009). Depression in Parents, Parenting, and Children: Opportunities to Improve
Identification, Treatment, and Prevention (M. J. England & L. J. Sim, Eds.). National Academies
Press (US). http://www.ncbi.nlm.nih.gov/books/NBK215117/

Okine, T., Shepard, R., Lemanski, E., & Coutellier, L. (2020). Sex Differences in the Sustained
Effects of Ketamine on Resilience to Chronic Stress. Frontiers in Behavioral Neuroscience, 14,
581360-581360. https://doi.org/10.3389/fnbeh.2020.581360

O’Mara, S. M., Commins, S., Anderson, M., & Gigg, J. (2001). The subiculum: A review of
form, physiology and function. Progress in Neurobiology, 64(2), 129-155.
https://doi.org/10.1016/s0301-0082(00)00054-x

Oslin, D. W., Datto, C. J., Kallan, M. J., Katz, I. R., Edell, W. S., & TenHave, T. (2002).
Association Between Medical Comorbidity and Treatment Outcomes in Late-Life Depression.
Journal of the American Geriatrics Society, 50(5), 823-828. https://doi.org/10.1046/].1532-
5415.2002.50206.x

Ouweneel, A. B., Thomas, M. J., & Sorci-Thomas, M. G. (2020). The ins and outs of lipid rafts:
Functions in intracellular cholesterol homeostasis, microparticles, and cell membranes: Thematic
Review Series: Biology of Lipid Rafts. Journal of Lipid Research, 61(5), 676-686.
https://doi.org/10.1194/jlr. TR119000383

Owens, P. L., Mutter, R., & Stocks, C. (2011). Mental Health and Substance Abuse-Related
Emergency Department Visits among Adults, 2007.

Paizanis, E., Hamon, M., & Lanfumey, L. (2007). Hippocampal Neurogenesis, Depressive
Disorders, and Antidepressant Therapy. Neural Plasticity, 2007, 73754.
https://doi.org/10.1155/2007/73754

Pardridge, W. M. (2005). The Blood-Brain Barrier: Bottleneck in Brain Drug Development.
NeuroRx, 2(1), 3-14.

Pariante, C. M. (2003). Depression, Stress and the Adrenal axis. Journal of Neuroendocrinology,
15(8), 811-812. https://doi.org/10.1046/j.1365-2826.2003.01058.x

Pariante, C. M., & Lightman, S. L. (2008). The HPA axis in major depression: Classical theories
and new developments. Trends in Neurosciences (Regular Ed.), 31(9), 464—468.
https://doi.org/10.1016/j.tins.2008.06.006

Peng, B., Xu, Q., Liu, J., Guo, S., Borgland, S. L., & Liu, S. (2021). Corticosterone Attenuates
Reward-Seeking Behavior and Increases Anxiety via D2 Receptor Signaling in Ventral
Tegmental Area Dopamine Neurons. The Journal of Neuroscience, 41(7), 1566-1581.
https://doi.org/10.1523/JNEUROSCI.2533-20.2020

Perahia, D. G. S., Wang, F., Mallinckrodt, C. H., Walker, D. J., & Detke, M. J. (2006).
Duloxetine in the treatment of major depressive disorder: A placebo- and paroxetine-controlled
trial. European Psychiatry, 21(6), 367—378. https://doi.org/10.1016/j.eurpsy.2006.03.004

108



Perez-Costas, E., Fenton, E. Y., & Caruncho, H. J. (2015). Reelin expression in brain endothelial
cells: An electron microscopy study. BMC Neuroscience, 16(1), 16-16.
https://doi.org/10.1186/s12868-015-0156-4

Planchez, B., Surget, A., & Belzung, C. (2019). Animal models of major depression: Drawbacks
and challenges. Journal of Neural Transmission, 126(11), 1383-1408.
https://doi.org/10.1007/s00702-019-02084-y

Ponton, E., Turecki, G., & Nagy, C. (2022). Sex Differences in the Behavioral, Molecular, and
Structural Effects of Ketamine Treatment in Depression. The International Journal of
Neuropsychopharmacology, 25(1), 75-84. https://doi.org/10.1093/ijnp/pyab082

Porsolt, R. D., Anton, G., Blavet, N., & Jalfre, M. (1978). Behavioural despair in rats: A new
model sensitive to antidepressant treatments. European Journal of Pharmacology, 47(4), 379—
391. https://doi.org/10.1016/0014-2999(78)90118-8

Prume, M., Rollenhagen, A., & Libke, J. H. R. (2018). Structural and Synaptic Organization of
the Adult Reeler Mouse Somatosensory Neocortex: A Comparative Fine-Scale Electron
Microscopic Study of Reeler With Wild Type Mice. Frontiers in Neuroanatomy, 12.
https://www.frontiersin.org/articles/10.3389/fnana.2018.00080

Pryce, C. R., & Klaus, F. (2013). Translating the evidence for gene association with depression
into mouse models of depression-relevant behaviour: Current limitations and future potential.
Neuroscience and Biobehavioral Reviews, 37(8), 1380-1402.
https://doi.org/10.1016/j.neubiorev.2013.05.003

Puderbaugh, M., & Emmady, P. D. (2023). Neuroplasticity. In StatPearls. StatPearls Publishing.
http://www.ncbi.nlm.nih.gov/books/NBK557811/

Pujadas, L., Gruart, A., Bosch, C., Delgado, L., Teixeira, C. M., Rossi, D., de Lecea, L.,
Martinez, A., Delgado-Garcia, J. M., & Soriano, E. (2010). Reelin Regulates Postnatal
Neurogenesis and Enhances Spine Hypertrophy and Long-Term Potentiation. The Journal of
Neuroscience, 30(13), 4636—4649. https://doi.org/10.1523/INEUROSCI.5284-09.2010

Purselle, D. C., & Nemeroff, C. B. (2003). Serotonin transporter: A potential substrate in the
biology of suicide. Neuropsychopharmacology: Official Publication of the American College of
Neuropsychopharmacology, 28(4), 613-619. https://doi.org/10.1038/sj.npp.1300092

Quilty, L. C., Robinson, J. J., Rolland, J., Fruyt, F. D., Rouillon, F., & Bagby, R. M. (2013). The
structure of the Montgomery—Asberg depression rating scale over the course of treatment for
depression. International Journal of Methods in Psychiatric Research, 22(3), 175-184.
https://doi.org/10.1002/mpr.1388

Rainer, Q., Xia, L., Guilloux, J.-P., Gabriel, C., Mocaér, E., Hen, R., Enhamre, E., Gardier, A.
M., & David, D. J. (2012). Beneficial behavioural and neurogenic effects of agomelatine in a
model of depression/anxiety. The International Journal of Neuropsychopharmacology, 15(3),
321-335. https://doi.org/10.1017/S1461145711000356

109



Raji, R., Sharon, L., Premkumar, N. R., Kattimani, S., Sagili, H., & Rajendiran, S. (2017).
Luteinizing Hormone-Follicle Stimulating Hormone ratio as biological predictor of post-partum
depression. Comprehensive Psychiatry, 72, 25-33.
https://doi.org/10.1016/j.comppsych.2016.09.001

Ramachandraih, C. T., Subramanyam, N., Bar, K. J., Baker, G., & Yeragani, V. K. (2011).
Antidepressants: From MAOIs to SSRIs and more. Indian Journal of Psychiatry, 53(2), 180—
182. https://doi.org/10.4103/0019-5545.82567

Ranaivoson, F. M., von Daake, S., & Comoletti, D. (2016). Structural Insights into Reelin
Function: Present and Future. Frontiers in Cellular Neuroscience, 10, 137-137.
https://doi.org/10.3389/fncel.2016.00137

Rice, F. (2009). The genetics of depression in childhood and adolescence. Current Psychiatry
Reports, 11(2), 167-173. https://doi.org/10.1007/s11920-009-0026-9

Richard, M. (2006). Stress and the Hippocampus. In P. Andersen, R. Morris, D. Amaral, T.
Bliss, & J. O’Keefe (Eds.), The Hippocampus Book (p. 0). Oxford University Press.
https://doi.org/10.1093/acprof:0s0/9780195100273.003.0015

Richards, C. S., & O’Hara, M. W. (2014). The Oxford handbook of depression and comorbidity.
University Press.

Richards, D. (2011). Prevalence and clinical course of depression: A review. Clinical Psychology
Review, 31(7), 1117-1125. https://doi.org/10.1016/j.cpr.2011.07.004

Riddell, D. R., Sun, X.-M., Stannard, A. K., Soutar, A. K., & Owen, J. S. (2001). Localization of
apolipoprotein E receptor 2 to caveolae in the plasma membrane. Journal of Lipid Research,
42(6), 998-1002. https://doi.org/10.1016/S0022-2275(20)31625-4

Rivera-Baltanas, T., Olivares, J. M., Calado-Otero, M., Kalynchuk, L. E., Martinez-Villamarin,
J. R., & Caruncho, H. J. (2012). Serotonin transporter clustering in blood lymphocytes as a
putative biomarker of therapeutic efficacy in major depressive disorder. Journal of Affective
Disorders, 137(1), 46-55. https://doi.org/10.1016/j.jad.2011.12.041

Rivera-Baltanas, T., Olivares, J. M., Martinez-Villamarin, J. R., Y Fenton, E., E Kalynchuk, L.,
& J Caruncho, H. (2014). Serotonin 2A receptor clustering in peripheral lymphocytes is altered
in major depression and may be a biomarker of therapeutic efficacy. Journal of Affective
Disorders, 163, 47-55. https://doi.org/10.1016/j.jad.2014.03.011

Rivera-Baltanas, T., Romay-Tallon, R., Dopeso-Reyes, I. G., & Caruncho, H. J. (2010).
Serotonin Transporter Clustering in Blood Lymphocytes of Reeler Mice. Cardiovascular
Psychiatry and Neurology, 2010, 396282-396287. https://doi.org/10.1155/2010/396282

Rizzo, S. J. S., & Silverman, J. L. (2016). Methodological Considerations for Optimizing and
Validating Behavioral Assays. Current Protocols in Mouse Biology, 6(4), 364-379.
https://doi.org/10.1002/cpmo.17

110



Rock, P. L., Roiser, J. P., Riedel, W. J., & Blackwell, A. D. (2014). Cognitive impairment in
depression: A systematic review and meta-analysis. Psychological Medicine, 44(10), 2029-2040.
https://doi.org/10.1017/S0033291713002535

Rogers, J. T., Rusiana, I., Trotter, J., Zhao, L., Donaldson, E., Pak, D. T., Babus, L. W., Peters,
M., Banko, J. L., Chavis, P., Rebeck, G. W., Hoe, H.-S., & Weeber, E. J. (2011). Reelin
supplementation enhances cognitive ability, synaptic plasticity, and dendritic spine density.
Learning & Memory (Cold Spring Harbor, N.Y.), 18(9), 558-564.
https://doi.org/10.1101/Im.2153511

Rogers, J. T., Zhao, L., Trotter, J. H., Rusiana, I., Peters, M. M., Li, Q., Donaldson, E., Banko, J.
L., Keenoy, K. E., Rebeck, G. W., Hoe, H.-S., D’ Arcangelo, G., & Weeber, E. J. (2013). Reelin
supplementation recovers sensorimotor gating, synaptic plasticity and associative learning
deficits in the heterozygous reeler mouse. Journal of Psychopharmacology (Oxford), 27(4), 386—
395. https://doi.org/10.1177/0269881112463468

Romay-Tallon, R., Kulhawy, E., Brymer, K. J., Allen, J., Rivera-Baltanas, T., Olivares, J. M.,
Kalynchuk, L. E., & Caruncho, H. J. (2018). Changes in Membrane Protein Clustering in
Peripheral Lymphocytes in an Animal Model of Depression Parallel Those Observed in Naive
Depression Patients: Implications for the Development of Novel Biomarkers of Depression.
Frontiers in Pharmacology, 9, 1149-1149. https://doi.org/10.3389/fphar.2018.01149

Romay-Tallon, R., Rivera-Baltanas, T., Allen, J., Olivares, J. M., Kalynchuk, L. E., & Caruncho,
H. J. (2017). Comparative study of two protocols for quantitative image-analysis of serotonin
transporter clustering in lymphocytes, a putative biomarker of therapeutic efficacy in major
depression. Biomarker Research, 5(1), 27-27. https://doi.org/10.1186/s40364-017-0107-6

Rus, A., Molina, F., Del Moral, M. L., Ramirez-Exposito, M. J., & Martinez-Martos, J. M.
(2018). Catecholamine and Indolamine Pathway: A Case—Control Study in Fibromyalgia.
Biological Research For Nursing, 20(5), 577-586. https://doi.org/10.1177/1099800418787672

Rush, A. J., Trivedi, M. H., Wisniewski, S. R., Nierenberg, A. A., Stewart, J. W., Warden, D.,
Niederehe, G., Thase, M. E., Lavori, P. W., Lebowitz, B. D., McGrath, P. J., Rosenbaum, J. F.,
Sackeim, H. A., Kupfer, D. J., Luther, J., & Fava, M. (2006). Acute and Longer-Term Outcomes
in Depressed Outpatients Requiring One or Several Treatment Steps: A STAR*D Report.
American Journal of Psychiatry, 163(11), 1905-1917.
https://doi.org/10.1176/ajp.2006.163.11.1905

S. Wohleb, E., Gerhard, D., Thomas, A., & S. Duman, R. (2017). Molecular and Cellular
Mechanisms of Rapid-Acting Antidepressants Ketamine and Scopolamine. Current
Neuropharmacology, 15(1), 11-20.

Sahay, A., & Hen, R. (2007). Adult hippocampal neurogenesis in depression. Nature
Neuroscience, 10(9), 1110-1115. https://doi.org/10.1038/nn1969

Saland, S. K., Duclot, F., & Kabbaj, M. (2017). Integrative analysis of sex differences in the
rapid antidepressant effects of ketamine in preclinical models for individualized clinical

111



outcomes. Current Opinion in Behavioral Sciences, 14, 19-26.
https://doi.org/10.1016/j.cobeha.2016.11.002

Salk, R. H., Hyde, J. S., & Abramson, L. Y. (2017). Gender Differences in Depression in
Representative National Samples: Meta-Analyses of Diagnoses and Symptoms. Psychological
Bulletin, 143(8), 783-822. https://doi.org/10.1037/bul0000102

Salvadore, G., & Singh, J. B. (2013). Ketamine as a Fast Acting Antidepressant: Current
Knowledge and Open Questions. CNS Neuroscience & Therapeutics, 19(6), 428-436.
https://doi.org/10.1111/cns.12103

Samama, B., & Boehm, N. (2005). Reelin immunoreactivity in lymphatics and liver during
development and adult life. The Anatomical Record. Part A, Discoveries in Molecular, Cellular,
and Evolutionary Biology, 285A(1), 595-599. https://doi.org/10.1002/ar.a.20202

Sanacora, G., Treccani, G., & Popoli, M. (2012). Towards a glutamate hypothesis of depression:
An emerging frontier of neuropsychopharmacology for mood disorders. Neuropharmacology,
62(1), 63-77. https://doi.org/10.1016/j.neuropharm.2011.07.036

Sanchez-Lafuente, C. L., Romay-Tallon, R., Allen, J., Johnston, J. N., Kalynchuk, L. E., &
Caruncho, H. J. (2022). Sex differences in basal reelin levels in the paraventricular hypothalamus
and in response to chronic stress induced by repeated corticosterone in rats. Hormones and
Behavior, 146, 105267-105267. https://doi.org/10.1016/j.yhbeh.2022.105267

Santini, Z. 1., Jose, P. E., York Cornwell, E., Koyanagi, A., Nielsen, L., Hinrichsen, C.,
Meilstrup, C., Madsen, K. R., & Koushede, V. (2020). Social disconnectedness, perceived
isolation, and symptoms of depression and anxiety among older Americans (NSHAP): A
longitudinal mediation analysis. The Lancet Public Health, 5(1), e62—70.
https://doi.org/10.1016/S2468-2667(19)30230-0

Sapolsky, R. M. (2003). Stress and plasticity in the limbic system. Neurochemical Research,
28(11), 1735-1742. https://doi.org/10.1023/A:1026021307833

Saré, R. M., Lemons, A., & Smith, C. B. (2021). Behavior Testing in Rodents: Highlighting
Potential Confounds Affecting Variability and Reproducibility. Brain Sciences, 11(4), 522.
https://doi.org/10.3390/brainsci11040522

Sarrias, M. J., Artigas, F., Martinez, E., Gelpi, E., Alvarez, E., Udina, C., & Casas, M. (1987).
Decreased plasma serotonin in melancholic patients: A study with clomipramine. Biological
Psychiatry (1969), 22(12), 1429-1438. https://doi.org/10.1016/0006-3223(87)90100-4

Sassano-Higgins, S., Baron, D., Juarez, G., Esmaili, N., & Gold, M. (2016). A review of
ketamine abuse and diversion. Depression and Anxiety, 33(8), 718-727.
https://doi.org/10.1002/da.22536

Sato, Y., Kobayashi, D., Kohno, T., Kidani, Y., Prox, J., Becker-Pauly, C., & Hattori, M. (2016).
Determination of cleavage site of Reelin between its sixth and seventh repeat and contribution of

112



meprin metalloproteases to the cleavage. Journal of Biochemistry (Tokyo), 159(3), 305-312.
https://doi.org/10.1093/jb/mvv102

Saunders, K. E. A., & Hawton, K. (2006). Suicidal behaviour and the menstrual cycle.
Psychological Medicine, 36(7), 901-912. https://doi.org/10.1017/S0033291706007392

Sawyer, K., Corsentino, E., Sachs-Ericsson, N., & Steffens, D. C. (2012). Depression,
hippocampal volume changes, and cognitive decline in a clinical sample of older depressed
outpatients and non-depressed controls. Aging & Mental Health, 16(6), 753-762.
https://doi.org/10.1080/13607863.2012.678478

Schildkraut, J. J. (1995). The catecholamine hypothesis of affective disorders: A review of
supporting evidence. 1965 [classical article]. The Journal of Neuropsychiatry and Clinical
Neurosciences, 7(4), 524-533. https://doi.org/10.1176/jnp.7.4.524

Serretti, A., Chiesa, A., Calati, R., Perna, G., Bellodi, L., & De Ronchi, D. (2009). Common
genetic, clinical, demographic and psychosocial predictors of response to pharmacotherapy in
mood and anxiety disorders. International Clinical Psychopharmacology, 24(1), 1-18.
https://doi.org/10.1097/Y1C.0b013e32831db2d7

Sha, Q., Achtyes, E., Nagalla, M., Keaton, S., Smart, L., Leach, R., & Brundin, L. (2021).
Associations between estrogen and progesterone, the kynurenine pathway, and inflammation in
the post-partum. Journal of Affective Disorders, 281, 9-12.
https://doi.org/10.1016/j.jad.2020.10.052

Shapero, B. G., Black, S. K., Liu, R. T., Klugman, J., Bender, R. E., Abramson, L. Y., & Alloy,
L. B. (2014). Stressful Life Events and Depression Symptoms: The Effect of Childhood
Emotional Abuse on Stress Reactivity. Journal of Clinical Psychology, 70(3), 209-223.
https://doi.org/10.1002/jclp.22011

Sheline, Y. I. (2011). Depression and the Hippocampus: Cause or Effect? Biological Psychiatry
(1969), 70(4), 308-309. https://doi.org/10.1016/j.biopsych.2011.06.006

Sheng, J. A., Bales, N. J., Myers, S. A., Bautista, A. I., Roueinfar, M., Hale, T. M., & Handa, R.
J. (2021). The Hypothalamic-Pituitary-Adrenal Axis: Development, Programming Actions of
Hormones, and Maternal-Fetal Interactions. Frontiers in Behavioral Neuroscience, 14.
https://www.frontiersin.org/articles/10.3389/fnbeh.2020.601939

Shors, T. J. (1998). Stress and Sex Effects on Associative Learning: For Better or for Worse. The
Neuroscientist, 4(5), 353-364. https://doi.org/10.1177/107385849800400517

Shors, T. J. (2006). Stressful Experience and Learning Across the Lifespan. Annual Review of
Psychology, 57(1), 55-85. https://doi.org/10.1146/annurev.psych.57.102904.190205

Short, B., Fong, J., Galvez, V., Shelker, W., & Loo, C. K. (2016). Side-effects associated with
ketamine use in depression: A systematic review. Lancet Psychiatry. https://doi.org/10.1016/
S$2215-0366(17)30272-9

113



Sigtermans, M., Dahan, A., Mooren, R., Bauer, M., Kest, B., Sarton, E., & Olofsen, E. (2009).
S(+)-ketamine Effect on Experimental Pain and Cardiac Output: A Population Pharmacokinetic-
Pharmacodynamic Modeling Study in Healthy VVolunteers. Anesthesiology, 111(4), 892—903.
https://doi.org/10.1097/ALN.0b013e3181b437b1

Sinner, B., & Graf, B. M. (2008). Ketamine. In J. Schittler & H. Schwilden (Eds.), Modern
Anesthetics (Vol. 182, pp. 313-333). Springer Berlin Heidelberg. https://doi.org/10.1007/978-3-
540-74806-9_15

Smalheiser, N. R., Costa, E., Guidotti, A., Impagnatiello, F., Auta, J., Lacor, P., Kriho, V., &
Pappas, G. D. (2000). Expression of Reelin in Adult Mammalian Blood, Liver, Pituitary Pars
Intermedia, and Adrenal Chromaffin Cells. Proceedings of the National Academy of Sciences -
PNAS, 97(3), 1281-1286. https://doi.org/10.1073/pnas.97.3.1281

Soares, C. N., & Zitek, B. (2008). Reproductive hormone sensitivity and risk for depression
across the female life cycle: A continuum of vulnerability? Journal of Psychiatry and
Neuroscience, 33(4), 331-343.

Souery, D., SERRETTI, A., LECRUBIER, Y., MONTGOMERY, S., ZOHAR, J.,
MENDLEWICZ, J., CALATI, R.,, OSWALD, P., MASSAT, |., KONSTANTINIDIS, A.,
LINOTTE, S., BOLLEN, J., DEMYTTENAERE, K., & KASPER, S. (2011). Switching
Antidepressant Class Does Not Improve Response or Remission in Treatment-Resistant
Depression. Journal of Clinical Psychopharmacology, 31(4), 512-516.
https://doi.org/10.1097/JCP.0b013e3182228619

Sousa, N., Lukoyanov, N. V., Madeira, M. D., Almeida, O. F. X., & Paula-Barbosa, M. M.
(2000). Reorganization of the morphology of hippocampal neurites and synapses after stress-
induced damage correlates with behavioral improvement. Neuroscience, 97(2), 253-266.
https://doi.org/10.1016/S0306-4522(00)00050-6

Stanton, P. K. (1996). LTD, LTP, and the sliding threshold for long-term synaptic plasticity.
Hippocampus, 6(1), 35-42. https://doi.org/10.1002/(S1C1)1098-1063(1996)6:1<35::AlD-
HIPO7>3.0.CO;2-6

Steffen, A., Nubel, J., Jacobi, F., Bétzing, J., & Holstiege, J. (2020). Mental and somatic
comorbidity of depression: A comprehensive cross-sectional analysis of 202 diagnosis groups
using German nationwide ambulatory claims data. BMC Psychiatry, 20(1), 142-142.
https://doi.org/10.1186/s12888-020-02546-8

Stein, M. B., & Simon, N. M. (2021). Ketamine for PTSD: Well, Isn’t That Special. The
American Journal of Psychiatry, 178(2), 116-118.
https://doi.org/10.1176/appi.ajp.2020.20121677

Sterner, E. Y., & Kalynchuk, L. E. (2010). Behavioral and neurobiological consequences of
prolonged glucocorticoid exposure in rats: Relevance to depression: Behavioral and
Neurobiological Consequences of Stress. Progress in Neuro-Psychopharmacology & Biological
Psychiatry, 34(5), 777-790.

114



Stockmeier, C. A., Mahajan, G. J., Konick, L. C., Overholser, J. C., Jurjus, G. J., Meltzer, H. Y.,
Uylings, H. B., Friedman, L., & Rajkowska, G. (2004). Cellular changes in the postmortem
hippocampus in major depression. Biological Psychiatry (1969), 56(9), 640-650.
https://doi.org/10.1016/j.biopsych.2004.08.022

Strasser, V., Fasching, D., Hauser, C., Mayer, H., Bock, H. H., Hiesberger, T., Herz, J., Weeber,
E. J., Sweatt, J. D., Pramatarova, A., Howell, B., Schneider, W. J., & Nimpf, J. (2004). Receptor
Clustering Is Involved in Reelin Signaling. Molecular and Cellular Biology, 24(3), 1378-1386.
https://doi.org/10.1128/MCB.24.3.1378-1386.2004

Strawbridge, R., Arnone, D., Danese, A., Papadopoulos, A., Herane Vives, A., & Cleare, A. J.
(2015). Inflammation and clinical response to treatment in depression: A meta-analysis.
European Neuropsychopharmacology, 25(10), 1532-1543.
https://doi.org/10.1016/j.euroneuro.2015.06.007

Stuchlik, A. (2018). The hippocampus: Plasticity and functions. IntechOpen.

Sullivan, G. M., Oquendo, M. A., Milak, M., Miller, J. M., Burke, A., Ogden, R. T., Parsey, R.
V., & Mann, J. J. (2015). Positron Emission Tomography Quantification of SerotoninlA
Receptor Binding in Suicide Attempters With Major Depressive Disorder. JAMA Psychiatry,
72(2), 169-178. https://doi.org/10.1001/jamapsychiatry.2014.2406

Sullivan, P. F., Neale, M. C., & Kendler, K. S. (2000). Genetic Epidemiology of Major
Depression: Review and Meta-Analysis. American Journal of Psychiatry, 157(10), 1552-1562.
https://doi.org/10.1176/appi.ajp.157.10.1552

Sumner, J. A., Griffith, J. W., & Mineka, S. (2010). Overgeneral autobiographical memory as a
predictor of the course of depression: A meta-analysis. Behaviour Research and Therapy, 48(7),
614-625. https://doi.org/10.1016/j.brat.2010.03.013

Suzuki, K., Nakamura, K., lwata, Y., Sekine, Y., Kawai, M., Sugihara, G., Tsuchiya, K. J., Suda,
S., Matsuzaki, H., Takei, N., Hashimoto, K., & Mori, N. (2008). Decreased expression of reelin
receptor VLDLR in peripheral lymphocytes of drug-naive schizophrenic patients. Schizophrenia
Research, 98(1), 148-156. https://doi.org/10.1016/j.schres.2007.09.029

Sweet, H. O., Bronson, R. T., Johnson, K. R., Cook, S. A., & Davisson, M. T. (1996). Scrambler,
a new neurological mutation of the mouse with abnormalities of neuronal migration. Mammalian
Genome: Official Journal of the International Mammalian Genome Society, 7(11), 798-802.
https://doi.org/10.1007/s003359900240

Szabo, K., Hennerici, M., & Lavenex, P. B. (2014). The hippocampus in clinical neuroscience.
Karger.

Tafet, G. E. (2022). Neurobiological Approach to Stress. In G. E. Tafet (Ed.), Neuroscience of
Stress: From Neurobiology to Cognitive, Emotional and Behavioral Sciences (pp. 19-84).
Springer International Publishing. https://doi.org/10.1007/978-3-031-00864-1_2

115



Tang, J., & Zhang, T. (2022). Causes of the male-female ratio of depression based on the
psychosocial factors. Frontiers in Psychology, 13.
https://www.frontiersin.org/articles/10.3389/fpsyg.2022.1052702

Teixeira, C. M., Kron, M. M., Masachs, N., Zhang, H., Lagace, D. C., Martinez, A., Reillo, 1.,
Duan, X., Bosch, C., Pujadas, L., Brunso, L., Song, H., Eisch, A. J., Borrell, V., Howell, B. W.,
Parent, J. M., & Soriano, E. (2012). Cell-Autonomous Inactivation of the Reelin Pathway
Impairs Adult Neurogenesis in the Hippocampus. Journal of Neuroscience, 32(35), 12051
12065. https://doi.org/10.1523/JNEUROSCI.1857-12.2012

Teixeira, C. M., Martin, E. D., Dierssen, M., Soriano, E., SAHUN, I., Masachs, N., Pujadas, L.,
Corvelo, A., Bosch, C., Rossi, D., Martinez, A., & Maldonado, R. (2011). Overexpression of
Reelin Prevents the Manifestation of Behavioral Phenotypes Related to Schizophrenia and
Bipolar Disorder. Neuropsychopharmacology, 36(12), 2395-2405.
https://doi.org/10.1038/npp.2011.153

ter Horst, J. P., de Kloet, E. R., Schachinger, H., & Oitzl, M. S. (2012). Relevance of Stress and
Female Sex Hormones for Emotion and Cognition. Cellular and Molecular Neurobiology, 32(5),
725-735. https://doi.org/10.1007/s10571-011-9774-2

Thase, M. E., Entsuah, A. R., & Rudolph, R. L. (2001). Remission rates during treatment with
venlafaxine or selective serotonin reuptake inhibitors. The British Journal of Psychiatry, 178(3),
234-241. https://doi.org/10.1192/bjp.178.3.234

The National Institute of Mental Health Strategic Plan. (2021, July 30). National Institute of
Mental Health (NIMH). https://www.nimh.nih.gov/about/strategic-planning-reports

Tian, Z., Dong, C., Fujita, A., Fujita, Y., & Hashimoto, K. (2018). Expression of heat shock
protein HSP-70 in the retrosplenial cortex of rat brain after administration of (R,S)-ketamine and
(S)-ketamine, but not (R)-ketamine. Pharmacology Biochemistry and Behavior, 172, 17-21.
https://doi.org/10.1016/j.pbb.2018.07.003

Tseng, W.-L., Huang, C.-L., Chong, K.-Y., Liao, C.-H., Stern, A., Cheng, J.-C., & Tseng, C.-P.
(2010). Reelin is a platelet protein and functions as a positive regulator of platelet spreading on
fibrinogen. Cellular and Molecular Life Sciences : CMLS, 67(4), 641-653.
https://doi.org/10.1007/s00018-009-0201-5

Turner, E. H. (2019). Esketamine for treatment-resistant depression: Seven concerns about
efficacy and FDA approval. The Lancet Psychiatry, 6(12), 977-979.
https://doi.org/10.1016/S2215-0366(19)30394-3

Uffelmann, E., Huang, Q. Q., Munung, N. S., de Vries, J., Okada, Y., Martin, A. R., Martin, H.
C., Lappalainen, T., & Posthuma, D. (2021). Genome-wide association studies. Nature Reviews
Methods Primers, 1(1), Article 1. https://doi.org/10.1038/s43586-021-00056-9

Underwood, M. D., Kassir, S. A., Bakalian, M. J., Galfalvy, H., Dwork, A. J., Mann, J. J., &
Arango, V. (2018). Serotonin receptors and suicide, major depression, alcohol use disorder and

116



reported early life adversity. Translational Psychiatry, 8(1), 279-15.
https://doi.org/10.1038/s41398-018-0309-1

Varela, M. J., Lage, S., Caruncho, H. J., Cadavid, M. I., Loza, M. |., & Brea, J. (2015). Reelin
influences the expression and function of dopamine D2 and serotonin 5-HT2A receptors: A
comparative study. Neuroscience, 290, 165-174.
https://doi.org/10.1016/j.neuroscience.2015.01.031

Veldic, M., Caruncho, H. J., Liu, W. S., Davis, J., Satta, R., Grayson, D. R., Guidotti, A., &
Costa, E. (2004). DNA-Methyltransferase 1 mRNA Is Selectively Overexpressed in
Telencephalic GABAergic Interneurons of Schizophrenia Brains. Proceedings of the National
Academy of Sciences - PNAS, 101(1), 348-353. https://doi.org/10.1073/pnas.2637013100

Ventruti, A., Kazdoba, T. M., Niu, S., & D’Arcangelo, G. (2011). Reelin deficiency causes
specific defects in the molecular composition of the synapses in the adult brain. Neuroscience,
189, 32-42. https://doi.org/10.1016/j.neuroscience.2011.05.050

Venzala, E., Garcia-Garcia, A. L., Elizalde, N., & Tordera, R. M. (2013). Social vs.
Environmental stress models of depression from a behavioural and neurochemical approach.
European Neuropsychopharmacology, 23(7), 697-708.
https://doi.org/10.1016/j.euroneuro.2012.05.010

Verma, R., Balhara, Y. P. S., & Gupta, C. S. (2011). Gender differences in stress response: Role
of developmental and biological determinants. Industrial Psychiatry Journal, 20(1), 4-10.
https://doi.org/10.4103/0972-6748.98407

Videbech, P., & Ravnkilde, B. (2004). Hippocampal VVolume and Depression: A Meta-Analysis
of MRI Studies. The American Journal of Psychiatry, 161(11), 1957-1966.
https://doi.org/10.1176/appi.ajp.161.11.1957

Vilchez-Acosta, A., Manso, Y., Cardenas, A., Elias-Tersa, A., Martinez-Losa, M., Pascual, M.,
Alvarez-Dolado, M., Nairn, A. C., Borrell, V., & Soriano, E. (2022). Specific contribution of
Reelin expressed by Cajal-Retzius cells or GABAergic interneurons to cortical lamination.
Proceedings of the National Academy of Sciences, 119(37), e2120079119.
https://doi.org/10.1073/pnas.2120079119

Viveros, M.-P., Mendrek, A., Paus, T., Lopez Rodriguez, A. B., Marco, E., Yehuda, R., Cohen,
H., Lehrner, A., & Wagner, E. (2012). A Comparative, Developmental, and Clinical Perspective
of Neurobehavioral Sexual Dimorphisms. Frontiers in Neuroscience, 6.
https://www.frontiersin.org/articles/10.3389/fnins.2012.00084

Vollmayr, B., & Gass, P. (2013). Learned helplessness: Unique features and translational value
of a cognitive depression model. Cell and Tissue Research, 354(1), 171-178.
https://doi.org/10.1007/s00441-013-1654-2

Vos, T., Allen, C., Arora, M., Barber, R. M., Bhutta, Z. A., Brown, A., Carter, A., Casey, D. C.,
Charlson, F. J., Chen, A. Z., Coggeshall, M., Cornaby, L., Dandona, L., Dicker, D. J., Dilegge,
T., Erskine, H. E., Ferrari, A. J., Fitzmaurice, C., Fleming, T., ... Murray, C. J. L. (2016).

117



Global, regional, and national incidence, prevalence, and years lived with disability for 310
diseases and injuries, 1990-2015: A systematic analysis for the Global Burden of Disease Study
2015. The Lancet, 388(10053), 1545-1602. https://doi.org/10.1016/S0140-6736(16)31678-6

Wainwright, S. R., & Galea, L. A. M. (2013). The Neural Plasticity Theory of Depression:
Assessing the Roles of Adult Neurogenesis and PSA-NCAM within the Hippocampus. Neural
Plasticity, 2013, 805497. https://doi.org/10.1155/2013/805497

Wang, Q., Timberlake, M. A., Prall, K., & Dwivedi, Y. (2017). The Recent Progress in Animal
Models of Depression. Progress in Neuro-Psychopharmacology & Biological Psychiatry, 77,
99-109. https://doi.org/10.1016/j.pnpbp.2017.04.008

Wang, X., Wang, N., Zhong, L., Wang, S., Zheng, Y., Yang, B., Zhang, J., Lin, Y., & Wang, Z.
(2020). Prognostic value of depression and anxiety on breast cancer recurrence and mortality: A
systematic review and meta-analysis of 282,203 patients. Molecular Psychiatry, 25(12), Article
12. https://doi.org/10.1038/s41380-020-00865-6

Ward, E. T., Kostick, K. M., & Lazaro-Mufioz, G. (2019). Integrating Genomics into Psychiatric
Practice. Harvard Review of Psychiatry, 27(1), 53-64.
https://doi.org/10.1097/HRP.0000000000000203

Wasser, C. R., & Herz, J. (2017). Reelin: Neurodevelopmental Architect and Homeostatic
Regulator of Excitatory Synapses. The Journal of Biological Chemistry, 292(4), 1330-1338.
https://doi.org/10.1074/jbc.R116.766782

Watts, A. G., Tanimura, S., & Sanchez-Watts, G. (2004). Corticotropin-Releasing Hormone and
Arginine Vasopressin Gene Transcription in the Hypothalamic Paraventricular Nucleus of
Unstressed Rats: Daily Rhythms and Their Interactions with Corticosterone. Endocrinology
(Philadelphia), 145(2), 529-540. https://doi.org/10.1210/en.2003-0394

Weeber, E. J., Beffert, U., Jones, C., Christian, J. M., Forster, E., Sweatt, J. D., & Herz, J.
(2002). Reelin and ApoE Receptors Cooperate to Enhance Hippocampal Synaptic Plasticity and
Learning. The Journal of Biological Chemistry, 277(42), 39944-39952.
https://doi.org/10.1074/jbc.M205147200

Weintraub, A., Singaravelu, J., & Bhatnagar, S. (2010). Enduring and sex-specific effects of
adolescent social isolation in rats on adult stress reactivity. Brain Research, 1343, 83-92.
https://doi.org/10.1016/j.brainres.2010.04.068

Weissman, M. M., Gershon, E. S., Kidd, K. K., Prusoff, B. A., Leckman, J. F., Dibble, E.,
Hamovit, J., Thompson, W. D., Pauls, D. L., & Guroff, J. J. (1984). Psychiatric Disorders in the
Relatives of Probands With Affective Disorders: The Yale University—National Institute of
Mental Health Collaborative Study. Archives of General Psychiatry, 41(1), 13-21.
https://doi.org/10.1001/archpsyc.1984.01790120015003

Weissman, M. M., Kidd, K. K., & Prusoff, B. A. (1982). Variability in Rates of Affective
Disorders in Relatives of Depressed and Normal Probands. Archives of General Psychiatry,
39(12), 1397-1403. https://doi.org/10.1001/archpsyc.1982.04290120033006

118



West, E. D., & Dally, P. J. (1959). Effects Of Iproniazid In Depressive Syndromes. The British
Medical Journal, 1(5136), 1491-1494.

Wharton, W., Gleason, C. E., Olson, S. R. M. S,, Carlsson, C. M., & Asthana, S. (2012).
Neurobiological Underpinnings of the Estrogen — Mood Relationship. Current Psychiatry
Reviews, 8(3), 247-256. https://doi.org/10.2174/157340012800792957

Williams, J., Kobak, K., Bech, P., Engelhardt, N., Evans, K., Lipsitz, J., Olin, J., Pearson, J., &
Kalali, A. (2008). The GRID-HAMD: Standardization of the Hamilton depression rating scale.
International Clinical Psychopharmacology, 23, 120-129.
https://doi.org/10.1097/Y1C.0b013e3282f948f5

Willner, P. (1997). Validity, reliability and utility of the chronic mild stress model of depression:
A 10-year review and evaluation. Psychopharmacology, 134(4), 319-329.
https://doi.org/10.1007/s002130050456

Willner, P. (2016). Reliability of the chronic mild stress model of depression: A user survey.
Neurobiology of Stress, 6, 68—77. https://doi.org/10.1016/j.ynstr.2016.08.001

World Health Organization. (2018). Ten Years in Public Health 2007-2017: Report by Dr
Margaret Chan Director-General World Health Organization. World Health Organization.

World Health Organization. (2022). World mental health report: Transforming mental health for
all. https://www.who.int/publications-detail-redirect/9789240049338

Wraobel, A., Serefko, A., Szopa, A., Rojek, K., Poleszak, E., Skalicka-Wozniak, K., & Dudka, J.
(2017). Inhibition of the CRF1 receptor influences the activity of antidepressant drugs in the
forced swim test in rats. Naunyn-Schmiedeberg’s Archives of Pharmacology, 390(8), 769—774.
https://doi.org/10.1007/s00210-017-1377-0

Xie, X., Shen, Q., Ma, L., Chen, Y., Zhao, B., & Fu, Z. (2018). Chronic corticosterone-induced
depression mediates premature aging in rats. Journal of Affective Disorders, 229, 254-261.
https://doi.org/10.1016/j.jad.2017.12.073

Yang, C., Ren, Q., Qu, Y., Zhang, J.-C., Ma, M., Dong, C., & Hashimoto, K. (2018).
Mechanistic Target of Rapamycin—Independent Antidepressant Effects of (R)-Ketamine in a
Social Defeat Stress Model. Biological Psychiatry, 83(1), 18-28.
https://doi.org/10.1016/j.biopsych.2017.05.016

Yang, C., Wardenaar, K. J., Bosker, F. J., Li, J., & Schoevers, R. A. (2019). Inflammatory
markers and treatment outcome in treatment resistant depression: A systematic review. Journal
of Affective Disorders, 257, 640-649. https://doi.org/10.1016/j.jad.2019.07.045

Yankelevitch-Yahav, R., Franko, M., Huly, A., & Doron, R. (2015). The Forced Swim Test as a
Model of Depressive-like Behavior. Journal of Visualized Experiments : JoVE, 97, 52587.
https://doi.org/10.3791/52587

Yasui, N., Nogi, T., Kitao, T., Nakano, Y., Hattori, M., & Takagi, J. (2007). Structure of a
receptor-binding fragment of reelin and mutational analysis reveal a recognition mechanism

119



similar to endocytic receptors. Proceedings of the National Academy of Sciences, 104(24), 9988—
9993. https://doi.org/10.1073/pnas.0700438104

Zagni, E., Simoni, L., & Colombo, D. (2016). Sex and Gender Differences in Central Nervous
System-Related Disorders. Neuroscience Journal, 2016, 2827090-13.
https://doi.org/10.1155/2016/2827090

Zanos, P., & Gould, T. D. (2018). Mechanisms of Ketamine Action as an Antidepressant.
Molecular Psychiatry, 23(4), 801-811. https://doi.org/10.1038/mp.2017.255

Zanos, P., Moaddel, R., Morris, P. J., Riggs, L. M., Highland, J. N., Georgiou, P., Pereira, E. F.
R., Albuquerque, E. X., Thomas, C. J., Zarate, C. A., & Gould, T. D. (2018). Ketamine and
Ketamine Metabolite Pharmacology: Insights into Therapeutic Mechanisms. Pharmacological
Reviews, 70(3), 621-660. https://doi.org/10.1124/pr.117.015198

Zanos, P., Thompson, S. M., Duman, R. S., Zarate, C. A., & Gould, T. D. (2018). Convergent
mechanisms underlying rapid antidepressant action. CNS Drugs, 32(3), 197-227.
https://doi.org/10.1007/s40263-018-0492-x

Zarate, C. A., Brutsche, N. E., Ibrahim, L., Franco-Chaves, J., Diazgranados, N., Cravchik, A.,
Selter, J., Marquardt, C. A,, Liberty, V., & Luckenbaugh, D. A. (2012). Replication of
Ketamine’s Antidepressant Efficacy in Bipolar Depression: A Randomized Controlled Add-On
Trial. Biological Psychiatry (1969), 71(11), 939-946.
https://doi.org/10.1016/j.biopsych.2011.12.010

Zarate, C. A., Singh, J. B., Carlson, P. J., Brutsche, N. E., Ameli, R., Luckenbaugh, D. A.,
Charney, D. S., & Manji, H. K. (2006). A Randomized Trial of an N-methyl-D-aspartate
Antagonist in Treatment-Resistant Major Depression. Archives of General Psychiatry, 63(8),
856-864. https://doi.org/10.1001/archpsyc.63.8.856

Zhang, J., Li, S., & Hashimoto, K. (2014). R (—)-ketamine shows greater potency and longer
lasting antidepressant effects than S (+)-ketamine. Pharmacology Biochemistry and Behavior,
116, 137-141. https://doi.org/10.1016/j.pbb.2013.11.033

Zhang, K., Xu, T., Yuan, Z., Wei, Z., Yamaki, V. N., Huang, M., Huganir, R. L., & Cali, X.
(2016). Essential roles of AMPA receptor GIuA1 phosphorylation and presynaptic HCN
channels in fast-acting antidepressant responses of ketamine. Science Signaling, 9(458), ral23.
https://doi.org/10.1126/scisignal.aai7884

Zhang, L., & Rasenick, M. M. (2010). Chronic treatment with escitalopram but not R-citalopram
translocates Galpha(s) from lipid raft domains and potentiates adenylyl cyclase: A 5-
hydroxytryptamine transporter-independent action of this antidepressant compound. The Journal
of Pharmacology and Experimental Therapeutics, 332(3), 977-984.
https://doi.org/10.1124/jpet.109.162644

Zhang, L., Zhang, X., Zhang, L., & Zhang, X. (2018). Factors Regulating Neurogenesis in the
Adult Dentate Gyrus. In The Hippocampus—~Plasticity and Functions. IntechOpen.
https://doi.org/10.5772/intechopen.75631

120



Zhang, Y., Ye, F., Zhang, T., Lv, S., Zhou, L., Du, D., Lin, H., Guo, F., Luo, C., & Zhu, S.
(2021). Structural basis of ketamine action on human NMDA receptors. Nature, 596(7871), 301—
305. https://doi.org/10.1038/s41586-021-03769-9

Zhu, X., Ye, G., Wang, Z., Luo, J., & Hao, X. (2017). Sub-anesthetic doses of ketamine exert
antidepressant-like effects and upregulate the expression of glutamate transporters in the
hippocampus of rats. Neuroscience Letters, 639, 132-137.
https://doi.org/10.1016/j.neulet.2016.12.070

Zisook, S., John Rush, A., Albala, A., Alpert, J., Balasubramani, G. K., Fava, M., Husain, M.,
Sackeim, H., Trivedi, M., & Wisniewski, S. (2004). Factors that differentiate early vs. Later
onset of major depression disorder. Psychiatry Research, 129(2), 127-140.
https://doi.org/10.1016/j.psychres.2004.07.004

121



Appendix A (24h CKR cohort)

As described in this thesis, our laboratory has previously focused primarily on behavioural and
neurochemical alterations 24h after reelin or ketamine treatment. In this study | included a group
of female Long Evans rats (n = 6) who were administered both reelin and ketamine with
behavioural testing and perfusions occurring at 24h post-treatment as our lab had not previously
collected this data. CKR 24h rats were exposed to the same conditions (animal facilities at
University of Victoria), treatment (40mg/kg s.c. CORT; 3pug i.v. reelin; 10mg/kg i.p. ketamine),
behavioural testing (10 mins. FST at 27+2°C), and neurochemical analysis (reelin SGZ staining)
as the other groups described in this thesis.

Subtle differences in conditions that occur naturally between experiments can significantly
impact the outcome of the study. In fact research suggests that seasonal variations (Eccard &
Herde, 2013), sex of the researchers (Georgiou et al., 2022), and the neighbouring animals (Saré
et al., 2021) can influence behavioural measures in rodents. As such, I did not include a
comparative analysis of the CKR 24h cohort with previously run VV/CV/CR/CK 24h groups
from our lab. Reelin expression in the SGZ of the CKR 24h cohort is pictured in Figure 1 and

correlated with behavioural measures in Table 1.

24h

CKR

20x

Appendix A. Figure 1. Representative photomicrographs of reelin expression in the SGZ. Reelin
expression at 24h for CKR imaged at 2.5x and 20x.
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Treatment group Behavioural correlation with Reelin-IR

Treatment Time r LL UL R? p-value

CKR 24n | 0254 | -0.883 | 0.7024 0.06446 0.627

Appendix A. Table 1. Behavioural correlations with Reelin-IR expression for 24h CKR animals.
Reelin expression in the SGZ at 24h behavioural correlations. No significance was found.

Appendix B (SERT clustering on MPC of 1w cohort)

Our laboratory has found extensive evidence for alterations of SERT clustering on MPCs
between depressed and control groups in both humans and animals (Caruncho et al., 2019). In
this experiment blood smears were taken from all animals for analysis of peripheral SERT

clustering. This section will focus on the analysis of the 1w cohort of animals.

When looking at the effect of treatment condition on SERT clustering parameters, | found that
size but not number of clusters were significantly related to treatment (Figure 1). To analyze
whether treatment condition had an effect on the size of SERT clusters in the 1w cohort a one-
way ANOVA was run, which met test assumptions F(4,25) = 1.536, p = 0.820. The ANOVA
revealed a significant relationship between treatment condition and size of SERT clusters 5 days
post-treatment, F(4,25) = 2.715, p = 0.048, R? = 0.303. Simple main effect analysis can be found
at Table 1. A one-way ANOVA was run to analyze whether treatment condition had an effect on
the number of SERT clusters in peripheral lymphocytes in the 1w cohort. The Bartlett’s test for
homogeneity of variance indicated this assumption had not been violated [F(4,25) =4.88, p =
0.299], and the ANOVA revealed a non-significant relationship between treatment group and
number of SERT clusters, F(4,25) = 0.578, p = 0.399, R? = 0.145. Post hoc multiple comparisons
can be found at Table 2.
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Appendix B. Figure 1. SERT clustering in peripheral lymphocytes post-treatment in the 1w cohort.
A) VV and CV had significantly different SERT clusters sizes. B) no significant differences in number of
SERT clusters were found between any treatment groups. *p < 0.05

Treatment comparisons | Mean diff. Lower 95% CI | Upper 95% CI | p-value | Significance
\AY cVv -0.026 -0.0512 -0.00073 0.0415 *
\AY/ CR -0.0081 -0.0334 0.01710 0.874 ns
\AY/ CK -0.0065 -0.0317 0.01877 0.940 ns
\AY CKR -0.004 -0.0292 0.02127 0.989 ns
CcVv CR 0.0178 -0.0074 0.04310 0.262 ns
CcVv CK 0.0195 -0.0057 0.04477 0.189 ns
CcVv CKR 0.022 -0.0032 0.04727 0.109 ns
CR CK 0.0016 -0.0236 0.02693 0.999 ns
CR CKR 0.0041 -0.0211 0.02943 0.988 ns
CK CKR 0.0025 -0.0227 0.02777 0.998 ns

Appendix B. Table 1. Simple main effect analysis of SERT cluster size and treatment in 1w cohort.
VV and CV had significantly different SERT clusters sizes. (Mean diff. = mean difference; Cl =
confidence interval) *p < 0.05
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Treatment comparisons | Mean diff. Lower 95% CI | Upper 95% CI | p-value | Significance
A% Cv -6.01 -43.84 31.84 ns 0.989
vV CR -4.52 -42.34 33.34 ns 0.996
vV CK -15.17 -53.00 22.67 ns 0.763
VA% CKR -23.33 -61.17 14.50 ns 0.389
CVv CR 1.50 -36.34 39.34 ns 0.998
Cv CK -9.16 -47.00 28.67 ns 0.951
Cv CKR -17.33 -55.17 20.50 ns 0.664
CR CK -10.67 -48.50 27.17 ns 0.919
CR CKR -18.83 -56.67 19.00 ns 0.595
CK CKR -8.167 -46.00 29.67 ns 0.968

Appendix B. Table 2. Post hoc analysis of SERT cluster number and treatment in 1w cohort. No
significance was found across any of the treatment groups. (Mean diff. = mean difference; Cl =
confidence interval measured at 95%)

SERT data was imaged using confocal laser scanning microscopy (Olympus FluoView FVV1000)

to obtain a 3-dimensional representation of both lymphocytes and SERT clusters. | coded a

macro on Fiji software (image processing package based on ImageJ2) with the help of PhD

candidate Hannah Reid adapted from the macro written by PhD candidate Brady Reive for a

Nikon Eclipse EB00 microscope. Representative images of SERT clustering can be found in

Figure 2.
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Appendix B. Figure 2. Representative confocal images of SERT clustering on peripheral
lymphocytes. A) Images of SERT clusters in red, lymphocytes depicted in blue, and the two channels
stacked together. B) Images showing x-y-z stacking on the confocal to obtain a 3-dimensional
representation of both SERT clusters and lymphocyte. C) x-y-z stacked images of SERT clustering. D) x-
y-z stacked images of a lymphocyte.
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