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Abstract

Ketamine, an N-methyl-D-aspartate antagonist, presented one of the first major breakthroughs in
decades of antidepressant research. Ketamine’s clinical effects take place within hours in patients
with treatment-resistant depression. It is also able to ameliorate some of the most stubborn
symptoms such as anhedonia and suicidal ideation. However, the exact underlying mechanisms
are still yet unknown. In addition, extrapyramidal side effects and potential health risks limit the
use of ketamine to certain populations.

Reelin, an extracellular matrix glycoprotein, has been demonstrated to be downregulated in the
hippocampus of patients with depression. Preliminary research from our lab has demonstrated that
exogenous reelin administration may have fast-acting antidepressant effects, though its signaling
pathways and effects on synaptic plasticity are still unknown. However, a significant amount of
research on fast-acting antidepressants has directed attention to the upregulation of excitatory
signaling in areas such as the hippocampus, through various cellular signaling pathways such as
mTORC1 activation. This increase in excitatory signaling, particularly through increases in
AMPAR transmission, has been heavily implicated in ketamine’s antidepressant, but not

dissociative, effects.

With a lens to increasing the translatability of findings from bench to bedside, this dissertation first
discusses the inclusion of people with lived experience in the earliest stages of research. Following
this, the underlying mechanisms of reelin are researched in a variety of methods in order to provide

a broad picture of reelin as a putative rapid-acting antidepressant.
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Chapter 1

Major Depressive Disorder and the search for novel therapeutics



1.1 Dissertation outline

Major Depressive Disorder (MDD) affects an estimated 350 million people, making it the leading
cause of disease burden and disability worldwide (Richards, 2011; Zhang, 2010). Characterized
by an ongoing depressed mood, anhedonia, cognitive deficits, fatigue and disturbances in sleep
and appetite, MDD is a chronic and debilitating disorder. Current numbers estimate a lifetime
prevalence rate of 16%, higher than any other neuropsychiatric disorder (Kessler et al., 1997; Lim
et al., 2018; Richards, 2011). Despite this prevalence, knowledge on the pathophysiology of
depression and effective therapeutic targets remains elusive. One of the largest issues in
neuropsychiatric research has been overlapping symptom domains of various disorders (Goldberg,
2011). For example, depression is often diagnosed alongside anxiety, hypertensive, inflammatory,
and metabolic disorders, which can worsen outcomes through increased suicidal ideation and
higher relapse rates (Hirschfeld, 2001; Kessler et al., 1993, 1997; Krishnan et al., 2002). Other
major obstacles include depression’s heterogeneity in illness course, biomarkers, treatment-
responsiveness, and genetic polymorphisms (Goldberg, 2011). Evidently, depression is a major
societal burden that presents unique challenges to the development of appropriate treatments. For
this reason, it is imperative that we elucidate the specific biological alterations underlying
depression to inform proper biomarkers, therapeutic targets, and even non-pharmacological

interventions.

It is essential to include the voices of those studied in all facets of research, particularly in the field
of mental health where it has been historically neglected. Underlying stigma of certain diagnoses,
such as depression, can affect perceptions of competency and create biases in research (Rusch et
al., 2005). While patient-oriented research (POR) has gained popularity in clinical research (James
Lind Alliance, 2020; Lophatananon et al., 2011), there is still an evident gap in patient engagement
in foundational lab-based scientific work. Frameworks such as the James Lind Alliance (JLA)
priority-setting partnerships have been created to incorporate POR into clinical research, however
there is a paucity of guidelines related to the engagement of people with lived experience in
laboratory-based scientific research. With these inclusions in mind, this thesis will describe the
involvement of patient partners and development of guidelines to better include patient voices at

the beginning stages of laboratory-based mental health research.



The monoaminergic hypothesis was one of the first major breakthroughs in the study of depression,
stemming from a serendipitous clinical observation that drugs which inhibit the breakdown of
monoamines ameliorate depressive symptoms (Domino, 1999). This insight led to the
development of the classes of antidepressants which are used as first line treatments today,
including selective 5-HT reuptake inhibitors (SSRIs) and 5-HT—-noradrenaline reuptake inhibitors
(SNRIs). However, there are several limitations to the use of monoaminergic-based
antidepressants. After administration, there is a significant therapeutic time-lag for weeks to
months of continuous treatment, despite the upregulation of monoamines happening immediately
(Warden et al., 2007). Over 30% of patients fail to respond adequately to first-line treatment,
necessitating subsequent treatments and further delays (Rush et al., 2006). This is a particular risk
for those experiencing suicidal ideation, where a delay in treatment effects could precipitate a
suicide attempt (Huynh & Mclintyre, 2008). The subset of patients with treatment-resistant
depression often have a higher recurrence of depressive symptoms, a more severe course of illness,
and increased suicidality, indicating the need for improved and novel therapeutics (Fava, 2003;
Fava & Davidson, 1996; Papakostas et al., 2003).

Decades later, research to find novel antidepressant therapeutics and underlying pathophysiology
of depression has remained somewhat stagnant. Recently, the discovery that subanesthetic doses
of ketamine, a non-competitive allosteric N-methyl-D-aspartate receptor (NMDAR) antagonist has
rapid and long-lasting antidepressant effects has renewed interest in discovering novel therapeutic
targets (Hirota & Lambert, 2022). Within hours, ketamine can significantly improve depression
scores in participants with treatment-resistant depression, a sharp contrast to the therapeutic delay
of traditional antidepressants (Berman et al., 2000; Diazgranados et al., 2010; Ibrahim et al., 2011,
Kishimoto et al., 2016; Zarate et al., 2006). A surge of preclinical research has followed this
discovery, attempting to identify the cellular and molecular mechanisms that underlie ketamine’s
therapeutic efficacy. One of the key takeaways from this research has been the importance of
glutamatergic signaling mediation, particularly an increase in AMPAR transmission (Browne &
Lucki, 2013; Monteggia & Zarate, 2015; Zanos et al., 2018b). Certain downstream signaling
pathways have also been highlighted, such as mechanistic target of rapamycin complex 1
(mTORC1) signaling, which leads to further enhanced excitatory signaling in the hippocampus
and cortex (Li et al., 2010; Zanos et al., 2016; Zanos et al., 2018a; Zanos & Gould, 2018).

However, undesirable side effects such as psychotomimetic symptoms, dissociation, and abuse

3



liability have led research to investigate novel therapeutics that work on similar mechanisms,
without the undesirable side effects that are hypothesized to be mediated through ketamine’s
NMDAR antagonism (Bonaventura et al., 2021a; Kokane et al., 2020).

Throughout the last decade, our lab has shown compelling preclinical evidence that reelin, a large
extracellular glycoprotein, is implicated in depression (Caruncho et al., 2016). Reelin plays an
essential role in development through guiding proper cortical lamination. In adulthood, reelin
appears to regulate many forms of neuroplasticity, such as the generation of new-born cells, the
formation of dendritic spines, dendritic outgrowth, and increasing synaptic connections (Beffert et
al., 2002; Bosch et al., 2016; Hethorn et al., 2015; Niu et al., 2008; Pujadas et al., 2010; Ventruti
et al., 2011; Weeber et al., 2002). In post-mortem tissue from persons with depression,
schizophrenia, and bipolar disorder, reelin was significantly downregulated in the hippocampus
(Fatemi et al., 2000). Repeated corticosterone (CORT) injections create a progressive emergence
of depressive-like behaviour, which is paralleled by decreases in subgranular zone (SGZ) reelin
and neurogenesis (Lussier et al., 2013). Heterozygous reeler mice (haplo-insufficient for RELN
whom express 40-60% of normal reelin levels) are also more vulnerable to the depressogenic
effects of CORT (Lussier et al., 2011). Both conventional and unconventional antidepressants
rescue reelin levels in the SGZ decreased through chronic CORT administration while decreasing
depressive-like behaviour (Brymer et al., 2018; Fenton et al., 2015; Johnston et al., 2020). More
recent findings demonstrate that both chronic and acute peripheral administration of reelin can
rescue depressive-like behaviour within 24 hours, making it a promising candidate for a potential

fast-acting antidepressant (Allen et al., 2022).

The purpose of this dissertation is to ascertain the molecular mechanisms of reelin’s fast-acting
antidepressant-like effects in contrast to those of ketamine and its metabolites. To understand these
mechanisms, | report the effects that ketamine has on hippocampal reelin and related neurogenesis,
how reelin and ketamine impact isolated synaptic compartments from CORT-treated rats, and the
behavioural, molecular, and electrophysiological effects of reelin and ketamine in an in vivo model
to study antidepressant-like effects. To increase the translatability of my results, | delineate
guidelines for the further inclusion of patient voices in laboratory-based research. | also report on
the effects of reelin and (2R,6R)-HNK, a major ketamine metabolite, on induced pluripotent stem

cell-derived neurons from participants with TRD. These experiments lay the groundwork for the



further development of reelin as a potential fast-acting therapeutic, where subsequent studies can
determine which proteins are essential to reelin’s response and inform subsequent pharmacokinetic

and pharmacodynamic studies.
1.2 Overview of Major Depressive Disorder

Depression is the leading cause of disability worldwide, and the most prevalent neuropsychiatric
disorder. First described in writing in the Ebers papyrus (1550 BCE), which references symptoms
and prognosis of patients with fractured skulls (Kandel, 2013), depression has evidently plagued
humanity for millennia. Later, when demonic possession was blamed for psychiatric disturbances,
those who were suffering from depressive symptoms had holes drilled into their skulls to allow
the demons to vacate (Foerschner, 2010). Even before this, Hippocrates spoke of the four humors,
and postulated that an excess of black bile could cause ‘“Malankholia” — or as we know now,
melancholia (Hippocrates, 1849) — one of the first to link a physiological state with a psychological
phenomenon. The development of psychiatry in the 19" century led to an influx of hypotheses that
shifted theories based on demonic possession and emotional weakness to framing depression as a
disease of the brain. Even in the past two decades, research on depression and antidepressants has
grown exponentially with the invention of new techniques and novel findings, leading us into a

new era of depression research (Domino, 1999; Foerschner, 2010).

Worldwide lifetime prevalence rates for depression are approximately 7% - 12% for men and 20%
- 25% for women, though this can be difficult to estimate properly due to difficulties in defining
and diagnosing depression, as well as variance in access to healthcare globally (Richards, 2011).
Despite this variability, rates are consistently 3- to 5-fold higher in females than males, a sexual
dimorphism attributed to various biopsychosocial factors (Eid et al., 2019; Labaka et al., 2018).
The average age of onset ranges from 18 to 29, with a first episode usually occurring during
adolescence, causing major disruptions in critical developmental periods (Kessler & Bromet,
2013). The disease course of MDD is pleomorphic, with significant variability in rates of remission
and chronicity. Those with an earlier age of onset also have greater chances of recurrence and
higher severity of symptoms (Hollon et al., 2006; Zisook et al., 2004). However, rates of
depression are 2-fold higher in older adults (65+) than in younger cohorts (18-65), potentially due
to psychosocial factors and high-stress life experiences such as retirement, loss of loved ones, and

declining cognitive function. Estimates place the number of people suffering from depression close



to 200-250 million people, however challenges such as people not seeking help or diagnosis,
despite meeting diagnostic criteria, can confound these numbers. Depression also has a great
economic impact, with the Conference Board of Canada reporting around $32.3 billion in lost
gross domestic product (GBD, 2018).

While lowered mood is a common experience for everyone, for a percentage of the population
these feelings can become overwhelming and persistent, often accompanied by a constellation of
other symptoms which worsen day-to-day mood and functioning (Richards, 2011; Tolentino &
Schmidt, 2018). In severe cases, depression can lead to self-harm — and is also the leading cause
of suicide at any age (Cuijpers et al., 2014). Deaths by suicide have been increasing over the past
few decades, an issue that urgently needs to be addressed (World Health Organization, 2019). As
of 2015, depression was responsible for over 50% of psychiatric evaluations and 12% of
hospitalizations in the US (Kuo et al., 2015). In addition, depression is often accompanied by
serious comorbidities which can influence symptom patterns and disease severity. The most
common comorbities include anxiety disorders, hypertension, inflammation-related diseases, and
metabolic disorders (Kessler & Bromet, 2013; Krishnan et al., 2002; Rohde et al., 1991). Around
%, of those diagnosed with depression will experience multiple episodes, often making depression
a chronic disorder. Median episode length is 12 weeks, though this varies greatly (Eaton et al.,
2008). Early diagnosis of MDD is essential, as early treatment can make a large difference in later
chronicity and severity (Tolentino & Schmidt, 2018).

Diagnosis of MDD in North America follows the DSM-5 criteria, whereby 5 (or more) of the listed
symptoms should be present during a two-week (or longer) period for nearly all days and show
changes previous functioning. The criteria also identifies two critical components of depression.
The first is a pathological depressed mood, which must be separate from a normal response to
upsetting events. The second core symptom is anhedonia, or a loss of interest in activities which
used to pleasurable such as hobbies, social connections, or sexual desire. These two core symptoms
must be accompanied by at least 3 others, which can include fatigue, issues with sleeping, drastic
changes in weight, feelings of worthlessness, and general somatic symptoms of feeling unwell.
Significant variability can also exist in the symptoms outside of the two core criteria, as evidenced
by the language used in the DSM-5. Symptoms can include weight loss or weight gain, insomnia
or hypersomnia, and agitation or retardation — all opposing profiles which can complicate



diagnosis. Due to this variability, there are specifiers such as “with anxious distress”, “with

melancholic features” and more, that allow for more targeted approaches to treatment. A full list

of the DSM-5 criteria and specifiers can be found in table 1.1.

Table 1.1: DSM-5 MDD Diagnostic Criteria

Five (or more) of these symptoms, | Other Criteria: Specifiers of MDD:
present for nearly everyday for at
least 2 weeks and represent a
change from previous level of
functioning:
*Must be evident for diagnosis
1. Depressed Mood* * The symptoms cause * Severity
2. Markedly diminished clinically significant
interest or pleasure in all, or | distress or impairment in  With anxious distress
almost all, activities* social, occupational or other
3. Considerable weight loss important areas of » With mixed features
when not dieting, weight functioning
gain, or decrease or increase » With melancholic
in appetite * The episode is not features
4. Insomnia or hypersomnia attributable to the
5. Psychomotor agitation or physiological effects of a » With psychotic features
retardation. substance or to another
6. Fatigue or loss of energy medical condition  With peripartum onset
nearly every day.
7. Feelings of worthlessness or | * The occurrence of the * With seasonal pattern
excessive or inappropriate episode is not better
guilt nearly every day. explained by
8. Diminished ability to think | schizoaffective disorder,
or concentrate, or schizophrenia,
indecisiveness, nearly every | schizophreniform disorder,
day. delusional disorder or other
9. Recurrent thoughts of psychotic disorders
death, recurrent suicidal
ideation without a specific * The individual has never
plan, or a suicide attempt or | had a manic episode or
a specific plan for a hypomanic episode
committing suicide.

While the DSM-5 defines MDD as a separate diagnosis, it is important to note the overlap of
symptoms which are also associated with diagnoses of anxiety disorders, schizoaffective disorders,
and many more. Clinician expertise is needed to tease apart both appropriate diagnostic labels and

proper treatment course. In a clinical setting, patient wellness is often assessed through



standardized questions and scales to determine diagnosis and/or severity. Scales such as the
Hamilton Depression Rating Scale (HDRS), Montgomery-Asberg Depression Rating Scale
(MADRS), and the Beck Depression Inventory (BDI) are commonly used to assess severity of
depression and treatment-response. The HDRS is made up of 21 items which are graded for
severity from 0-2/3/4. An overall score of 0-7 is considered a normal or clinical remission score —
a score of 20+ indicates moderate to severe depression. Certain limitations include the exclusion
of atypical depressive symptoms such as hypersomnia or hyperphagia (Hamilton, 1960). The BDI
is a commonly used 21 item scale, with each item scored between 0-3 (total scores: 1-10, normal
mood; 17 — 20, borderline clinical depression; 31 — 40, severe depression; 40+, extreme
depression). However, total BDI scores can be influenced by maladaptive personality traits (Beck
et al., 1961). Lastly, the MADRS is the shortest scale which was developed to be more sensitive
to changes induced by pharmacotherapy. Focusing on core symptoms, it has 10 items which are
scored between 0-6 (Svanborg & Asberg, 2001). Clinicians also focus on symptoms such as
pessimistic thinking, memory complaints, house cleaning, and grooming behaviours — often

indicators that functioning has been significantly impacted.

In an attempt to move away from strict diagnostic labels and include the impact that various
comorbidities may have on disease course, the National Institute of Mental Health (NIMH)
developed the Research Domain Criteria (RDoC) initiative, whereby classifications would be
based on various behavioural dimensions and other biological indicators (NIMH, 2008). The
RDoC matrix is a four-dimensional model of the original two-dimensional framework, which
highlights how traditional domains of neuropsychiatric illness, and the units which we use to
analyze them, exist within a specific environmental context that can develop throughout the
lifetime. This viewpoint then encompasses the influence that genetics, molecules, physiology, and
behaviour can have on depressive pathophysiology within different environmental contexts
(Cuthbert & Insel, 2013). While initially developed in 2008, the lack of consistent biomarkers for
depression and other neuropsychiatric disorders has stalled progress on the implementation of the
RDoC into common clinical practice.

The development of biomarkers for depression could help to inform individual therapeutic
response, necessity of pharmacotherapeutic treatments, and clarify diagnostic categories.
However, the discovery of neuropsychiatric biomarkers has faced a significant number of



challenges, particularly given the heterogeneity of depression and inability to distinguish between
different neuropsychiatric disorders (Gururajan et al., 2016; Schmidt et al., 2011; Strawbridge et
al., 2017). A significant amount of research has been put towards the analysis of saliva, tissue,
blood, cerebrospinal fluid (CSF), and other samples with little fruition towards a strict set of
biomarkers that can be used for diagnosis or as a predictor of therapeutic response. In response to
these failures, research has started to expand on the development of biomarker panels in lieu of a
single-biomarker approach. Promising areas have included metabolic and endocrine systems, both
impacted by exposure to stress. However, in order to further biomarker research to a place where

it can be clinically useful, we must understand the potential underlying mechanisms of depression.
1.2.1 Hypotheses on the etiology of depression

As previously discussed, MDD is the most prevalent neuropsychiatric disorder globally. Despite
this prevalence rate, the underlying pathophysiological mechanisms of depression are still
unknown. Challenges in uncovering these mechanisms include the heterogeneity of MDD, as well
as the differing genetic and environmental contributors that mediate the development of
depression. Due to these variances, we cannot assume that depression has one etiological basis and
should consider a variety of causes that may precede or contribute to the development of depressive
pathophysiology. Biological factors which can influence depression include neurological,
endocrinological, immunological, and genetic factors that are all influenced by sex, age, and
exposure to stress (Kendall et al., 2021; Schmidt et al., 2011; Shadrina et al., 2018). Environmental
factors can include exposure to stressors such as childhood trauma and long-term adversities, as
well as lack of social support and different socioeconomic statuses. In addition, personal factors
which can mediate depression onset include personality traits, cognitive ability, and sociability;
for example, depression is more often observed in those who would be characterized as neurotic
and conscientious (Klein et al., 2011). Therapeutic outcomes can also be influenced by personality
traits, as those who score high in trait-based neuroticism respond better to pharmacotherapy when
compared to psychotherapy (Bagby et al., 2008). Put together, the etiology of depression is
complex and made up of a combination of biological, environmental, and personal factors which

can influence onset of depression, symptom patterns, and course of disease.

MDD is considered to be moderately heritable, with twin studies suggesting a heritability rate
between 40% - 50% (Sullivan et al., 2000). Relative risk (RR) ratios of MDD are around 2 to 3



when comparing those with diagnosed first-degree relatives in comparison to the general
population (Gershon et al., 1982; Maier et al., 1992; Weissman et al., 1982). However, these RR
ratios increase significantly in cases where MDD has an early onset and/or recurrent episodes
(Marazita et al., 1997; Weissman et al., 1982), suggesting that moderate to severe cases of MDD
have higher heritability rates. There are also sex differences across heritability rates, with twin
studies determining MDD was significantly more heritable in women than men, though most of
the genetic risk factors for depression were shared between sexes (Kendler et al., 1999, 2000,
2001). Genome-wide association studies (GWAS) have identified certain risk factors, however
most of these studies have yet to be replicated (Shadrina et al., 2018). Meta-analyses have also
failed to identify any one locus responsible for depressive disorders, indicating that genetic
predisposition to MDD is controlled by coordination of a multitude of varying genes and their
interactions with environmental stressors (Shadrina et al., 2018).

Given the early focus on the monoaminergic hypothesis (described in detail later in this section),
a significant amount of research looked to genes which encode for monoaminergic-related
signalers. SLC6A4 encodes for the serotonin transporter (SERT), which drives the reuptake of
serotonin from the synaptic cleft. A polymorphism in the promoter region of SLC6A4 has been
associated with availability or absence of a 44 bp fragment (Heils et al., 1995). The available (L)
and absent (S) alleles mediate the expression of SLC6A4 mRNA, whereby the L allele has an
increased capacity to reuptake serotonin. Further research indicated a certain single nucleotide
polymorphism rs25531 (A — G) increased the reuptake capacity of the S allele to parallel the
abilities of the L allele (Kraft et al., 2005), further complicating and distorting earlier human
studies. More recent meta-analyses found that S allele carriers have a 1.14-fold increased risk for
depression, though significance was not met due to many conflicting results (Oo et al., 2016). This
example demonstrates the heterogeneity and complexity needed to analyze genetic contributions
to depression. Another focus for genetic studies has been HPA axis-associated genes, given the
role that chronic stress plays in the development of MDD. Age of depression onset has been
associated with polymorphisms in genes which encode for glucocorticoid and mineralocorticoid
receptors (NR3C1 and NR3C2) (Klok et al., 2011; Schatzberg et al., 2014). In addition, genes
which encode CRH receptors (CRHR1 and CRHR2), a hormone associated with the stress
response, have been implicated repeatedly in the development of depression and its reoccurrence
(Liu et al., 2006; Szczepankiewicz et al., 2013; Xiao et al., 2011).
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Lastly, one of the most commonly described polymorphisms is a functional missense
polymorphism that substitutes methionine with valine in codon 66 of BDNF (Val66Met). BDNF
has been consistently implicated in the pathophysiology of MDD, as well as treatment response to
pharmacotherapeutic and non-pharmacotherapeutic interventions. Disturbances in the maturation
of BDNF have been observed, and a certain single nucleotide polymorphism is generally
associated with lowered BDNF activity (Baj et al., 2013; Chen et al., 2004). However, the
appearance of this polymorphism is significantly higher than the prevalence of depression (25% -
32% of European populations and 40% - 50% of Asian populations) — indicating it does not solely
explain the occurrence of MDD (Verhagen et al., 2010). Inconsistency between studies also
prompted a meta-analysis which did not confirm previous associations between BDNF
polymorphic variants and MDD (Liu et al., 2009; Verhagen et al., 2010). Evidently, variability in
depression-associated genetics research complicates conclusions that can be drawn. Nevertheless,
research has outlined the important role that genetics plays in vulnerability for depression — as
there are often no obvious associations between relapses and various environmental factors such

as demographic, familial, and psychosocial contributors (Burcusa & lacono, 2007).

At the crux between environmental and genetic changes in depression is epigenetics, a field which
has surged over the past two decades. DNA methylation, whereby a methyl group is added in the
5’ position of cytosines in CpG dinucleotides (Newell-Price et al., 2000) via DNA
methyltransferases (DNMT) was the first discovered mechanism of epigenetic modification. This
methylation process decreases the access that transcription factors have to DNA regulatory
elements and can provide a quantitative measure of transcriptional repression (Bibikova et al.,
2011). In addition, posttranslational histone modifications including but not limited to methylation,
acetylation, and phosphorylation can also affect the transcriptional state of the chromatin (Allis &
Jenuwein, 2016). A multitude of research has demonstrated epigenetic changes after exposure to
environmental stressors, particularly early adverse events (Klengel et al., 2014; Mill & Petronis,
2007; Tsankova et al., 2007). Demethylation of FKBP5 and methylation of NR3C1, genes which
regulate glucocorticoid receptor expression, have been associated with individuals who
experienced child abuse and other early life trauma (Klengel et al., 2013; Labonté et al., 2012;
Suderman et al., 2012). Decreased methylation of the SLC6A4 promoter has also been associated
with exposure to environmental stress (Alasaari et al., 2012) and correlated with depressive
symptoms (Zhao et al., 2013). Associated to the genetic markers addressed above,
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hypermethylation of the BDNF promoter was able to differentiate between suicide and non-suicide
post-mortem samples (Keller et al., 2010), though peripherally there may be decreased methylation
in depressed participants (Fuchikami etal., 2011). Various epigenetic modifications have also been
associated with antidepressant efficacy (Menke & Binder, 2022), such as in the P11 and Homerl
promoter region (Melas et al., 2012; Sun et al., 2021). The epigenetic changes mentioned are just
a few across the breadth of research of the role of epigenetics in the etiology of depression,
particularly as the field is still relatively new (Mourtzi et al., 2021). Further complicating the role
of epigenetics in response to chronic stress, the human brain has unique epigenetic changes not
observed in the periphery, including high levels of noncanonical cytosine methylation (non-CG)
which is inversely correlated with gene expression (Luo & Ecker, 2015). All of these complexities

should be considered in the discussion of epigenetic modifications in neuropsychiatric disorders.

Twin studies have revealed that while shared environmental influences seem to have little effect
on the development of depression, individual environmental factors appear to contribute to nearly
63% of MDD (Sullivan et al., 2000). One of the most significant environmental contributors to
depression is chronic stress. While acute stress is adaptive and often beneficial, increasing short-
term plasticity and memory, chronic stress or a severe stressor can cause normal responses to
become dysregulated, harming the individual. Experiencing an extremely adverse life event, which
is associated with later chronic stress, can increase the risk of developing depression in the
following months by 5- to 16-fold (Kendler et al., 2001; Sullivan et al., 2000). Early adverse events
are often a major predictor of the development and severity of depression, often related to
childhood emotional, physical, or sexual abuse (Cheasty et al., 1998; Lindert et al., 2014; Shapero
et al., 2014). Other lifetime stressors associated with the development of depression include
financial issues, divorce, harassment, and the death of a loved one among many others. Related to
financial difficulties and other social factors, groups with lower socioeconomic status often have
higher rates of depression (Miech & Shanahan, 2000; Schiavone et al., 2015). Chronic social
disconnectedness and perceived social isolation have recently been identified as strong mediators
of symptom severity of depression and anxiety (Santini et al., 2020), an effect that is mimicked in

certain animal models exposed to stress (Weintraub et al., 2010).

Chronic stress has also been hypothesized to mediate recurrent episodes of depression, with each
episode decreasing the stress threshold to cause the subsequent one (Kendler et al., 1999; Morris
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et al., 2010). A large twin study revealed that the role of stress in catalyzing another episode
decreases with increasing episodes, as the relationship between adverse life event and depressive
symptom onset decreased after the 5 — 6™ episode (Kendler et al., 2000, 2001). This has been
paralleled in chronic corticosterone administration paradigms, whereby rats exposed to repeated
cycles of corticosterone are sensitized to the development of depressive-like behaviour, including
exacerbation of neurochemical changes which struggle to recover after multiple cycles (Lebedeva
etal., 2017, 2020).

Biological information also supports the role that stress response dysregulation plays in depression.
High levels of cortisol have also been consistently associated with depression, as those diagnosed
with Cushing’s disease (elevated ACTH secretion and excessive cortisol levels) have significantly
higher levels of depression than the general population (Kelly et al., 1983; Starkman et al., 1986).
Hippocampal atrophy and other neurobiological changes have also been associated with the
development of depression and increasing symptom severity over time (Bremner et al., 2000;
Sheline et al., 2003; Videbech & Ravnkilde, 2004). The larger question becomes the discovery of
what mediates the relationship between gene-environment dysregulation that can lead to
depression. The following discussion describes two of the major theories: the monoaminergic
hypothesis, which has largely fallen out of favour due to the challenges with monoaminergic-based

antidepressants, and the more novel neuroplasticity hypothesis.
1.2.1.1 The monoaminergic hypothesis

The monoaminergic hypothesis was developed over 70 years ago (Schildkraut, 1965), based on
the observations that reserpine (an antihypertensive agent) precipitated depressive symptoms
alongside its depletion of serotonin (Freis, 1954). In addition, evidence that reserpine impacted the
vesicular storage of serotonin and other monoamines strengthened the hypothesis that depressive
symptoms may be related to a decrease in efficacy of the monoaminergic system. In addition, the
antimycobacterial agent iproniazid increased mood in tubercular patients, leading to the discovery
that iproniazid acted as a monoamine oxidase inhibitor (MAOI) (West & Dally, 1959). MAQIs
function by inhibiting the degradation of free monoamines in presynaptic nerve terminals, once
again implicating the monoaminergic system in depression. As a group, monoamines include 5-
HT, dopamine, norepinephrine, and epinephrine which mediate functions such as mood, sleep,

appetite, reward, the fight-or-flight response, and concentration — all implicated in the
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pathophysiology of depression. While this led the basis for most antidepressants used today, as
discussed later in this thesis, several major issues have led the monoaminergic hypothesis to fall
out of favour. One of the primary issues is the discrepancy between the biological actions of
monoaminergic-based antidepressants and the observed clinical effects, with increases in
monoamine availability happening immediately in contrast to the delayed therapeutic actions.
While medications such as serotonin-selective reuptake inhibitors (SSRIs) inhibit the serotonin
transporter (SERT) and increasing monoamine availability within hours, therapeutic actions often
take weeks to occur (Rush et al., 2006). Research has attempted to improve this efficacy by
creating compounds which target both 5-HT1A receptors and SERT, such as vilazodone. However,

no changes were observed in therapeutic time-course (Sahli et al., 2016).

Despite these challenges, the monoaminergic system is still implicated in the pathophysiology of
depression. Serotonin has been the monoamine most extensively researched, with previous
research showing significant alterations in 5-HTergic molecules (Stockmeier et al., 2004).
Regional and age specificity has also been shown, with younger participants demonstrating an
increased SERT availability in the hypothalamus, but older adults having decreases in brainstem
SERT availability (Dahlstrom et al., 2000; Malison et al., 1998). Evidently, the majority of these
studies are older, and the consistency of results related to serotonergic changes has been heavily
debated (Moncrieff et al., 2022). More recently, there has been the initial promising actions of
serotonergic psychedelics, whose hallucinogenic activity and potential therapeutic value is
hypothesized to be mediated through 5-HT2a receptor agonism (LOpez-Giménez & Gonzalez-
Maeso, 2018; Rolland et al., 2014). Abolishing the 5-HT2a receptor activity is also able to prevent
their antidepressant-like effects in rodent model, suggesting that serotonergic signaling is involved
in changes of behaviour and neuroplasticity (Ly et al., 2018; Pedzich et al., 2022).

Serotonin and related signaling also appears to be implicated in suicide, with peripheral and central
biomarkers of tryptophan, SERT, and binding efficacy of receptors being able to differentiate
between those with suicidal ideation or attempt, those who died by suicide, non-suicide
participants with MDD, and HCs (Johnston et al., 2022). In addition, previous work from our group
has demonstrated abnormalities in lymphocytes, with altered patterns of SERT and 5-HTza
receptor membrane protein clustering (MPC) in lipid rafts (Caruncho et al., 2019). Specifically,

we have shown that both the number and size of 5-HTa receptor clusters are increased in naive
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participants with depression, and the size of SERT clusters was also increased (Rivera-Baltanas et
al., 2012, 2015). In addition, the distribution of SERT and 5-HT2a receptor MPCs was able to
differentiate two subpopulations of naive depression patients, despite both groups having identical
HDRS scores before treatment. However, these two subpopulations responded differently to
treatment; those with a higher percentage of larger clusters had significantly higher response and
remission rates (Rivera-Baltanas et al., 2015). These results indicate that MPC of 5-HTergic
proteins may be an effective putative biomarker for therapeutic response rates (Caruncho et al.,
2019). These alterations have also been paralleled in a chronic corticosterone model for the study
of depressive-like behaviour, as well as mice with genetic vulnerabilities to stress exposure
(Romay-Tallon et al., 2018).

Despite some of these promising results, a recent meta-analysis found no consistent results on the
role of serotonin in depression since the inception of the monoaminergic hypothesis until the end
of 2020; perhaps serotonin may be involved in subsets of depression, or as an indicator of
therapeutic responsiveness, but it appears as a general biomarker serotonin and its related
molecules have fallen out of favour (Moncrieff et al., 2022). Similarly, the lack of consistency in
results regarding the role of dopamine and norepinephrine have cast doubt on the monoaminergic
hypothesis. It is evident that research on mechanisms outside of monoaminergic changes is
necessary in order to find effective therapeutics that have reliable and fast-acting effects in those
diagnosed with depression.

1.2.1.2 The neuroplasticity hypothesis

The failures of the monoaminergic hypothesis to address the complexity of depression, researchers
shifted to focus to other potential mechanisms that underlie depressive pathophysiology. One of
the most consistent major findings was the parallels between the molecular changes induced by
antidepressants and those that underlie synaptic plasticity. Neuroplasticity is the process by which
the brain is able to reorganize connections in response to external experience and synaptic
plasticity, how synapses are able to change strength or efficacy of their transmission, controls a
significant amount of behaviour (Citri & Malenka, 2008). Chronic stress has been known to impact
these systems for decades and affect neuroplasticity and neuroplasticity-related behaviours such
as learning and memory (McEwen, 1999; Shors et al., 1989), which could account for many of the

changes observed in depression.

15



Behaviourally, patients diagnosed with MDD exhibit significant deficits in cognition, attention,
concentration, and memory which correspond with functional impairments in the dorsolateral
prefrontal cortex (DLPFC), medial temporal lobe, and hippocampus (Baxter et al., 1989; Harvey
et al., 2005; Kritchevsky et al., 2004; Zakzanis et al., 1998). Chronic stress or treatment with high-
dose glucocorticoids are also known to decrease hippocampal-dependent memory, a process
heavily dependent on neuroplasticity (Sapolsky, 2003; Shors, 2006). Long term potentiation (LTP)
whereby increased excitatory transmission leads to a long-lasting increase in communication
between neurons, and its opposite long-term depression (LTD), have both been implicated in the

stress response (Kim & Diamond, 2002).

On a molecular level, a significant amount of research has implicated neuroplasticity, or lack
thereof, in depression. Decreases in calcium and cyclic AMP (CAMP) have been noted in animal
models used to study depression and are known to be mediated by monoaminergic signaling —
potentially explaining some portion of the therapeutic response to traditional antidepressants
(Shelton et al., 1996; Thome et al., 2002). Local calcium influx is considered a good measure of
neuronal activity, given that it most commonly derives from NMDAR activation. NMDARs are
considered “coincidence detectors” for excitatory signaling, as they can only be opened when both
the presynaptic and postsynaptic cells are simultaneously depolarized — a coincidence which
appears to be required for most forms of homosynaptic plasticity (Hebb, 2005). Calcium-
calmodulin-dependent kinases, whose release is induced by calcium increases, can also promote
the insertion of AMPAR receptors in the post-synaptic membrane, increasing excitatory
transmission at the synapse (Colbran & Brown, 2004). The insertion of AMPAR into the post-
synaptic membrane can also “unsilenced” so-called “‘silent synapses”, a synapse where the post-
synaptic membrane contains only NMDARs and therefore cannot be activated (Malenka & Nicoll,
1997). Increases in the expression of AMPARSs, and particularly the GIuA1 subunit, have been
associated with both traditional and non-traditional antidepressant efficacy (Dong et al., 2018;
Duman et al., 2019; Qi et al., 2009).

Many other molecular mechanisms of neuroplasticity have been implicated in depression and
antidepressant efficacy (Liu et al., 2017; Pittenger & Duman, 2008), however some of the strongest
evidence towards the neuroplasticity hypothesis of depression has been the discovery of ketamine,
an NMDAR antagonist with fast-acting antidepressant effects previously unseen. The ability of
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ketamine to significantly reduce depressive symptoms within an hour sparked a surge of renewed
interest in antidepressant therapeutics. The elucidation of the underlying mechanisms of ketamine
has found substantial effects on glutamate-driven neuroplasticity, with clinical effects within hours
and molecular changes that can be observed within minutes in animal models (Aleksandrova &
Phillips, 2021; Kavalali & Monteggia, 2015; Yao et al., 2017). Described in further detail later in
this dissertation, the discovery and untangling of ketamine’s effects have been some of the greatest

contributions to the field of depression and neuroplasticity.
1.2.2 Treatment-resistant depression

Today’s commonly prescribed therapeutics, based on the monoaminergic hypothesis, are often not
effective within the first antidepressant trial. In clinical practice, around 50 — 60% of patients do
not reach an adequate response with first-line treatment (Rush et al., 2006), which has led to the
diagnostic concept of treatment-resistant depression (TRD). While there is no set definition, TRD
is typically defined as a failure to respond (usually determined as reaching remission) to at least
two antidepressant trials of adequate duration and dose (Berlim & Turecki, 2007; Fava, 2003; Fava
& Davidson, 1996; Thase et al., 2001). Degrees of treatment-resistance are also often classified,
taking into account criteria such as the amount of initial response, which therapies were used, and
whether combination or augmentation strategies were employed (Fava, 2003). There have been
multiple predictors described for treatment-resistance, though findings have been inconsistent. A
recent meta-analysis found that there are different clinical and sociodemographic predictors for
non-responders and non-remitters. Non-response was associated with longer depressive episodes,
greater amounts of hospitalizations, suicidal ideation, and a comorbid anxiety disorder. The
response of non-remitters was mediated by comorbid anxiety symptoms and personality disorder
diagnosis, as well as severity of illness — though these were interestingly modulated by marital
status in certain cases (de Carlo et al., 2016). Patients who are treatment-resistant also often have
an increased severity of disease course and a greater number of reported somatic symptoms
(Papakostas et al., 2003).

Interestingly, patients with TRD appear to have certain distinct underlying pathophysiology when
compared to those who respond to first-line treatment (Smith, 2013). Inflammation appears to be
uniquely associated with TRD, with elevated levels of molecules such as C-Reactive Protein, TNF-

a, and various pro-inflammatory cytokines often being associated with treatment-resistance
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(Strawbridge et al., 2015; Yang et al., 2019). BDNF polymorphisms in combination with specific
5-HT1a genotypes have also been implicated in TRD (Anttila et al., 2007), though serum levels of
BDNF were not predictive of later treatment-response to electro-convulsive therapy (Fernandes et
al., 2009). Metabolites of monoamines can also differentiate between first-line responders and
TRD participants, particularly an elevation in CSF levels of the dopaminergic-derived
homovanillic acid (Aklillu et al., 2009). More recently, neuroimaging has revealed that gamma
power could be a powerful predictor of antidepressant treatment response, particularly to novel
antidepressants such as ketamine (Gilbert & Zarate, 2020). Evidently, the need to consider
treatment-resistance in the search for novel therapeutics and underlying mechanisms of depression
is imperative. Insight from a multitude of sources, including clinicians, researchers, administrators,
and most importantly — patients themselves, is necessary to begin the next phase of research on
diagnosis and treatment of depression.

1.3 Importance of patient-oriented research

Over the past 5 years, our laboratory has prioritized the inclusion of patient partners in our research.
Despite not treating patients directly, we are foundational researchers who focus on the discovery
and investigation of basic mechanisms and are in the unique position to work alongside patients
with lived experience (PWLE) in mental health disorders. Before the beginning of this section, it
is important to note that those who have been diagnosed with mental health disorders encompasses
a great amount of people; often, there are no boundaries between the terms “patient”, “clinician”,
and “researcher”, and it is important to consider that we are not discussing disparate groups and

overlap may create unique stigma.

The benefits of including patients into healthcare research is innumerable: the relevance and
quality of research increases due to the experiential knowledge of patients, shared decision-making
leads to increased participation, satisfaction, and treatment adherence (Sacristan, 2013), and
patient partners can often bring their own individual skills to the research group, such as statistical
expertise or creating promotional materials by those with backgrounds in mathematics or graphic

design.

Defining patient-oriented research (POR) is essential to properly conduct and incorporate it into
laboratory-based, referred to as foundational here, research. Loosely, POR supports prioritizing

active partnership between various stakeholders such as patients, clinicians, and researchers to
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advance improvements in our current healthcare models. Current “evidence-based” models of
foundational research leave little room for patient-input, particularly in Canada (Krahn & Naglie,
2008; Schunemann et al., 2006; Whall et al., 2021). The United Kingdom’s National Institute of
Health Research (NIHR) has focused more on POR over the past few decades and have set up six
comprehensive standards for public involvement. These six standards provide an in-depth
framework to support relationships between those who work in healthcare and the public, as well
as function as a checkpoint to ensure that these relationships are on track. The six standards reflect
communications, governance, impact, working together, inclusive opportunities, and support and
learning. Internationally, the International Association for Public Participation (IAP2) has
provided a strong set of core values and guidelines for the inclusion of the public in research,

however for the purpose of this dissertation | focus on Canadian guidelines and goals.

Following the development of international standards, the Canadian Institute of Health Research
(CIHR) developed the Strategy for Patient-Oriented Research (SPOR). One of SPOR’s central
tenets is that of patient engagement, which is defined as “occurring when patients meaningfully
and actively collaborate in the governance, priority setting, and conduct of research, as well as in
summarizing, distributing, sharing, and applying its resulting knowledge” (CIHR, 2014). In
addition, their hopes to shift the role of the patient from passive receptor of treatment to proactive
research partner greatly aligns with our goals to incorporate POR into foundational research.
Despite growth and funding towards inclusion of patient partners, there are still significant

challenges that can impede on the proper incorporation of POR into healthcare research.

Some of the main exclusion mechanisms encountered by PWLE are behaviours (e.g. affording less
respect, speaking time, or attention) and communications (e.g. having concerns dismissed or
translational barriers) that disregard their input (Elberse et al., 2011; Williamson, 2008). The
translational gaps between laboratory-based research, clinical sciences, public health
administration, and the public can create inadvertent barriers that exclude PWLE. Jargon and
specialized techniques of each separate group creates difficulties when attempting to collaborate
and merge various fields of study to gain input from more diverse groups. Other deficits in clinical
practice guidelines can often be attributed to lack of consideration of patient preferences, as key
factors such as socioeconomic or work status are rarely incorporated into treatment plans. Recent

research demonstrated that even with reported positive attitudes towards patient engagement,
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biomedical scientists and service workers still ranked perceived expertise over experience,
disregarding input from PWLE (Boaz et al., 2016).

Contrasts in research priorities between clinicians and PWLE have recently been described by the
“Alberta Depression Research Priority Setting Project”, which aimed to gain insight into the most
important unanswered questions for clinicians and patients in depression research. For instance,
where clinicians prioritized understanding mechanisms underlying antidepressants and
contributing genetic factors, PWLE were more invested in determining long-term physical
implications of pharmacotherapy and cost-benefit analyses of specific therapeutics (Breault et al.,
2018). It is evident that realigning our priorities as healthcare practitioners and researchers to
include patient priorities is essential, particularly those of diverse backgrounds.

This lack of consideration has led to the proposal of a patient emancipation movement, which
favours greater personal autonomy, more control over medical decisions, increased knowledge
sharing and respect from medical professionals and healthcare systems (Williamson, 2008). In
particular, patients who have lived experience with neuropsychiatric disorders often face unique
challenges in comparison to other patients, as stigma against those diagnosed with a mental health
disorder is still highly prevalent. In general, people with lived experience (PWLE) are viewed as
less competent to make autonomous decisions, a bias which does not account for differences in
disorder severity or changes in cyclical well-being. This systematic discrimination has created
barriers in forming equal partnerships between PWLE and researchers. While there are risks
related to capacity of each individual to participate in research, thorough and consistent discussions
on roles and responsibilities can help prevent any potential negative effects or unfair burdens on
PWLE. In circumstances such as this, the inclusion of family members and caregivers can be
extremely valuable, such as with shared decision-making with in-patients diagnosed with
schizophrenia (Hamann et al., 2006, 2007).

The participation of diverse PWLE can also be impeded by facets of systemic discrimination.
Disparities in access to health research are well-documented, however the specific exclusions or
discrimination in POR has yet to be studied. Systemic discrimination has been repeatedly recorded
in healthcare settings including lower quality of treatment, clinical trial participation bias,
socioeconomic barriers, and barriers to proper healthcare access (Ayhan et al., 2020; Casey et al.,
2019; Hall et al., 2022; Shavers et al., 2012; Thornicroft et al., 2007), which could all impact
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patient engagement in research. For instance, research has shown that patients are more
comfortable when a clinician is of the same race and gender (Owens et al., 2020), which could
transfer to a PWLE-researcher relationship. However, lack of representation amongst Canadian
University faculty members could contribute to greater discomfort for patient partners. For
instance, data from 88 Canadian Universities show that out of full-time faculty, 40.2% were
women, 20.9% were non-white, 1.3% were indigenous, 21.8% had diagnosed disabilities
(Universities Canada, 2019; UVic, 2018), and no data was collected for LGBTQIA2S+ members.
Particularly in STEM-based research, an umbrella which includes biomedical sciences, the “leaky
pipeline” phenomenon leads to loss of diverse faculty members due to greater marginalization.
Increasing diverse representation in university research should be prioritized in order to promote

diverse patient participation and input.

Other challenges include attempts to quantify patient involvement, which is often of a qualitative
nature. While many fields including psychology and sociology welcome qualitative methods,
biomedical fields (particularly laboratory-based) are still biased towards quantitative measures,
which could ignore essential information (Caron-Flinterman et al., 2005). Foundational scientists
would also need education on qualitative measures and meaningful extraction of data. Related to
this, experience and training on how to adapt experiential data to experimental questions that can
be addressed in a laboratory setting is still missing from the field. One of the biggest challenges in
this translation is the erasure of individual variables from foundational research, which often aims
for consistency in comparison to the heterogeneity present in the majority of neuropsychiatric
disorders. While steps are being made to increase patient engagement and involvement in clinical
and public health research, the paucity of patient participation in laboratory-based foundational
research is clear. Specific barriers that are present for PWLE with neuropsychiatric disorders and
different marginalized groups also need to be addressed through proper representation and

breakdown of gaps in translation to encourage full engagement of patient partners.
1.4 HPA Axis and MDD

Stress, whether chronic or acute, is an emotional or physiological response to perceived threats. In
acute stress conditions, this response can help respond to dangerous situations or anticipate proper
responses to threats. Exposure to a stressor stimulates an endocrinological cascade that is called

the hypothalamic-pituitary-adrenal (HPA)-axis, which attempts to maintain homeostasis in the
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brain and body (Herman & Cullinan, 1997). Generally, activation of the prefrontal cortex and
hippocampus is needed to later suppress HPA-axis activity in a negative feedback loop that
prevents overactivation. However, under chronic stress, this homeostatic mechanism is disrupted,
leading to interruptions in functions such as the inflammatory response, emotionality,
neuroplasticity, digestion, and energy storage. As pictured in Fig. 1.1, after exposure to an acute
stressor, axonal terminals in the hypothalamic paraventricular nucleus (PVN) release
corticotropin-releasing factor (CRH), which stimulates the release of adrenocorticotrophic
hormone (ACTH) from the anterior pituitary gland. ACTH is then able to stimulate glucocorticoid
release from the zona fasciculata of the adrenal cortex. In humans, the primary stress hormone is
cortisol, analogous to corticosterone (CORT) in rodents. Normal cortisol release is cyclical, with
increased levels in the mornings and decreasing throughout the evening, a cycle controlled by the
suprachiasmatic nucleus (Adam et al., 2010). Release of cortisol can happen in the span of minutes
after synthesis, as it is not stored in vesicles (Gjerstad et al., 2018), which allows for the quick
mobilization of energy stores to escape direct threats. This fast shift in energy stores from non-
essential functions to those needed to escape can become deleterious under conditions of chronic
exposure to stress, which has been linked to the development of depression (Holsboer, 2001,
Pariante, 2003).
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Figure 1.1 The HPA axis under stress conditions. After an acute stressor, the paraventricular nucleus in the
hypothalamus secretes CRH, targeting the anterior pituitary gland. The pituitary then releases ACTH to stimulate the
release of cortisol from the adrenal glands. Cortisol is able to diffuse through the blood brain barrier and bind to
glucocorticoid receptors (GRS) in the cytosol of target cells, activating the negative feedback loop to shut off the stress
response. However, in times of chronic stress, increases in CRH, ACTH, and cortisol can be maladaptive, leading to
a downregulation of GRs and dysregulation of the negative feedback loop. Hypercortisolemia is observed in nearly
60% of patients diagnosed with depression, heavily implicating the stress response in depression. Figure created in
BioRender by author.

As stress hormones are lipid soluble, they can pass through cellular membranes with ease where
they bind to cytosolic mineralocorticoid (MR) and glucocorticoid receptors (GR) (de Kloet et al.,

1990; Koning et al., 2019). As glucocorticoids have ~10-fold greater binding affinity to MRs than
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GRs, MRs are generally activated in basal conditions and GRs under stress conditions (Reul & de
Kloet, 1985). While MRs are expressed primarily in peripheral tissues and limbic brain regions,
GRs are expressed nearly ubiquitously, with particularly high levels in the prefrontal cotex,
amygdala, and hippocampus (de Kloet et al., 2005; Reul & de Kloet, 1985). Chronically high-
levels of glucocorticoids desensitize GRs, which decreases the functionality of the negative
feedback system of the HPA-axis (de Kloet et al., 1998). Following the overactivation of the HPA
axis, research has shown decreases in dendritic arborization and increased neuronal apoptosis in
the hippocampus and prefrontal cortex (McEwen, 2017, McEwen & Morrison, 2013; Mitra &
Sapolsky, 2008; Sapolsky, 2003). In addition, dendritic hypertrophy has been observed in the
amygdala, an area associated with fear response (Hoffman et al., 2017; Mitra & Sapolsky, 2008).

Unusually stressful events, such as grief or divorce, are well-known risk factors for the
development of depression (Kessing, 2004). High levels of plasma cortisol have also been
consistently reported in patients diagnosed with MDD (Gibbons & McHugh, 1962; Heim et al.,
2008; Pariante & Lightman, 2008), findings which corroborate with research demonstrating
increases in CRH and ACTH in both central and peripheral tissue (Banki et al., 1987; Carroll et
al., 2007; Nestler et al., 2002). Those who died by suicide or who are experiencing suicidal ideation
also have increases in levels of CRH and cortisol in blood, hair, and saliva (Johnston et al., 2022).
Responsiveness to antidepressant treatment has not been consistently associated with cortisol
levels (Nandam et al., 2020), but ECT and antidepressants have been shown to normalize HPA-
axis function (Du & Pang, 2015; Holsboer, 2001; Mason & Pariante, 2006; Pariante, 2003;
Pariante & Lightman, 2008). Discussed in further detail later in this thesis, chronic injections of
CORT or exposure to chronic stressors in rodents can also lead to reliable models for the study of
depression. In pre-clinical models, chronic antidepressant treatment can normalize GR density and
stimulate GR gene transcription (Heiske et al., 2003). Lastly, hypercortisolemia is seen in ~60%
of depressed patients, though it is unlikely that this directly causes depression (Carroll et al., 2007;
Holsboer, 2001). It is evident that the HPA-axis plays a major role in depression and needs to be
explored further.

1.5 Glutamatergic signaling and MDD

Over the past two decades, the direct modulation of the glutamatergic system has received

considerable attention as a novel approach for treating major depressive disorder (MDD). This
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attention was catalyzed by emerging clinical evidence showing that subanesthetic doses of the
non-competitive allosteric N-methyl-D-aspartate receptor (NMDAR) antagonist ketamine have
rapid and long-lasting antidepressant effects in patients with treatment-resistant depression. As the
primary excitatory neurotransmitter, glutamatergic neurons make up over half of excitatory
neurons. Synthesized from glutamine by glutaminase, a mitochondrial enzyme, glutamate is
packaged in vesicles to be released after cell depolarization. Glutamate is unable to be degraded
in the extracellular space, so it is taken up by excitatory amino acid transporters (EAATS) that are
present on presynaptic neurons and astrocytes. Astrocytes are able to reconvert glutamate to

glutamine, which is then trafficked back to the neuron to restart the cycle.

Glutamate binds to three main subtypes of ionotropic receptors: AMPARs, NMDARs, and kainic
acid receptors which open to allow sodium, potassium, and calcium ions to pass through, gating a
depolarizing current. In addition, glutamate is able to activate slower-acting metabotropic
receptors (8 subtypes of 3 main groups, mGIuR I/11/111). These mGIuRs are linked to varying G-
proteins and second messenger signaling pathways, with mGIluR1 and mGIuR5 being associated
with Gq and Gjwith mGIluR2, mGIuR3, mGluR4, mGIuR6, mGIuR7, and mGIuR8 (Niswender &
Conn, 2010). Of note, certain ionotropic receptors also hold metabotropic functions. Kainate
receptors are unique in that they can either increase or decrease excitatory signaling dependent on
receptor location (pre- vs. post-synaptic neurons) (Contractor et al., 2011; Valbuena & Lerma,
2021). In the context of depression, most research has focused on the dysregulation of AMPARS
and NMDARs.

In general, plasma levels of glutamate, glutamine, and glycine are increased in patients with
depression — an increase that is associated with Hamilton Depression Rating Scale scores (Mitani
et al., 2006; Hunag et al., 2021). Other studies have found elevated glutamate expression in the
frontal cortex, where it may contribute to excitotoxicity (Hashimoto et al., 2007; Kantrowitz et al,
2021). However, most research has focused on determining the roles of glutamate receptors in
depression and antidepressant therapeutics.

Rapid excitatory transmission is primarily mediated through AMPAR activation (Thompson et al.,
2015), which are ubiquitously expressed throughout the brain and spinal cord and are made up of
four receptor subunits (GIuA1 — 4) that impart distinct ion selectivity, function, kinetic properties,

and trafficking. GIuA2 subunit-containing receptors restrict Ca>* permeability, which are able to
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decrease channel conductance and play an important role in consolidation of long-term
potentiation. Increasing throughput of both Ca?* permeable and impermeable AMPARS have been
prioritized in antidepressant research, as significant changes in synaptic connectivity have been
associated with both symptom presentation and therapeutic response (Liu & Zukin, 2007). The
affinity of glutamate to each subunit is increased with increased binding site occupancy, and the
channel requires 2 or more subunits to have bound glutamate to open (Prieto & Wollmuth, 2010).
Importantly, AMPAR activation is also an important component of NMDAR signaling, which
requires cellular depolarization to remove a voltage-sensitive magnesium block and become

calcium permeable (Banke et al., 2005; Hayashi et al., 2014).

Excitatory transmission can lead to increased trafficking of AMPARSs to the synapse, where it is
inserted in the post-synaptic membrane and situated in the post-synaptic density (PSD). Increased
surface insertion of AMPARs is able to further increase excitatory transmission and promote
processes such as long-term potentiation (Lu et al., 2001). In addition, the trafficking and insertion
of AMPARs into “silent synapses” (synapses which contain only NMDARs that cannot be
activated alone due to their voltage-gated magnesium block) has been hypothesized to be a key
process underlying learning and memory (Malenka & Nicoll, 1997). GIuA1 knockout mice
demonstrate significant reductions in hippocampal LTP and performance in memory tasks
(Krugers et al., 2010; Sanderson et al., 2009, 2010; Sanderson & Bannerman, 2012).
Phosphorylation of GIuAl subunits by CaMKII, PKA, and/or PKC also enhances AMPAR
throughput through changes in subunit composition, localization, and channel kinetics (Banke et
al., 2000; Derkach et al., 2007; Shi et al., 2001).

Deficits in AMPAR-mediated signaling have been consistently reported in depression and animal
models for the study of depression. GIuA1 and GIuA3 mRNA expression was decreased in the
hippocampus and perirhinal cortex of post-mortem tissue from patients with depression (Duric et
al., 2013), a finding that has been complemented in chronic stress rodent models. In other chronic
stress models, GIuA1 expression and phosphorylation are decreased in the dorsal hippocampus
and medial prefrontal cortex but increased in the ventral hippocampus and amygdala (Allen et al.,
2022; Brymer et al., 2020; Kallarackal et al., 2013; Toth et al., 2008), demonstrating the
importance of studies with regional specificity. Antagonizing AMPARS is also able to eliminate
the actions of most traditional (fluoxetine, imipramine, etc.) and novel (ketamine, etanercept, etc.)
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antidepressants (Aleksandrova et al., 2017; Brymer et al., 2018; Koike et al., 2011; Koike & Chaki,
2014).

The evident involvement of AMPARS in depression led to the development of AMPAR positive
allosteric modulators (PAMSs) as therapeutics for depression. While initial preclinical studies
demonstrated that AMPAR PAMs rescued memory deficits, dendritic arborization, and
neurogenesis — clinical trials demonstrated few effects (Kadriu et al., 2021). These clinical trial
failures have led to a general decrease in interest surrounding direct AMPAR modulation, though
certain newer therapeutics are still being developed with preliminary success in early-stage clinical

trials.

NMDARs are considered a signaling “coincidence detector” whereby their activation requires the
co-occurrence of glutamate and glycine co-agonism and cellular depolarization for removal of the
inner pore magnesium block (Traynelis et al., 2010). The channel opening allows for an influx of
Ca2*, which plays an essential role in strengthening synaptic conduction. It appears that NMDAR
function is location-dependent, associated with varying intracellular signaling cascades
(Hardingham & Bading, 2002, 2010), and subunit composition in a similar manner to AMPARs
(Liu & Zukin, 2007; Massey et al., 2004). At the synapse, NMDAR activity is associated with cell
survival through inhibition of p38MAPK, which increases the phosphorylation of ERK1/2 and
BDNF expression. Extrasynaptic NMDARs can promote p38MAPK activity, leading to increases
in cell death (Dieterich et al., 2008; Hardingham & Bading, 2010; Liu et al., 2007; Myung et al.,
2005; Parsons & Raymond, 2014; Xu et al., 2009).

Interestingly, these differences in cell survival roles arise from differences in subunit composition;
GIuN2B subunits are preferentially expressed extrasynaptically, whereas GIUN2A subunits are
most often expressed at the synapse (Rumbaugh & Vicini, 1999; Stocca & Vicini, 1998). GIuUN2A-
containing NMDARs promote surface insertion of GIuA1-AMPARs, which can be inhibited by
GIuN2B-NMDARs (Massey et al., 2004). Increases in tau toxicity (a hallmark of different
neuropsychiatric and neurological disorders) have also been linked to GIuUN2B-NMDARs, which

increase GSK-3p activity upstream of tau expression (Tackenberg et al., 2013).

Nevertheless, NMDARs are critical for learning and memory processes, particularly memory
formation (Howland & Cazakoff, 2010), which can be impaired by NMDAR antagonism (Danysz
et al., 1988; Hlidk & Krej¢i, 2002). Potentiation of NMDAR currents is able to enhance
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hippocampal long-term potentiation, which is notably decreased in MDD (Collingridge & Bliss,
1987; Cui et al., 2013; Luscher et al., 2012). GIuN2A and GIuN2B knockout mice also display
strong deficits in behavioural measures of learning and memory (Cui et al., 2013). There is evident
dysregulation of glutamatergic signaling in depression and homeostatic balance is essential to
address deficits properly. While downregulation of AMPAR and NMDAR-mediated currents
causes impairments in learning and memory, excessive glutamate and Ca?" influx can lead to
significant consequences, such as increases in reactive-oxygen species production and
mitochondrial apoptosis which can damage cellular compartments and formation as well as DNA
(Jaiswal et al., 2009). Further understanding of the role of the glutamatergic system in depression
is necessary for the development of effective novel therapeutics and is discussed later in this

dissertation.
1.6 Hippocampus: General structure, circuitry, major roles

The hippocampus, dubbed as such due to its resemblance to a seahorse (in Greek, “hippos” — horse,
and “kampos” — sea monster) is a grey matter limbic structure heavily involved in mood regulation
and consolidation of memory. Located in the medial temporal lobe of both hemispheres, the
hippocampus is heavily involved in mood regulation and memory consolidation. It receives many
connections from most cortical and subcortical regions to provide emotional and cognizant
contextual information to experiences (Knierim, 2015; Lisman et al., 2017). Interest on the role of
the hippocampus in memory consolidation began in 1957, where the patient H.M. underwent
removal of his hippocampi to reduce epileptic seizures. After the procedure, H.M developed
anterograde amnesia, unable to develop new semantic or episodic memories, despite retention of
full cognitive function (Wixted & Squire, 2010). Difficulties with episodic and spatial memory
impairments are paralleled in other patients with hippocampal lesions, even with generally normal

levels of intelligence.

The hippocampal formation is composed of four major regions: the Cornu Ammonis (CA) and
dentate gyrus (DG), the entorhinal cortex (EC), and the subiculum. All of these regions are
essential for the proper relay of information between the hippocampus, other limbic regions, and
the prefrontal cortex, and the hypothalamus (Amaral & Witter, 1989; Insausti & Amaral, 2003).

Uniquely, the hippocampus has a unidirectional flow of information through each disparate region
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through either the perforant pathway or via the tri-synaptic circuit which runs through the DG

(Knierim, 2015). See Figure 1.2 for general structure and pathways of the hippocampal formation.
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Figure 1.2. General structure and circuitry of the hippocampus. The hippocampus proper is made up of 3
subdivisions (CA1 — 3), which are further divided by layers (stratum oriens, stratum pyramidal, stratum radiatum,
stratum lucidum (not pictured, localized to CA3), and stratum lacunosum-moleculare). The dentate gyrus (DG), or
CA4, is made up of 3 distinct layers: the molecular layer, the granule cell layer, and the polymorphic layer. Imaged in
brown here is the tri-synaptic circuit, a unidirectional circuit of the hippocampus which transfers information from
layers | and 11 of the entorhinal cortex to the granule cells of the DG, then through the mossy fibers to pyramidal cells
in CA3. From the CAS3, the Schaffer collaterals connect to pyramidal cells in the CA1 which then output to layers V
and VI of the entorhinal cortex. A more direct path (pictured in green) is the communication from layer 11l of the
entorhinal cortex directly to the pyramidal cells of CAL. Figure was created in BioRender by author.

The CA, or hippocampus proper, is made up of 3 subdivisions (CA1l — 3) which are further
separated by five strata: stratum oriens, stratum pyramidal, stratum radiatum, stratum lucidum, and
stratum lacunosum-moleculare. The pyramidal contains the soma of excitatory pyramidal cells
whose dendrites are located in the oriens. The activity of these pyramidal neurons is finely
controlled by GABAergic interneurons that project to different CA subdivisions. The lucidum

receives axonal projections (called mossy fibers) from the DG, whereas the radiatum houses
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Schaffer collateral fibers (axonal projections of CA3 pyramidal cells to CAL/2). Schaffer
collaterals also inhabit the lacunosum-moleculare wherein they activate GABAergic interneurons
to provide feed-forward inhibition on pyramidal cells. CAl- and CA1/2-located dendrites receive
direct innervation from the entorhinal cortex through either the temperoammonic (layer Il1) or
perforant pathway (layer Il) (Amaral & Witter, 1989; Basu & Siegelbaum, 2015).

The DG is a trilaminate structure, composed of the polymorphic layer (occasionally referred to as
CAA4 or the hilus), the granule cell layer, and the molecular layer. Layer Il EC cells excite granule-
cell dendrites in the molecular layer through the perforant pathway. Molecular layer perforant
path-associated interneurons (MOPP) are able to mediate neurotransmission in this first synapse
of the tri-synaptic pathway through feed-forward inhibition of granule cells (Li et al., 2009). The
subgranular zone is located between the granule cell and polymorphic layers and is one of only
two locations which is able to generate adult-born neurons. Mature dentate granule cells project to
CA3 pyramidal cells, making up the second tri-synaptic synapse. The third synapse are the
Schaffer collateral fibers from the CA3 which provide information to the surrounding CA2 and
CA1 pyramidal cells. Lastly, the pyramidal cells in the CA1 project to layers V and VI of the EC,
which can complete the circuit through projections to layer Il and 111 of the EC (Amaral & Witter,
1989; Insausti & Amaral, 2003).

The structure and function of the hippocampus is decently conserved between species such as
human, monkey, and rat, despite significant differences in size (Clark & Squire, 2013). However,
the complexity of this structure leaves it both difficult to study and vulnerable to damage. It is
estimated that a typical CAl pyramidal cell receives over 30,000 glutamatergic and 1700
GABAergic synaptic inputs (Megias et al., 2001). Clinical and pre-clinical research has
consistently demonstrated that the hippocampus is critical for memory consolidation and active
recall (Squire et al., 2010). CA3 lesions and damage have been implicated in impaired spatial
memory tasks and object-placed paired associative learning (Gilbert & Brushfield, 2009;
Handelmann & Olton, 1981; Jarrard, 1983). In contrast, the CA2 seems more essential for social
recognition memory (Hitti & Siegelbaum, 2014; Lehr et al., 2021). Working memory is often
associated with CA1 function, as region-specific pyramidal neuron loss significantly impairs both
working memory and spatial navigation (Auer et al., 1989; Chen et al., 2011; Olsen et al., 1994;
Whishaw et al., 1994) CAL lesions also impair autobiographical memory, autonoetic conscious
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awareness, and mental time travel (Bartsch et al., 2011) — memory processes that are often
interrupted in Alzheimer’s disease, which often displays significant reductions in CA1 neuronal
density (Padurariu et al., 2012). Finally, the dentate gyrus appears to process incoming signals by
grouping selective activation of granule cells to use for input discrimination (Kesner, 2013).
Examples of this selective grouping and storage includes novelty detection and linking spatial
contexts to current environmental information (Kesner, 2013; Lee & Jung, 2017). The importance
of the hippocampus for memory encoding and storage is one of the main reasons that it has been

an area of major interest for depression.
1.6.1 Dysfunction in depression

A multitude of research has implicated the hippocampus in major depressive disorder (Sheline,
2011; Sheline et al., 2003, 2019). One of the first major reports was the finding that hippocampal
volumes were reduced in patients with MDD compared to healthy controls (Sheline et al., 1996),
a finding that has been replicated in the majority of related studies (Videbech & Ravnkilde, 2004).
This reduction in hippocampal volume also appears to be associated with earlier onsets of
depression, more recurrent episodes, and a longer total duration of depression (MacQueen & Frodl,
2011; Sheline et al., 2003), though it is uncertain whether it is a cause or symptom of depression.
Observations of cellular changes have shown a decrease in neuropil and higher packing density of
glia, granule cells, and pyramidal neurons which could contribute to volume reduction (Stockmeier
etal., 2004). Recent fMRI studies have showed substructure-specific changes, with larger bilateral
changes in the CA1 — CA4, dentate gyrus, and subiculum for those with recurrent depression. In
first-presentation depression, the structures most affected were CA2 — CA4. Across all these
subregions, changes were most pronounced on the left side — and changes to the CA1 were the

largest overall and a significant predictor of illness duration (Roddy et al., 2019).

Many theories for the role of this reduction in volume have been hypothesized throughout the past
few decades, with one of the most prominent being the neurotoxicity hypothesis (Sapolsky, 2000).
The neurotoxicity hypothesis posits that increased and prolonged exposure to glucocorticoids, such
as in chronic stress, increases neuronal vulnerability which leads to an increase in cell death from
challenges or attrition. A bidirectional relationship between the HPA axis and hippocampal
formation also exists, with optimal function of the hippocampal formation necessary for proper

HPA axis signaling (Sapolsky, 2003). In contrast, the vulnerability hypothesis posits that a smaller
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hippocampal volume confers a predisposition to the development of depression and later

recurrence (Charney, 2004).

It appears that a decrease in hippocampal neurogenesis may also contribute to the deleterious
effects of chronic stress, as well as the behavioural effects of certain antidepressants (Sahay &
Hen, 2007). In fact, the interest for hippocampal neurogenesis in depression was spurred by
observations that both pharmaceuticals and other interventions with antidepressant-like effects
stimulated adult hippocampal neurogenesis (Eisch & Petrik, 2012; Sahay & Hen, 2007), and the
time course of neuron generation in the dentate gyrus follows the time course of the delayed onset
of monoaminergic-based antidepressants (Duman et al., 2001). In models where hippocampal
neurogenesis is ablated, hippocampal-dependent learning is impacted — particularly for certain
forms of fear conditioning, working memory, and long-term spatial memory (Becker &
Wojtowicz, 2007). Neurogenesis has also been shown to have a role in pattern separation, which
can lead to impaired recollection, a commonly observed trait in patients with depression (Gould &
Tanapat, 1999). Despite promise in animal models for the study of depression, the involvement of
neurogenesis in MDD is still heavily debated. Reliance on post-mortem tissue and heterogeneity
of populations have produced mixed results, with many finding no differences (Berger et al.,
2020). In addition, given the differential stages of neurogenesis, it is difficult to interpret

information from single-stage markers.

Behaviourally, it is well-documented that patients with MDD have deficits in memory that is
encoded by the hippocampus (Burt et al., 1995). Typically, those diagnosed with depression have
impaired memory of positive events and recollection, as well as potentiated memory for events
with negative associations (Burt et al., 1995; Matt et al., 1992; Ramponi et al., 2010). These
memory impairments can also predict a more severe disease course (Sumner et al., 2010), and
enhancement of memory can also improve depressive symptoms (Dalgleish & Werner-Seidler,
2014). Cognitive impairments are also present in around 2/3 of depression patients and are
predictive of poor remission rates (Austin et al., 2001). In addition, cognitive impairments often

persist even after clinical remission criteria is met (Rock et al., 2014).

In humans, positron emission tomography (PET) imaging has also revealed that those diagnosed
with MDD have changes in metabolic activity in regions including the hippocampus, subgenual

cingulate, and prefrontal cortex (Kennedy et al., 1997; Mayberg et al., 2013). Post-mortem
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research has revealed consistent changes in glial cell density and neuronal numbers, density,
orientation, and size (Cotter et al., 2002; Ongur et al., 1998; Rajkowska & Miguel-Hidalgo, 2008).
On a molecular level, there has been a significant amount of pre-clinical observations that chronic
stress can cause significant cellular atrophy in the hippocampus, often in a region-specific manner
(Allen et al., 2022; Fenton et al., 2015; Goodman & Mclntyre, 2017; Kleen et al., 2006; Lee et al.,
2009; Lussier et al. 2013a; Rahman et al., 2016). Elevated glucocorticoids are also able to eliminate
activity-driven increases of BDNF, an effect that is reversed by antidepressant treatments
(MacQueen et al., 2003). In addition, changes in cyclic adenosine monophosphate (CAMP)
phosphorylation (Stewart et al., 2001) and mRNA levels of cAMP response element-binding
protein (CREB) in the CA1, CA3, and DG appear after antidepressant treatment (Dowlatshahi et
al., 1998). Future research needs to aim towards further delineation of the role of the hippocampus
and changes observed in human patients diagnosed with MDD.

1.7 Animal models for MDD

Though MDD is a human disorder, we are unfortunately not yet advanced enough to study many
molecular and circuital aspects of the disorder in humans. Post-mortem tissue is difficult to obtain
and may not reflect the true circumstances of the disorder, particularly in the case of depression,
where death by suicide or other causes can cause significant changes in the brain. Animal models
can provide us a bridge to cross the gap in knowledge, creating experimental models that may help
reflect what is happening in various neuropsychiatric disorders. The focus of this section will be
the use of rats to model depression, as this is the modeling that our lab uses, but there are a
multitude of other models that have been proven useful in the study of depression (Willner, 1990).
Although rats and humans diverged evolutionarily around 80 million years ago, nearly all genes
associated with human disease are highly conserved in the rat genome (Huang et al., 2004).
Rodents (such as rats and mice) are also used primarily to model human conditions due to fast

reproductive rates, low-cost, replicability, and size.

Difficulties with using rodents as a model for depression however include an inability of animals
to fully self-reflect (or at least describe this reflection to us) — making it nearly impossible to mimic
certain hallmark symptoms such as suicidal ideation, feelings of worthlessness, low self-esteem,
and excessive guilt. Depression is also a highly heterogenous disorder and cannot be fully

capitulated in models where variables are kept relatively constant. Humans are exposed to a variety
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of genetic predisposition factors, environmental stressors, and socioeconomic statuses that can all

influence a person’s experience and the underlying pathophysiology of depression.

Due to these challenges, animal models generally focus on a specific facet of a neuropsychiatric
disorder they are modeling. For this reason, there are many different models to study depressive-
like behaviour, with no clear superior model as it depends on each lab’s specific research question.
These models can vary from chronic and acute exposure to stressors (during development and/or
adulthood), biological manipulations (surgical procedures such as removal of the olfactory bulb

and optogenetic controls), and targeted gene manipulations (deletion, overexpression).

However, to ensure reproducibility and consistency, certain standards have been developed for the
use of animals to model human disorders. McKinney & Bunney (1969) first proposed a set of
criteria for valid animal models: they should exhibit phenotypes that can be reasonably compared
to human symptoms; those behavioral changes can be measured objectively; behavioral
abnormalities can be reversed by treatments that are effective in humans; and the results of animal

studies should be easily replicable between researchers.

These initial tenets transformed into what we now refer to as face, predictive, and construct
validity, terms first proposed by Willner (1990). Face validity determines whether behaviour or
biology observed in the animal model is similar to what is observed in humans. It is important to
note that this does not necessarily mean exact comparability — for example, a rat licking itself is
considered grooming — perhaps equivalent to a human taking a shower. Changes in both
behaviours can accompany depression and a depressive-like behaviour, however they are not
identical. An important distinction related to this is that while cortisol is the primary stress hormone
for humans, the analogous molecule in rodents is corticosterone (CORT). Humans are able to
express CORT, however it has a weaker affinity to GRs, and acts mainly as an intermediary in the
steroidogenic path (Miller & Auchus, 2011). Finding appropriate behavioral equivalents to human

symptoms has been one of the greater challenges in the use of animal models.

Predictive validity is the concept that there is similarity in the predisposition factors of the disorder
and occurrence of the disease (such as the link between chronic stress and depression), and
similarities between the disorder and therapeutic agents that are efficacious in humans. For
depressive-like behaviour, this is often measured through the Forced Swim Test (FST), an

inescapable forced-swimming task that assesses coping behaviour exhibited by rodents as a proxy
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for despair-like behaviour. For good predictive validity, therapeutics that decrease depressive
symptoms in humans should parallel decreases in FST-immobility in rodents. Chronic (but not
acute) treatment with traditional antidepressants, such as imipramine, is able to decrease this
immobility in a similar time course to human experience (Fenton et al., 2015; Holick et al., 2007).
Ketamine is also able to rescue this behaviour rapidly (Browne & Lucki, 2013) and preliminary
research with psychedelics suggests rapid and prolonged effects in both humans and rodents
(Hibicke et al., 2020; Kadriu et al., 2021). While this demonstrates some form of predictive
validity, it is also important to note that there are differences in therapeutic response between
rodents and human participants. While the depressive-like behaviour of most rodents can be
rescued with traditional and non-traditional antidepressants, human participants have much more
varied responses, with 30 —50% not responding to initial treatment. This is due to the heterogeneity
of the human population in comparison to rodent colonies — effects such as genetics, environmental
exposures, and social supports are much more varied in humans. Even in rats, there are differences
in response between strains, sexes, and method of stress exposure (Ma et al., 2019; Wu & Wang,
2010). Future research should make strong efforts to create a model that may mimic forms of
treatment-resistance (Planchez et al., 2019).

Lastly, construct validity is defined as similarities of etiology, behavioural and/or cognitive
processes, and biological changes between the human disorder and animal model. The hope is that
with more similarities between animal and human, the more reliable a model will be for any
specific disorder. Examples of this in animal models for depression could include a reduction in
hippocampal volume, decreased dendritic complexity, dysfunction in memory processes, and
many more. Despite similarities between behavioural and biological processes, it is still important
to note that the reliability of animal models have been questioned due to difficulties in
distinguishing models of different disorders (depression, schizophrenia, autism, etc.) (Belzung &
Lemoine, 2011) and inability to mimic certain presentations of the disorder that impact severity
and treatment-response (treatment-resistance, cyclicity and chronicity). Differences between lab
facilities, data collection and analysis, researcher experience, and researcher sex can also have an

impact on results collected from both clinical and laboratory-based research.

To improve upon these methods of validity, others have proposed three other concepts:
homological validity (validity of the species as strain), pathogenic validity (biomarker validity,
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similar in concept to construct validity), and mechanistic validity (similar underlying mechanisms)
(Belzung & Lemoine, 2011). While these would definitely add to the reliability of animal models,
challenges in neuropsychiatric research in particular include the lack of knowledge held
surrounding the underlying etiology and mechanisms of depression, which makes it extremely

difficult to re-enact in an animal system.
1.7.1 Behavioural tests to evaluate depressive-like behaviours

There is an incredible array of behaviours that can be observed in animals to evaluate depressive-
like behaviour, such as escape response, fear-conditioning, sucrose preference for anhedonia,
exploratory behaviour, and memory-reliant tasks. Three major tests of depressive-like behaviour
used in this thesis will be described in-depth here, but there are many other common measures of
depressive-like behaviour in rodents. The FST, demonstrated first by Porsolt and colleagues
(Porsolt et al., 1978), is the most ubiquitous behavioural test for antidepressant efficacy. On day
one, rodents are placed in a cylinder filled with water deeply enough that they cannot escape or
use their tails to balance on the bottom for 15 minutes. The day after, they are placed in the tank
again for 5 minutes to determine “despair-like” behaviour that was induced by the previous day’s
session. Researchers score the amount of time spent swimming, climbing (struggling — trying to
climb the walls of the tank), immobility, and latency to immobility (the amount of time before
going immobile). Porsolt’s argument was that the 15 minutes of pre-swim brought on behavioural
despair through learned helplessness, and that time spent immobile could be rescued through
antidepressant treatment. However, some have argued that immobility on the second day of testing
could be an adaptive, rather than despair-like, response as they learn to conserve energy because
they realized they would be removed from the tank. To remove potential confounding effects of
adaptation, a 1-day protocol has been established where rats are placed in the tank for 10 minutes
and again assessed for swimming, climbing, immobility, and latency to immobility. In this updated
protocol, stressed animals are consistently more immobile than those not exposed to stressed, and
the immobility can be reversed with traditional and experimental antidepressants (Allen et al.,
2022; Brymer et al., 2018, 2020; Fenton et al., 2015; Hibicke et al., 2020; Lebedeva et al., 2020;
Marks et al., 2009). Other criticisms of the FST have focused on which human symptom it may
mimic, with certain researchers arguing it better reflects coping behaviour rather than despair
(Commons et al., 2017), the subjectivity of immobility analysis, and, as mentioned above,
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antidepressants are able to consistently rescue FST behaviour within rodents but do not reflect a

treatment-resistant population.

The sucrose preference test (SPT) has been developed as a measure of anhedonic behaviour, with
the loss of pleasure in things that used to be pleasurable. Anhedonia is particularly present in the
treatment-resistant population, making it a good screening tool for novel therapeutics that may be
effective at targeting traditionally hard to treat symptoms. In fact, sucrose preference is most often
rescued in chronically stressed rats with therapeutics that are effective in treatment-resistant
depression (Hesselgrave et al., 2021; Zhang et al., 2014). For the test itself, rats are habituated to
having 2 bottles of water, then the sucrose solution (usually 1%). For the test phase, 1 bottle of
sucrose solution and 1 bottle of water are placed on the cage and switched halfway through to

control for any potential location preference.

The splash test has been used as a measure for motivational and self-care behaviour, whereby
animals that display depressive-like behaviour as reduced grooming and taking a longer period of
time to begin grooming (Hu et al., 2017). In brief, sucrose (usually 10%) is sprayed on the back of
the rodent, and the stickiness of the solution usually spurs grooming behaviour. Time spent
grooming, as well as latency to groom, is usually scored across 5 minutes. This test has strong face
validity, as a decrease in grooming/self-care/outward appearance is observed across participants
with depression. Often, motivation to do daily tasks such as showering and brushing teeth
decreases as other depressive symptoms worsen. Certain limitations of this are variations in the
amount of sucrose sprayed (which can vary the necessity in grooming behaviour) as well as
subjectivity in scoring what consists of grooming vs. non-grooming. The taste of the sucrose may
also motivate certain rodents, but not others, to continue grooming for longer — on the other hand,

anything with an aversive taste may impact grooming behaviour as well.
1.7.2 Chronic stress models of depression

With the benefits and limitations of animal models in mind, there have been a multitude of animal
models developed for the study of depression, particularly in relation to chronic stress.
Unpredictable chronic mild stress (UCMS), developed by Katz and colleagues (1981), creates an
animal model of depression through repeated exposure to various mild stressors over the period of
several weeks. These can include tilting of the cage, food and water deprivation, long periods of

bright light, flashing lights, mild shocks, and other mild stressors across the period of the protocol.
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With unpredictable exposures, animals are unable to lose sensitivity to the stressors and tend to
develop depressive-like behaviours such as anhedonia, memory impairment, increases in the
threshold for intracranial self-stimulation, and loss of weight and appetite. Accompanying the
behavioural changes, biological changes such as increased inflammatory markers appear over time
(You et al., 2011). While UCMS demonstrates good predictive and construct validity, differences
in protocols across labs and changes in stressors challenge its face validity. In addition, protocols
are often long and complex, limiting its use. Chronic restraint stress has also been used similarly,
however the results are often unpredictable due to the predictability of the stressor (Bravo et al.,
2009; Gregus et al., 2005; Lussier et al., 2013; Regenthal et al., 2009), leading UCMS to be more

advantageous.

In a similar vein as UCMS, a model of learned helplessness was first introduced by Seligman and
colleagues (Nuvvula, 2016), whereby animals were placed in chambers with electric shocks
applied to their paws with no method of escape. After exposure to the no-escape box, 2/3 of
animals would not escape the shock when placed in another box with a visible method of escape
— he coined this “learned helplessness”. This model does mimic quite a few aspects of human
depression, including decreased motor activity (Seligman et al., 1980), lowered grooming
behaviour, and decreased reward sensitivity (Zacharko et al., 1983) as well as — perhaps most
interestingly — provides a model that allows the differentiation between animals who were resilient
to the learned helplessness models and those who were not. The underlying biology also confirms
similarities between the learned helplessness model and patients with depression, including a
reduction dopaminergic signaling and overactivation of the habenula (Ilango et al., 2013; Shumake
et al., 2005). The learned helplessness phenotype is also able to be reversed using chronic (but not
acute) treatment with monoaminergic-based antidepressants (Kitada et al., 1981). However, there
are disadvantages such as a need for larger animal groups to compensate for the differences

between resilient and non-resilient animals and the requirement of specialized equipment.

To address some of the developmental influences of depression (Lindert et al., 2014; Shapero et
al., 2014; Smith & Pollak, 2020), early life stress models have been developed. These include
separating the pups from the dams, handling at an extremely early age, exposure to prenatal stress,
or providing limited nesting materials. These methods lead to higher incidences of learned

helplessness and depressive-like behaviours such as a reduction in grooming (lvy et al., 2008;
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Schmidt et al., 2011). Other models, such as lesion-based (e.g., olfactory bulbectomized rats) and
genetic-based (e.g. Wistar Kyoto strain rats or transgenic models) are also used regularly to screen
for antidepressant efficacy, however an in-depth review of these models are beyond the scope of
this thesis.

1.7.2.1 Exogenous CORT as a model for depression

Over the past two decades, our lab has been using the chronic corticosterone administration
paradigm to model depressive-like behaviour. As previously discussed, stress (particularly
chronic) is a major predisposition factor for depression, causing an overactivation of the HPA axis
that leads to a dysfunctional stress response. Due to variability in animal response to physiological
and psychological stressors, it is difficult to evaluate certain aspects of behaviour and
neurochemistry. To circumvent differences in reactions to stressors, our laboratory uses a chronic
corticosterone administration paradigm, whereby rats are given subcutaneous injections of
40mg/kg of CORT daily over the span of 3 weeks. This allows us to control the amount of CORT
given dependent on bodyweight, and more directly examine the detrimental effects of stress on
brain and behaviour (Sterner & Kalynchuk, 2010). While CORT can be administered in a
multitude of ways, including through food, water, pellet implantation, or osmotic pump infusion,

subcutaneous injections balance more control over administration with the less invasive methods.

Research regarding the face validity of the CORT model is steadily growing, demonstrating that
chronic CORT administration can trigger many parallels between patients with depression and
depressive-like rats. Chronic CORT increases despair-like behaviour as measured with the FST
(Ali et al., 2015; Allen et al., 2022; Brummelte & Galea, 2010; David et al., 2009; Gourley &
Taylor, 2009; Gregus et al., 2005) in a dose- and time-dependent manner, as 40mg/kg causes
significantly more immobility than 5mg/kg, 10mg/kg, and 20mg/kg (Johnson et al., 2006; Marks
et al., 2015) and administration of CORT over 21 days produces a more severe phenotype than
shorter durations. In addition, cyclical CORT administration worsens depressive-like behaviour
and biology with each subsequent treatment cycle (Lebedeva et al., 2017, 2020). Differences
simply in bodyweight and muscle strength are unable to explain these differences in the FST, as
immobility, but not bodyweight, improved during recovery cycles (Lebedeva et al., 2017) and rats
treated with CORT are able to hold onto a wire suspended in air for as long as vehicle rats (Marks

et al., 2009). Paradoxically, low-doses of CORT (20mg/kg, over 10 days) increases immobility in
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males but decreases it in females (Brotto et al., 2001), emphasizing the importance of making sex-

specific observations.

Anhedonic-like behaviour has also been consistently measured in animals treated with chronic
CORT. Rats usually prefer sucrose-sweetened water over regular water. However, CORT-treated
animals drink significantly less sucrose water than regular water when compared to vehicle-treated
animals (Gourley et al., 2008; Gourley & Taylor, 2009; Kvarta et al., 2015; Ma et al., 2018). Social
behaviours, food-seeking, and sexual behaviours, normally rewarding interactions for rats, are also
disrupted with CORT administration (Berger et al., 2019; Chan et al., 2017; Gorzalka et al., 2001;
Peng et al., 2021). It is worth noting that while sexual behaviour is reduced in male rats, CORT
can actually increase sexual behaviour in females (Gorzalka & Hanson, 1998; Hanson & Gorzalka,
1999).

Depression is also highly associated with comorbid anxiety, with around 51% of patients with
depression also having a diagnosis of an anxiety disorder (Kessler et al., 1996). Comorbid anxiety
can have a significant impact on course of illness, including delaying recovery and greater risk of
relapses (Hirschfeld et al., 2001), making it important to also model this large population of
patients. Anxiety-like behaviour, as measured through tests such as the open-field test (OFT),
light-dark test (LDT), and elevated plus maze (EPM), is increased after chronic CORT
administration. If displaying anxious-like behaviour, rodents will tend to avoid open areas (OFT)
(Li et al., 2017a) and lessen exploratory behaviour (LDT, EPM) (Luo et al., 2017; Murray et al.,
2008; Peng et al., 2021). Another anxiety-like behaviour is hyponeophagia, or inability to feed in
a novel environment, is also induced by the CORT model (Berger et al., 2019). While mice often
present increased anxiety-like behaviour after CORT administration, it is less effective in
producing similar behaviours in rats (Allen et al., 2022; Gregus et al., 2005; Hill et al., 2014;
Kalynchuk et al., 2004), demonstrating the importance of carefully choosing animal species and
strains when designing your experimental plans to address your research question. Other
behavioural and biological changes induced by the CORT model and human parallels can be noted
in Table 1.2.

There are also many physiological and biological changes in the chronic CORT paradigm which
parallel observations from patients with depression. Bodyweight is significantly decreased with

CORT-administration, again in a dose- and time-dependent manner (Brummelte & Galea, 2010;
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Gregus et al., 2005; Johnson et al., 2006; Lebedeva et al., 2020), potentially due to increases in in
levels of leptin, a hunger-inhibiting hormone (Perry et al., 2019) or CORT mobilizing energy stores
through the inhibition of insulin. Bodyweight is not rescued during recovery periods in cyclical
CORT administration (Lebedeva et al., 2020), suggesting that these changes may be more
persistent than the behavioural effects of CORT.

Human symptom

Animal Test

CORT alterations

Reference

Open Field Test

Lower entries & time
in centre

(Lietal., 2017;
Rainer et al., 2012)

Elevated Plus Maze

Less time spent in

(Luo et al., 2017,
Myers & Greenwood-

Anxiety open arms Van Meerveld, 2007)
Light-Dark Test Less time in light (Luoetal., 2017)
section
Predator Odour Test Less contact Wl_th (Kalynchuk et al.,
aversive stimuli 2004)
(Gorzalka et al.,
Sucrose  Preference | Decreased sucrose 2003; Gourley et al.,
Anhedonia Test consumption 2008; Gourley &
Taylor, 2009)
Nove_lty-Suppressed Increased latency to (David et al., 2009:
Feeding Test feed Rainer et al., 2012)
Splash test Decreased grooming B
(Brymer et al., 2018;
Gregus et al., 2005;
. Kalynchuk et al.,
Despair Forced Swim Test 2004; Lussier et al.,

Increased immobility

Tail Suspension Test

2013; Rainer et al.,
2012)

(David et al., 2009;
Zhao et al., 2008)

Learning and memory
deficits

Y-maze

No change in spatial
memory

(Hill et al., 2014)

Novel Object
Recognition Task

Barnes Maze

Decrease in

Morris Water Maze

learning/memory

Object Location Test

Obiject in Place Task

(Notaras et al., 2020)

(Darcet et al., 2014)

(Sousa et al., 2000)

(Brymer et al., 2018)
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Sociability deficits

Social Interaction

No change in social

(Gregus et al., 2005)

Test interaction
Decreased libido Sexual Behaviour Decreased sexual (Gorzalka et al.,
Test behaviour 2001)

Weight gain/loss

Weight

Decreased weight

(Gourley & Taylor,
2009; Gregus et al.,
2005; Johnson et al.,
2006; Kalynchuk et
al., 2004; Lebedeva et
al., 2017; Lussier et
al., 2013b)

Decreases in
hippocampal reelin
expression

Reelin-IR cells

Decreases in SGZ
reelin-IR cells

(Allen et al., 2022;
Brymer et al., 2018,
2020; Fenton et al.,
2015; Johnston et al.,
2020; Lebedeva et
al., 2020; Lussier et
al., 2011; Lussier et
al., 2013a)

Decreases in

Dendritic branching

Dendritic branching
and length are

(Cook & Wellman,
2004; Fenton et al.,
2015; Fraga et al.,

dendritic complexity | and length decreased 2021: Yau et al.,
2016)
(Allen et al., 2022;
Decreases in Decreases in number | Fenton et al., 2015;
hippocampal DCX-IR cells and complexity of Lebedeva et al.,
neurogenesis DCX-IR cells 2020; Lussier et al.,
2013a)

Decreases in
hippocampal volume

Hippocampal volume

Decreases in
hippocampal volume

(Murray et al., 2008;
Zhang et al., 2015)

Changes in SERT
clustering on
lymphocytes

SERT clustering

Increases in size of
SERT clusters

(Romay-Tallon et al.,
2018)

Table 1.2. Comparison of human symptoms of depression with CORT alterations. Abbreviations: DCX =
Doublecortin, FST = Forced Swim Test, IR = immunoreactive, SERT = Serotonin Transporter
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1.8 iPSC modeling for neuropsychiatric disorders

While animal models are an invaluable resource, they cannot address certain aspects of complex
neuropsychiatric disorders. Individual genetic contributions to disease course are unable to be
captured in animal models, complicating the discovery of both common and disparate disease
mechanisms. The discovery of methodology to reprogram cells to into induced pluripotent stem
cells (iPSCs) has spurred the establishment of lines derived from patients in a multitude of
disorders, including those primarily neuropsychiatric (O’Shea & Mclnnis, 2016; Wang et al.,
2020). The ability to reprogram these iPSCs into any somatic cell type allows for the examination
of genetic contributions to disease mechanisms and cell type-specific responses to traditional and
novel therapeutics. In addition, the advent of iPSC modeling allows for a step towards
individualized medicine, allowing researchers to capture the full complement of inherited genetic
variation present in each participant’s cells. Gene editing techniques also allow the ability to
establish causal variants, providing a powerful tool to determine underlying disease state

mechanisms (Tian et al., 2020).

Since the first induction of human iPSCs from the lab of Yamanaka and colleagues from human
fibroblasts, a variety of methods by which iPSCs can be collected, reprogrammed, and
differentiated into the cell-type(s) of choice have been developed. Human iPSCs can be collected
from multiple sources, including peripheral blood mononuclear cells (PBMCs), dermal fibroblasts,
and keratinocytes (Aasen et al., 2008; Seki et al., 2010; Takahashi et al., 2007). While more
common and highly proliferative, dermal fibroblasts require a skin biopsy from patients, making
this technique significantly more invasive than a blood draw/prick (PBMCs) or hair sample
(keratinocytes). Reprogramming efficiency of PBMCs is lower than fibroblasts, however work in
finger-prick collection has found efficient reprogramming with extremely low invasiveness (Tan
et al., 2014). Lastly, keratinocytes from hair follicles are a promising method of collection that
could be established in wide-spread use (for an in-depth comparison of methods, see: (Raab et al.,
2014).

Based off the seminal work of the Yamanaka lab, the first methods to reprogram cells into iPSCs
were retroviral and lentiviral. However, due to the necessity of genomic integration, new methods
have been optimized to avoid integration. These methods include plasmid vectors (Okita et al.,

2010), adenovirus (Stadtfeld et al., 2008), piggyBac transposons (Woltjen et al., 2011), synthesized
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RNAs (Warren et al., 2010), recombinant proteins (Kim et al., 2009), and the Sendai virus (Fusaki
et al., 2009). The most common factors used to reprogram cells into iPSCs are the “Yamanaka
factors” Oct3/4, Sox2, Klf4, and c-Myc (OSKM) and “Thomson’s factors” of Oct3/4, Sox2,
Nanog, and Lin28. These factors all play different roles — Oct3/4 regains and maintains stem cell
pluripotency, Sox2 regulates Oct3/4 expression, KIf4 prevents apoptosis, and c-Myc helps histone
acetylation to aid Oct3/4 and Sox2. In the Thomson factors, Nanog controls the transcriptional
network alongside Oct3/4 and Lin28 regulates mMRNA translation and self-renewal of iPSCs. A
significant amount of discussion has focused on different methods and factors to reprogram iPSCs
and is beyond the scope of this dissertation (Buganim et al., 2014; Huang et al., 2019; Malik &
Rao, 2013).

The majority of iPSC-derived studies for neuropsychiatric disorders have focused on disorders
with a clear genetic pathogenesis, such as schizophrenia and certain autism subtypes (Wang et al.,
2020). iPSCs from participants diagnosed with schizophrenia have lower neurite numbers, atypical
vesicle release, and abnormal synaptic formation (Brennand et al., 2014; Deans & Brennand, 2021,
Stachowiak et al., 2017) that mimic animal models and human post-mortem tissue. Other research
has focused on known genetic risk factors for schizophrenia, such as 22q11.2 deletion and
translocation of DISC1 (Disrupted in Schizophrenia 1), or interactions of anti-psychotics with
IPSC-derived patient cell lines (LaMarca et al., 2018) Studies using iPSC lines from participants
with bipolar disorder have found alterations in Wnt, Hedgehog, and Nodal signaling —
demonstrating the potential of these models to identify disease mechanisms that may not be evident
otherwise (O’Shea & Mclnnis, 2016).

Addressing depression with iPSC-derived models has proven more complicated due to significant
heterogeneity. Even though genetic factors may contribute up to 50% of depressive etiology, very
few replicated variants have been described in genome-wide association studies (Ormel et al.,
2019; Shietal., 2011). Despite this, iPSC models, particularly of TRD participants have been quite
useful to determine mechanisms behind treatment responsiveness. Non-responder neurons have
been found to display 5-HT-induced hyperactivity in comparison to SSRI-responders, due to an
upregulation in multiple serotonergic receptors (Vadodaria,et al., 2019a), as well as aberrant
neurite growth and morphology (Vadodaria,et al., 2019b). Other labs have demonstrated that
ketamine was able to increase the proliferation of neural progenitor cells derived from iPSCs
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alongside an increase in CAMP-IGF2 signaling, however it is not clear if these cells were from
participants with depression (Grossert et al., 2019). In iPSC-derived dopaminergic neurons,
ketamine was able to increase dendritic arborization and soma size through an induction of
p70S6k, an effect that was blocked by inhibitors of the mTORC1-signaling pathway (Cavalleri et
al., 2018). While iPSCs can evidently be used as models to determine therapeutic mechanisms,

characterization of iPSCs from participants with MDD and TRD requires further study.

There are some limitations to iPSC-derived models. A primary issue is that most neuropsychiatric
disorders are not clear-cut, and there are variations to the amount of influence that genetics hold
(Flint & Kendler, 2014). Unfortunately, the loss of epigenetic markers with cellular
reprogramming can limit certain inferences about disorder mechanisms or actual participant
responses to therapeutics. As mentioned above, neural circuitry is often essential in disease
pathogenesis — generating single-cell types from iPSCs could disregard the important role of this
circuitry. Lastly, the cost and labour associated with generating large usable data sets through
protein quantification, single cell RNA sequencing, and electrophysiological techniques are
prohibitive.

Recent technology has attempted to address these issues in order to improve upon iPSC-based
investigations. Utilizing 2D cultures which contain multiple cell types present in specific brain
regions could help understand underlying circuitry. Improving on these heterogenous models are
the advent of 3D brain organoids which can encompass multiple brain regions that are important
for the neuropsychiatric disorder being studied. A few labs have begun development and
characterization of these organoids, with a focus on substance abuse disorders (Ho et al., 2022)
and ASD (Schafer et al., 2019). A downside to the development of organoids is the time necessary
to mature, and some have suggested they may be more of use for studying early-life development
and related disorders. In terms of cost and labour, higher throughput methodologies such as
DropSeq allow for rapid characterization of single cells for lower costs than traditional methods.
Through the separation of cells into nanoliter drops, DropSeq is able to assign a form of “barcode”
to each cell which allows for simultaneous analysis of mMRNA transcripts from thousands of cells
at a time (Macosko et al., 2015). Still, given the relatively low invasiveness of the methodology,
iIPSCs hold great promise for high-throughput methods to assess underlying pathology and

treatment response.

45



1.9 Therapeutics for MDD
1.9.1 Discovery

Depressive disorders have plagued humanity for centuries, but until the late 1930s there were
seemingly no effective pharmacological therapies to address any of the related symptomology.
Initial non-pharmacology based therapies were more common, however more severe cases were
unresponsive to psychological treatments. Precipitating the first antidepressants was the discovery
of therapeutics that could target catatonia in patients with schizophrenia (Lehmann & Ban, 1997)
and the synthesis of antihistamines in 1937 following the discovery of histamine structure
(Cozanitis, 2016). The basis for the first antidepressants was the synthesis of the antipsychotic
chlorpromazine, after chlorine was added to promethazine — a sedative with strong antihistaminic
properties (Domino, 1999). The trials of various antihistamines for use in schizophrenia continued
until Dr. Roland Kuhn discovered G22355, a weak antihistamine with similar structure to
chlorpromazine. Unfortunately, G22344 (later dubbed imipramine) was ineffective as an
antipsychotic, but had potential antidepressant properties (Kuhn, 1958) — leading to the

development of the first tricyclic antidepressant.

In parallel to the discovery of imipramine, researchers in New York were studying the effects of
anti-tubercular agents (particularly isoniazid) on depressive symptoms (Salzer & Lurie, 1953).
After presenting the effects of isoniazid on depressed patients in Syracuse, New York in 1957,
trials grew rapidly. One year after the first ideas came to light, over 400,000 patients with
depression were treated with what became the first monoamine oxidase inhibitor (MAOI).
Discoveries found that the effects of TCAs and MAOIs were both mediated through the
noradrenergic and serotonergic systems (Brodie, 1966; Coppen et al., 1967; Schildkraut, 1974;
Schildkraut & Kety, 1967), leading to the development of the catecholamine hypothesis. Thus, the
first two classes of antidepressants were developed, leading to a surge in research to find

monoaminergic-based therapeutics which could target depressive symptomatology.

Despite initial promise with MAOIs such as iproniazid and pheniprazine, the accompanying
hepatotoxicity and hypertension made use of these for depression somewhat obsolete (Lopez-
Mufioz et al., 2007). On the other hand, the synthesis of new tricyclics such as desipramine,
protriptyline, iprindole, doxepin, trimipramine, and dothiepin caught hold (Fangmann et al., 2008)

and are still commonly prescribed to this day, despite substantial adverse effects of administration,
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such as cardiovascular toxicity. Findings which described the effects of MAOQOIs and TCAs being
blocked by administration of serotonergic synthesis inhibitors (Shopsin et al., 1975, 1976) spurred
more research into novel therapeutics that may work to increase serotonin availability. Serotonin
selective reuptake inhibitors (SSRIs) were some of the first psychiatric therapeutics developed
which followed a rational drug design, leading to a drug with more direct therapeutic effects and
less extrapyramidal side effects (Lopez-Mufioz et al., 2007). The most prominent SSRI released
was fluoxetine hydrochloride, otherwise known as Prozac — which by 1990 became the most
prescribed drug in North America.

1.9.2 Mechanisms of monoamine-based antidepressants

While the discovery of monoaminergic antidepressants was somewhat serendipitously based,
significantly more research has now been conducted on the underlying mechanisms of
monoaminergic-based antidepressants. Monoamine oxidase inhibitors, as the name suggests,
inhibit the oxidative deamination of various monoamines, such as 5-HT, dopamine, and
noradrenaline (Shih & Thompson, 1999; Tipton et al., 2012), keeping them bioavailable for longer
periods of time. However, side effects that included severe hypertension, liver toxicity, and even
death discontinued their common use. Despite this, the underlying mechanisms of monoamine
oxidases (MAO). Despite initial drawbacks, understanding more about MAO biology may help
provide alternate solutions. MAO have two isoenzymes (MAOA and MAOB), which are inhibited
by different acetylenic inhibitors. MAOA is generally inhibited by clorgyline, and MAOB is
typically inhibited using I-deprenyl. While both are able to deaminate the majority of monoamines,
there are substrate specific differences that can contribute to variances in therapeutic action by
MAOIs (Youdim et al.,, 2006). Levels of MAOA in particular are greatly increased by
corticosterone, whereas MAOB levels are generally unaffected (Edelstein & Breakefield, 1986;
Youdim et al., 1989). In contrast, mitogen-activated protein kinase pathway activation mediates
levels of MAOB (Wong et al., 2002; Zhu et al., 1994). These differences in isoenzyme actions
allowed for the development of other MAOI-based therapeutics that did not have as detrimental
side effects. For instance, selective MAOB inhibitors do not produce the “cheese reaction” —
whereby fermented foods enter the circulation and potentiate noradrenaline release (da Prada et
al., 1988), as they are not as heavily localized in the intestine (Youdim & Weinstock, 2004). In
addition, the development of reversible MAOA inhibitors has shown promise in targeting the CNS
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somewhat exclusively (Anderson et al., 1993), allowing for the targeting of depressive symptoms
without the peripheral-associated side effects. Nevertheless, the development of therapeutics such
as SSRIs have outpaced much of the use of MAOIs, though early research suggested they may
have use in certain circumstances, such as in an aging population (Gareri et al., 2000) and in those

with Parkinson’s disease (Birkmayer et al., 1985).

As described above, tricyclic antidepressants (TCAs) were discovered around the same time as
MAOIs. While side effects of administration are less severe, their more general
pharmacodynamics and risk of overdose make them less favoured in comparison to SSRIs.
However, TCAs have proven equally efficacious to SSRIs in treating major depressive disorders,
though they are most often used currently to treat conditions such as migraine, OCD, and chronic
pain (Christensen et al., 1987; Jackson et al., 2010; Ramasubbu et al., 2022). Mechanistically,
TCAs primarily block the reuptake of serotonin and norepinephrine, as well as acting as an
antagonist on cholinergic, muscarinic, and histaminergic receptors (Ramasubbu et al., 2022). Due
to these varied actions, side effects including confusion, tachycardia, blurred vision, and
cardiovascular complicatons are common (Marshall & Forker, 1982). In addition to these side
effects, links to increases in suicidal ideation make TCAs less than desirable for use in specific

patient populations (Grunebaum et al., 2004).

SSRIs spurred the movement of rational drug design — rather than simply by luck, SSRIs were
developed to specifically target the reuptake of serotonin to address depressive symptomatology.
There are six major SSRIs in use today: citalopram, escitalopram, fluoxetine, fluvoxamine,
paroxetine, and sertraline. Pharmacologically, SSRIs target the reuptake of serotonin via the
inhibition of the presynaptic serotonin transporter (SERT) in a similar manner to TCAs, however
they do not have unintended targets that contribute to most TCA-related side effects. Despite this,
SSRIs do have off-target effects which can impact a variety of processes, including sexual and
vascular function (Culbertson, 2018; Dimoula et al., 2021; Giatti et al., 2022). Inhibiting the
neuronal uptake of 5-HT affects many post-synaptic 5-HT receptors (5-HT1A, 5-HT1D, 5-HT2A,
5-HT2C and 5-HT3), which in turn can have diverse effects on downstream signaling (Hoyer et
al., 1994). In addition, the past two decades have determined that the decrease of neuronal SERT
is heterogenous throughout brain regions, which may also account for certain differences in

antidepressant responses (Kambeitz & Howes, 2015).
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Despite the fact that SSRI administration prompts an immediate uptick in serotonergic signaling,
the clinical effects of SSRIs often take weeks to begin — suggesting that they may spur longer term
changes through mechanisms further downstream. However, it is important to consider that most
of the immediate actions of these therapeutics are adverse side effects, which can lead to cessation
of use and further worsening of depressive symptoms (Edinoff et al., 2021). Adverse effects
commonly reported include increased suicidality, sexual dysfunction, sleep disturbances, weight
changes, and more (David & Gourion, 2016). More severely, certain SSRIs (such as citalopram
and escitalopram) have been associated with QT prolongation, a precursor to serious heart
arrhythmias and serotonin syndrome, which can cause life-threatening excitotoxicity (de La
Gandara et al., 2005; Funk & Botswick, 2013). In contrast, some recent research has demonstrated
a beneficial effect of SSRIs on vascular inflammation, arterial stiffening, and endothelial function
due to off-target effects (Dimoula et al., 2021). Clinically, SSRIs are often used in conjunction
with other medications such as mirtazapine (Kessler et al., 2018), or as an adjunct to
psychotherapy. A meta-analysis found that the combination of psychotherapy and SSRI

administration improved treatment outcomes over a span of 2 years (Cuijpers et al., 2014).

There are many signaling effects of SSRIs not associated singularly with depression — for example,
the proposed immunoregulatory effects were recently hypothesized to help those diagnosed with
COVID-19, to help tackle the cytokine storms characteristic of the disease (Hamed & Hagag,
2020; Pashaei, 2021). In addition, SSRIs are approved for clinical use in a multitude of
neuropsychiatric disorders, including but not limited to generalized anxiety disorder, bipolar

disorder, bulimia nervosa, and post-traumatic stress disorder (Ogata et al., 2022).

Following the rational drug design of SSRIs, serotonin and norepinephrine reuptake inhibitors
(SNRIs) were developed. As the name suggests, these therapeutics inhibit the reuptake of both
serotonin and norepinephrine, though most currently marketed, such as venlafaxine and
duloxetine, predominantly act on serotonergic mechanisms. In addition, the inhibition of serotonin
reuptake usually precedes the inhibition of norepinephrine reuptake, which can lead to a unique
side effect profile (Sansone & Sansone, 2014). Similar to SSRIs, they are prescribed for many
different conditions, but may be particularly effective in cases of comorbid depression and chronic

pain (Marks et al., 2009). However, they encounter many of the same problems as SSRIs including
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delays in therapeutic efficacy and adverse side effects, which has prioritized the development of

novel antidepressants over the past decade.
1.9.3 Novel therapeutic approaches
1.9.3.1 Ketamine

Ketamine was first developed in 1962 as a shorter-acting and less psychoactive sedative agent to
replace the use of phencyclidine (Mion, 2017). As a non-competitive NMDAR antagonist,
ketamine exerts its analgesic actions through activating inhibitory descending monoaminergic pain
pathways. In addition, anesthetic doses of ketamine antagonises both - and k-opioid receptors
(Hirota & Lambert, 2022). The use of ketamine in human patients began in 1964 and was soon
being described as a “dissociative anesthetic” given the patient descriptions of floating sensations
and environmental disconnection (Domino & Warner, 2010). While initially unknown, this
dissociation is most likely due to a functional disconnection between limbic and thalamocortical
systems (Mion, 2017). Due to its large safety margins, ketamine was approved for human
anesthesia in 1970 by the Food and Drug Administration, spurred by its use as a battlefield
medication in the Vietnam war. However, lower patient tolerability due to its psychotomimetic
actions, increases in intracranial pressure, and seizures led to discontinuation of common use
outside of specific circumstances (Mion, 2017). In addition, the inclusion of ketamine in 1999 in
the US Controlled Substances Act as a class 111 substance mirrored social concerns of ketamine as
a drug of abuse. As an anesthetic, ketamine balances a mix of beneficial and adverse effects.
Beneficially, ketamine has neuroprotective effects, anti-inflammatory effects, anti-tumor actions,
increases opioid analgesia, prevents shock, and decreases hyperalgesia and acute tolerance. On the
opposing side, ketamine has certain sympathomimetic actions that can lead to hypertension and
tachycardia, as well as the potential for development of ulcerative cystitis in chronic recreational
ketamine users (Hirota & Lambert, 2022). As an anesthetic, ketamine is currently most often used
in veterinarian medicine. In humans, ketamine is still used as an intravenous induction agent in
shocked patients, for those with reactive airways disease, for children with congenital heart
diseases that are characterized by a right to left shunt, for severe burns, in battlefield analgesia,
and as a conjunctive medication to benzodiazepines for anesthesia (Kurdi et al., 2014).

1.9.3.1.1 Ketamine structure/pharmacology
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Ketamine is highly water and lipid soluble phencyclidine derivative which is rapidly broken down
for distribution after administration. Containing an asymmetric carbon atom, ketamine has two
enantiomers: S(+) isomer and R(-) isomer. Primarily, ketamine acts as a non-competitive N-methyl
D-aspartic acid (NMDA\) receptor antagonist, though it has also been shown to interact with opioid
receptors, monoaminergic systems, and many other major signaling systems throughout the central
and peripheral nervous system (Persson, 2010). Similar to phencyclidine, ketamine binds to a site
deep within the ion channel, producing an open channel block which can occlude ions from moving
through the open channel (Huettner & Bean, 1988). However, this property necessitates binding
to a channel that is already in an open conformation with the magnesium block already removed
(MacDonald et al., 1987). (S)-ketamine has a 4x stronger affinity to NMDARSs than (R)-ketamine
and 2x more than the racemic mixture of isomers. Generally metabolized in the liver through
hydroxylation and N-demethylation, the major metabolites of ketamine are norketamine and
hydroxoynorketamine. Due to its solubility, it easily crosses the blood brain barrier making for a
rapid onset of effect (Herd et al., 2008). The elimination clearance of ketamine is also quite high
(about equal to liver blood flow), and its half-life is 2 — 3 hours (Domino et al., 1984; Schuttler et
al., 1987). Interestingly, clearance rate of ketamine may be 20% faster in women (Sigtermans et
al., 2009).

1.9.3.1.2 Discovery of ketamine as an antidepressant

In the early 1990s, studies were beginning to characterize the antidepressant-like actions of MK-
801 in animal models, an NMDAR antagonist (Nowak et al., 1993). Accompanying this were
findings that exposure to stress led to glutamate surges in specific brain regions (Moghaddam,
2002), leading to a surge of interest in glutamatergic modulation for antidepressant effects.
Cementing the role of glutamate in antidepressant effects were the changes in NMDARS in regions
important for mood after treatment with monoaminergic-based antidepressants (Nowak et al.,
1993; Skolnick et al., 1996). While the discovery of ketamine as a fast-acting antidepressant is
often viewed as somewhat serendipitous, a strong preclinical foundation was set before early
clinical findings. However, this does not make the discovery of the antidepressant effects of
ketamine any less profound. At the break of the 21% century, Berman and colleagues demonstrated
that the use of ketamine at subanesthetic doses could elicit rapid (within hours) and long-lasting
(up to 3 days) antidepressant effects in TRD participants — a response that was previously unheard
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of with all monoaminergic antidepressants (Berman et al., 2000). Following closely after the
discovery of Berman and colleagues, Dr. Carlos Zarate’s group quickly verified the effects of
ketamine in a treatment-resistant depression and bipolar depression participants (Zarate et al.,
2006, 2012), with response and remission rates significantly higher than that of traditional
antidepressants. These clinical breakthroughs led to a surge of clinical and pre-clinical research to

establish ketamine as a promising novel therapeutic.
1.9.3.1.3 Clinical effects

In recent years, multiple randomized, placebo-controlled trials have validated its robust
antidepressant effects in individuals with MDD (Alnefeesi et al., 2022; Mclntyre et al., 2020),
those with treatment-resistant depression (TRD) who had not previously responded to
conventional therapeutics (Dai et al., 2022; Zarate et al., 2006), and those with treatment-resistant
bipolar depression (Diazgranados et al., 2010; Zarate et al., 2012). These antidepressant effects
were found to be sustained well beyond the half-life of the drug and its peak pharmacokinetic
exposure in the body, suggesting that its effects are maintained via a timely activation of signaling
cascades in the brain. One meta-analysis demonstrated that ketamine’s antidepressant effects
peaked at 24 hours post-infusion and faded after 10 to 12 days (Kishimoto et al., 2016). Ketamine
has also been found to successfully treat traditionally treatment-refractive symptoms domains such

as anhedonia, suicidality, and amotivation (Monteggia & Zarate, 2015)

These findings led the FDA to approve intranasal esketamine (Spravato)—the (S)-enantiomer of
ketamine—for adults with TRD in 2019, and for adults with MDD and acute suicidal ideation or
behavior in 2020 (U.S. Food & Drug Administration, 2019) under a Risk Evaluation and
Management Schedule (REMS). This agent has also been approved by the European Union for the
same indications. With recent research on serotonergic psychedelics showing promise, attention
has also shifted to what role psychoactive effects of ketamine may play in its antidepressant
efficacy. The association between ketamine’s efficacy and its psychoactive effects appears to be
weak, and most data indicate that its psychotomimetic effects are not related to its antidepressant
outcomes (Acevedo-Diaz et al., 2020; Ballard & Zarate, 2020). Furthermore, one recent study
found no interaction between reported adverse events post-ketamine and later MADRS scores
(Greenwald et al., 2020).
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Despite its encouraging antidepressant profile, concerns regarding the use of ketamine as an
antidepressant persist, particularly given its potential for abuse (Kokane et al., 2020). Ketamine
also generates a transient psychoactive state that peaks around 40 minutes post-infusion, including
changes in perception, mood, thought, and self-awareness, which necessitate its administration
under medical supervision (Acevedo-Diaz et al., 2020; Kraus et al., 2017; Sassano-Higgins et al.,
2016). A potential solution for this has been the promise observed with administration of (R)-
ketamine, an enantiomer that has lower NMDAR potency and shown initial promise in clinical
trials (He et al., 2022). Nevertheless, the re-purposing of ketamine from an anesthetic to an
antidepressant created a paradigm shift, sparking a surge in research to develop and/or repurpose
other therapeutic compounds with rapid and robust actions and similar behavioral and biological
effects (Kadriu et al., 2021).

1.9.3.1.4 Hypothesized biological effects
1.9.3.1.4.1 Large-scale effects

The discovery of ketamine as a fast-acting antidepressant launched a new era of research which
hoped to determine the underlying mechanisms of fast-acting antidepressants. In humans,
neurophysiological techniques which can measure macroscopic brain activity, such as
electroencephalography (EEG), magnetoencephalography (MEG), and/or functional magnetic
resonance imaging (fMRI) have provided some of the greatest insight into ketamine’s
antidepressant efficacy. Amplitude changes of sensory evoked to potentials to a variety of stimuli
(e.g. visual, auditory, and/or somatosensory) can be measured as a proxy of synaptic efficacy and
long-term potentiation. As discussed previously in great detail, dysregulated neuroplasticity is a
biological hallmark of depression, and these neuroimaging techniques can provide evidence
towards region-specific deficits and mechanisms of novel therapeutics (Liu et al., 2017; Price &
Duman, 2020).

Ketamine has been found to increase visual sensory evoked potentials of MDD participants within
3 — 4 hours relative to an active placebo, though this was not associated with treatment response
(Sumner et al., 2020a). Ketamine has also been shown to rescue proxies of shorter-term plasticity,
as measured by the mismatch negativity task (MMN) which measures detection of deviance within
repeated presentation of auditory or visual stimuli. The MMN event-related response has been

shown to be significantly increased 3 — 4 hours after ketamine infusion in participants with MDD
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(Sumner et al., 2020b), though this result is not always consistent when conducted in healthy
controls (Rosburg et al., 2004; Rosburg & Kreitschmann-Andermahr, 2016; Schmidt et al., 2011).

A significant amount of research has looked at the impact ketamine has on gamma power,
especially as recent studies have shown that gamma power can be used as a diagnostic biomarker
for MDD, differentiating between healthy controls as well as other neuropsychiatric disorders
(Fitzgerald & Watson, 2018). In addition, gamma rhythms appear to correlate with generation of
action potentials and are associated with interactions of GABAergic inhibition and glutamatergic
excitation (Buzsaki & Wang, 2012). Robust increases in gamma power have been consistently
observed after ketamine administration in clinical trials with comparisons to both active and
saline placebos (de la Salle et al., 2022; Farmer et al., 2020; Gilbert & Zarate, 2020; Nugent et
al., 2018). Changes in gamma power after ketamine administration are also reliably associated
with treatment response, making it a potential promising biomarker of therapeutic efficacy (de la
Salle et al., 2022; Gilbert & Zarate, 2020; Nugent et al., 2018).

Lastly, fMRI measurements of resting-state functional connectivity allow for regional insights into
the antidepressant effects of ketamine. fMRI research has highlighted the importance of the default
mode network (DMN) in depression, which includes regions such as the medial prefrontal cortex,
anterior cingulate cortex, and posterior cingulate cortex (Marchetti et al., 2012; Sheline et al.,
2010). Reduced connectivity between these regions is consistently found in participants with MDD
in comparison to healthy controls (Abdallah et al., 2016; Kraus et al., 2020), and ketamine has
been shown to increase global pre-cortical connectivity within one day (Abdallah et al., 2017). In
addition, ketamine has demonstrated a rapid increase of DMN and insular connectivity to the level
of healthy controls two days after administration (Evans et al., 2018). Prefrontal cortex and striatal
connectivity in TRD participants were normalized after ketamine infusion and associated with
sustained improvements in symptoms such as anhedonia (Mkrtchian et al., 2021). Evidently, large-
scale measures of macroscopic brain activity can provide valuable insight into the mechanisms of
ketamine’s fast-acting therapeutic effects. However, defining molecular changes is also of utmost

importance to the development of novel fast-acting therapeutics.
1.9.3.1.4.2 Small-scale

While initially thought to primarily exert its antidepressant effects through NMDAR antagonism,

research suggests that ketamine has several potentially relevant mechanisms of antidepressant
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action (Zanos et al., 2018). For example, therapeutic concentrations of the ketamine metabolite
(2R,6R)-HNK are unable to inhibit NMDARs (Lumsden et al., 2019) and ketamine itself may only
inhibit a fraction of NMDARS even at peak concentration (Dravid et al., 2007; Zhao et al., 2012).
Other NMDAR antagonists have not been completely able to mimic ketamine’s antidepressant
effects in clinical trials, with compounds such as MK-801, memantine, lanicemine, and AV-101
failing in phase 11 or 111 despite initial pre-clinical promise (Autry et al., 2011; Piva et al., 2021;
Pochwat et al., 2019).

Currently, two main hypotheses exist for ketamine’s effects: the disinhibition hypothesis and the
direct inhibition hypothesis (Miller et al., 2016). The disinhibition hypothesis states that, at
subanesthetic doses, ketamine preferentially antagonizes NMDARS on gamma-aminobutyric acid
(GABA)-ergic interneurons, potentially through a stronger affinity to GIuN1/GIuN2C containing
interneurons (Pothula et al., 2021). The blockade of these inhibitory interneurons increases firing
of excitatory pyramidal neurons, which increases glutamate release AMPAR transmission; this, in
turn, activates integral synaptic signaling pathways that contribute to ketamine’s therapeutic
effects (Zanos & Gould, 2018). The direct inhibition hypothesis posits that ketamine’s antagonism
of NMDARs on excitatory pyramidal neurons lessens tonic NMDAR activation by circulating
glutamate, which subsequently increases protein synthesis by decreasing suppression of eukaryotic
elongation factor 2 (eEF2) (Autry et al.,, 2011; Nosyreva et al., 2013). In addition to its
glutamatergic mechanisms, ketamine inhibits monoamine reuptake and is an opioid receptor (mu,
delta, kappa) agonist, a dopamine receptor agonist, and a muscarinic receptor antagonist
(Matveychuk et al., 2020).

More recently, attention has turned to the AMPAR-mediated mechanisms that may underlie the
actions of both ketamine and SPs. The role of AMPAR transmission in the effects of rapid-acting
antidepressants has been extensively described (Abdallah et al., 2018; Zanos et al., 2018). Briefly,
inhibition of GABA signaling disinhibits glutamate release from excitatory pyramidal neurons.
The increased glutamate binds to post-synaptic AMPARS, which increase brain-derived
neurotrophic factor (BDNF) release through a rise in Ca2+ influx. BDNF then binds to
tropomyosin-related kinase B (TrkB) which, through downstream signaling molecules, activates
the mTOR complex 1 (mTORCL1). This transient activation upregulates proteins related to
increased excitatory transmission, such as post-synaptic density-95 (PSD-95), Synapsin I, and
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increased membrane insertion of GIuA1. These molecular changes ultimately lead to increases in
excitatory signaling in areas such as the hippocampus and prefrontal cortex, two areas which

demonstrate decreased signaling in depression.

Many preclinical studies support this mechanism of action for ketamine (Li et al., 2010; Zanos et
al., 2016; Zhou et al., 2014). There has also been a drive to classify the actions of ketamine’s
enantiomers and metabolites, particularly (R)-ketamine and (2R,6R)-HNK (Yao et al., 2017;
Zhang et al.,, 2014). Notably, the actions of (R)-ketamine, which induced longer-lasting
antidepressant effects in a chronic stress model, appeared to depend on AMPA and TrkB
activation. (S)-ketamine, in turn, activated mTOR independently of TrkB activation (Rafato-
Ulinska & Patucha-Poniewiera, 2022). The inactivation of eukaryotic initiation factor 4E-binding
proteins (4E-BPs) through mTOR is essential for the antidepressant-like effects of both ketamine
and (2R,6R)-HNK (Aguilar-Valles et al., 2021). Recent research into the role of mTORC1 on
ketamine’s effects have produced somewhat unexpected results. Specifically, rapamycin (which
inhibits the actions of mTOR) prolonged ketamine’s antidepressant effects in participants with
TRD (Abdallah et al., 2020). A recent clinical trial similarly found that pre-treatment with
rapamycin prolonged ketamine’s antidepressant, but not anti-suicidal, effects (Averill et al., 2022).
This may be due, in part, to rapamycin’s anti-inflammatory effects in the periphery, which could

contribute to ketamine’s antidepressant effects (Attur et al., 2000; Chen et al., 2013).

Finally, while ionotropic glutamatergic transmission is clearly essential for the antidepressant
effects of both ketamine, metabotropic glutamate receptors (mGIuRs) may also play an important
role (Chaki, 2021; Musazzi, 2020). mGIuR levels have consistently been linked to stress
vulnerability (Peterlik et al., 2015). Interestingly, (2R,6R)-HNK was found to exert mGIu2R-
dependent antidepressant effects (Zanos et al., 2019). Another recent study found that while
ketamine did not alter mMRNA or the protein expression of ionotropic glutamate receptors, both
chronic stress and ketamine administration altered mGIuR2 expression (Elhussiny et al., 2021).
Co-administration of ketamine and an mGIluR2/3 antagonist also sustained antidepressant response

in animal models (Patucha-Poniewiera et al., 2021; Rafato-Ulinska et al., 2022).
1.9.3.1.4.2.3 GABAergic signaling

GABAergic signaling deficiencies have been consistently implicated in depression (Duman et al.,

2019) and ketamine’s antidepressant effects via the disinhibition hypothesis (Zanos & Gould,
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2018). Other fast-acting antidepressants also appear to deficits in GABAergic signaling to restore
E/I balance in animal models for the study of depression (Ren et al., 2016). The exact method of
how ketamine is affecting GABAergic signaling has been of great interest. Pre-clinical studies
suggest that ketamine may upregulate GABAAR activity in the hippocampus and cortex, as well
as increasing hippocampal GABA turnover (Silberbauer et al., 2020; Wang et al., 2017).
Therapeutics known to regulate GABAARS, such as allopregnanolone (brexanolone), have also
shown to be effective at targeting certain depressive symptoms. In fact, brexanolone was approved
by the FDA in 2019 for postpartum depression (Luscher & Mohler, 2019; Pinna, 2020). It is
currently unclear whether its GABAaR-mediated mechanisms are responsible for its potential as
an antidepressant, though future preclinical and clinical studies hope to fully elucidate this
relationship. Negative allosteric modulators of GABAAR are able also able to strengthen excitatory
signaling in a similar method to ketamine (Fischell et al., 2015). Interestingly, significantly
increasing GABAAR transmission through high dose benzodiazepines dampens ketamine’s
antidepressant effects (Andrashko et al., 2020; Frye et al., 2015). Regardless of the underlying
mechanisms, ketamine is evidently able to alleviate changes in inhibitory post-synaptic signaling
and deficits in various synaptic GABAergic markers.

1.9.3.1.4.2.4 Other mediators of ketamine signaling

Ketamine does not solely modulate glutamatergic signaling, with recent research demonstrating
that ketamine has effects in the monoaminergic and opioid systems among others. Racemic
ketamine, its enantiomers, and/or its metabolites were able to increase extracellular levels of
dopamine, serotonin, and norepinephrine in the mouse prefrontal cortex (Ago et al., 2019), an
effect which may be mediated by glutamatergic projections from the mPFC to the locus coeruleus
and dorsal raphe (Lépez-Gil et al., 2019). Depletion of serotonin by a tryptophan hydroxylase
inhibitor was also able to block some of the antidepressant-like effects of ketamine (du Jardin et
al., 2018). Both preclinical and clinical PET-imaging research has demonstrated an increase in
SERT occupancy and 5-HT1B receptor binding after ketamine administration, though some
findings are inconsistent (Spies et al., 2018; Tiger et al., 2020; Yamanaka et al., 2014). Behavioural
evidence through ketamine’s rescue of motivational dysfunction and anhedonia suggests that it
may also effectively impact dopaminergic reward circuitry (Abdallah et al., 2017; Lally et al.,
2014; Mkrtchian et al., 2021; Nogo et al., 2022). Following this, application of dopamine signaling
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inhibitors was able to prevent the behavioural effects of ketamine administration (Hare et al., 2019;
Wu et al., 2021a, b). Repeated administration of ketamine has also been shown to increase
dopaminergic and norepinephrinergic neuron firing activity (Iro et al., 2021). While not the main
mechanism, it appears that monoaminergic signaling could be another contributor to ketamine’s

antidepressant effects.

In recent years, there has been a shift in focus to the role of the opioid system in depression (Perez-
Caballero et al., 2020), in part spurred by observation of ketamine’s antidepressant effects and
actions on opioid receptors (Williams et al., 2018). Treatment-resistant depression has been
associated with reductions in mu-opioid receptor availability, and certain symptoms can be
resolved using low-dose buprenorphine, an opioid partial agonist (Pecifia et al., 2018). In addition,
public health research has found strong associations between depression and opiate use — over half
of all opiate prescriptions in the US are given to those diagnosed with mood disorders (Davis et
al., 2017). Ketamine also directly binds with strong affinity to mu-opioid receptors and weakly to
kappa-opioid receptors (Bonaventura et al., 2021), which are only 5- to 20-fold weaker than
ketamine’s affinity to NMDAR. Recent pre-clinical research has demonstrated links between
ketamine’s actions on opioid receptors and its antidepressant effects, as opioid antagonists are able
to abolish the fast-acting behavioural effects of ketamine (Klein et al., 2020; Wulf et al., 2022;
Zhang et al., 2021). Clinically, administration of naltrexone diminished ketamine’s antidepressant
effects in participants with TRD (Williams et al., 2018), which will soon be correlated with
neuroimaging data from a recent clinical trial (NCT04977674). Clinical trials are currently
underway to determine the effects of ketamine in conjunction with methadone or buprenorphine
for comorbid depression and opioid use disorder (NCT04177706, NCT05051449).

Evidently, ketamine may work through a multitude of mechanisms that are not quite fully
understood. In addition, determining the mechanisms by which ketamine has its psychotomimetic
effects and/or antidepressant effects is essential for developing further novel therapeutics that may

be more accessible to more diverse populations.
1.10 Reelin

In Edinburgh in 1951, a spontaneous autosomal recessive mutation arose in a mouse colony, where
the mice exhibited severe neuronal abnormalities that accompanied a “reeling” gate (Falconer,

1951; Hamburgh, 1963). These “reeling” mice were better characterized in the 1990s, where they
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found a complete loss of RELN gene transcription (D’ Arcangelo et al., 1995), which produced the
extracellular matrix glycoprotein reelin. The loss of RELN led to neuronal ectopia in laminated
brain structures. Due to abnormalities in the hippocampus, cortex, and cerebellum, these mice
presented with severe deficits in motor coordination and generally leads to death around the time
of weaning (Cooper, 2008). A mutation with similar deficits was later found to have a structural
malformation in the 8" “reelin repeat” (RR) and failed transcription of the C-terminus (Ranaivoson
etal., 2016). RELN mutations in humans are rare, and often lead to lissencephaly due to the deficits
in proper neuronal migration (Kato & Dobyns, 2003). However, decreases in reelin protein
expression are not uncommon, leading scientists to examine the role of how reelin maintains and
controls biological process in adulthood, particularly in neurodevelopmental and associated

psychiatric disorders.

Composed of 3461 amino acids and with a molecular mass of 388 kDa, the reelin sequence is
coded by the RELN gene which is localized to chromosome 7 in humans and 5 in rodents (de
Bergeyck et al., 1998; Ranaivoson et al., 2016). The amino acid structure is decently conserved
between rodents and humans, with a similarity of 94.2% (DeSilva et al., 1997). Reelin is composed
structurally by 8 RRs, a short C-terminal, and an N-terminal (Ichihara et al., 2001). Reelin can be
cleaved in two locations by the Disintegrin and Metalloproteinase with Thrombospondin Motifs
(ADAMT) family. The N-t site is cleaved between the 2" and 3" RR by ADAMTS2/3, whereas
the C-t site is cleaved between the 6" and 7" RR by ADAMTS4/5 (Koie et al., 2014; Sato et al.,
2016). The central fragment of reelin contains the 3" — 6" RR, the site which contains the necessary
binding elements for reelin to activate its receptors (Knuesel, 2010; Nakano et al., 2007). It appears
that each fragment of reelin may regulate different processes and cleavage can occur in endosomes
or extracellular space, though these are still far from being fully understood (Koie et al., 2014). A
Furin recognition site is also present on the C-t, which can release the ending 6 amino acids on the

chain, however the function remains elusive (Ranaivoson et al., 2016).

Reelin’s canonical receptors are part of the lipoprotein superfamily: very-low-density-lipoprotein
receptor (VLDLR) and apolipoprotein E receptor 2 (ApoER2) (Beffert et al., 2005, 2006).
Research has suggested that reelin has a stronger affinity for ApoER2 than VLDLR, however
certain studies have found similar affinities (Benhayon et al., 2003; Hiesberger et al., 1999; Yasui
et al., 2010). In addition, there is evidence that the N-t of reelin binds to integrin receptors such as
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a3p1, which contributes to neuronal positioning and synaptic strengthening (Kramar et al., 2002;
Qiu et al., 2006; Rodriguez et al., 2000). Due to the observations of improper laminar migration,

the first investigations into reelin focused on the role of reelin expression in development.
1.10.2 Developmental role of reelin

In prenatal development, reelin is secreted by Cajal-Retzius cells in the marginal zone of the cortex
and hippocampus, as well as by glutamatergic cerebellar cells (Lacor et al., 2000; Schiffmann et
al., 1997; Tissir & Goffinet, 2003). Reelin is released into the extracellular space at a synthesis-
dependent rate and binds to its receptors mentioned above. When reelin is bound, it drives the
VLDLR and ApoER2 receptors together to activate disabled-1 (Dabl), an intracellular adaptor
protein which is phosphorylated through the Src family kinases (SFKs) Fyn and Src (Bock & May,
2016). Dabl is the common factor which begins signaling pathways important for both
developmental and post-developmental phases, such as the PI3k/Akt/mTORC1 and
Crk/CrkL/Rapl pathways (Gotthardt et al., 2000; Rice et al., 1998; Jossin, 2020).

As observed from the deficits present in homozygous reeler mice, reelin is an important cyto-
architect which arranges the inside-out lamination of the cortex and other layered areas through
control of cell-cell interactions to position migrating neurons (Chameau et al., 2009; Kohno et al.,
2020). The presence of reelin initiates a specific radial glia phenotype from progenitor cells in the
ventricular zone. These radial glia have projection fibers that act as scaffolds for new-born neurons
to ascend towards their destinations (Chai et al., 2009). In proper development, early-born cells
occupy deeper layers of the cortex, whereas later-born cells migrate to more superficial layers,
where reelin may act as an attractant for neurons to progress past their predecessors (Gilmore &
Herrup, 2000; Vilchez-Acosta et al., 2022). The canonical lipoprotein reelin receptors appear to
have disparate effects in cortical migration, as knockout of VLDLR causes neurons to invade the
marginal zone and ApoER2 knockouts have later-stage migration deficits (Hack et al., 2007;
Arimitsu et al., 2021). VLDLR is hypothesized to act as a “stop signal” which terminates migration
by detaching the neuron from the radial glial cells (Dulabon et al., 2000; Qiu et al., 2006).
Interestingly, the central fragment of reelin is sufficient for proper cortical organization (Jossin et
al., 2004; Wasser & Herz, 2017; Hattori & Kohno, 2021). Taken together, it demonstrates why
reelin-deficient mice display inverted cortical lamination and how reelin is essential for proper

neural development.
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1.10.3 Reelin in adolescence and adulthood

In the post-natal brain, production of reelin by Cajal-Retzius cells is shifted to hippocampal and
cortical GABAergic interneurons and glutamatergic cells in the olfactory bulb, cerebellum, and
layer Il pyramidal cells in the piriform and entorhinal cortex (Knuesel, 2010; Wasser & Herz,
2017). In adulthood, it appears that reelin regulates dendritogenesis and dendritic spinogenesis,
and synaptogenesis (Beffert et al., 2006; Niu et al., 2008; Rogers et al., 2011, 2012; Ventruti et al.,
2011; Weeber et al., 2002), as evidenced by reelin overexpression models which demonstrate
increased neurogenesis, hypertrophy of dendrites, and synaptic contacts (Pujadas et al., 2010).
Changes in reelin expression can also affect the morphology of dendritic spines, changing
configurations of presynaptic boutons that can affect function of synapses (Bosch et al., 2016).
Reelin’s activation of the Crk family proteins through tyrosine phosphorylation may also impact
dendritic outgrowth through regulation of membrane protein trafficking and the actin cytoskeleton.
Low levels of Crk have been associated with decreased dendritic complexity in the hippocampus
(Matsuki et al., 2008). Interestingly, heterozygous reeler mice and double Crk/CrkL mutant mice
exhibit extremely similar cortical phenotypes (Park & Curran, 2008). Most likely due to its
dendritogenic effects, an intraventricular injection of reelin was able to enhance LTP and cognitive
function in wild-type mice (Rogers et al., 2011), heterozygous reeler mice (Rogers et al., 2013),
and a mouse model of Angelman syndrome (Hethorn et al., 2015). A knockout of reelin’s canonical
receptors (VLDLR & ApoER?2) produces reductions in synaptic density and memory impairments
(Mulder et al., 2004; Trommsdorff et al., 1999).

A potential mechanism by which reelin could enhance synaptic plasticity is through the regulation
of glutamate receptor activity. Dabl activation is able to stimulate SFKs, which are physically
connected to NMDARSs and phosphorylate both GIuN2B and GIuN2A subunits to enhance current
(Chen et al., 2005). In ex vivo hippocampal slices, reelin is able to enhance CA1 AMPAR- and
NMDAR-synaptic signaling — however, this effect was blocked if the canonical receptors were
knocked out (Weeber et al., 2002), or if slices had a pre-treatment of PI3K or Rapl inhibitors (Qiu
et al., 2006). In addition, treatment of hippocampal slices with reelin regulated neuronal
excitability through prevention of GIuA2 dephosphorylation (Durakoglugil et al., 2009). Pre-
synaptically, reelin may influence neurotransmitter release through mediating levels of SNAP25,
a protein required for vesicles to bind to the plasma membrane (Hellwig et al., 2011). Another
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mechanism by which reelin could affect neuroplasticity is through activation of the PI3K/Akt
pathway, upstream effectors of mMTORC1 and a mode by which it increases AMPAR membrane
insertion and dendritic branching in the hippocampus (Jossin & Goffinet, 2007). Reelin is also able
to prevent amyloid-f induced LTD by inhibition of GSK-3 to protect hyperphosphorylation of
Tau (Beffert et al., 2002; Durakoglugil et al., 2009; Kramar et al., 2002).

The N-t of reelin binds with a high affinity to the a3p1 intergrin receptor, which co-localizes to
dendritic spines and post-synaptic densities (Rodriguez et al., 2000). Integrins mediate synaptic
plasticity by shaping the formation and stabilization of synapses (Qiu et al., 2006). Mice deficient
in the a3 integrin display deficits in CA1 LTP and spatial memory (Chan et al., 2003). In contrast
to reelin’s canonical receptors, deletion of a3- or B1-class integrins does not produce a reeler-like
phenotype, and shows normal cortical lamination (Jossin et al., 2004). Reelin is also able to
promote a developmental “switch” through SFK activation or decrease the ratio of NMDARs
which express higher GIUN2B than GIuN2A (Sinagra et al., 2005). SFK activation is able to
increase GIUN2B surface mobility, reducing their presence at the synapse (Qiu et al., 2006; Sinagra
et al., 2005), an effect which is abolished by blocking both the canonical receptors or 33 integrins
(Groc et al., 2007).

There are still significant questions regarding the role of each reelin fragment in its actions. Once
full-length reelin has bound to the receptor, it is internalized into endocytic vesicles. In these
vesicles, reelin undergoes further proteolysis which cleaves the N-t for re-release (Hibi & Hattori,
2009). Some research has suggested that cleavage of the N-t site may impede Dabl
phosphorylation (Kohno et al., 2009; Kubo et al., 2002), however others have shown no change
(Jossin et al., 2004; Koie et al., 2014). The phosphorylation of Dabl is equally effective by binding
of the central fragment of reelin or the full-length protein. Potentially, the cleavage of reelin could
aid the diffusion of the central fragment in order to reach target cells at a further distance (Jossin
et al., 2020). The cleavage of reelin may also be necessary for proper feedback mechanisms, as
reelin cleavage is necessary for reelin clearance and halting the activation of Dabl (Koie et al.,
2014). Another negative feedback mechanism for reelin signaling is the cleavage of ApoER2,
whereby the intracellular domain can translocate to the nucleus to regulate the transcription of
genes (including RELN) and the extracellular domain is able to inhibit reelin activity in primary
neurons (Balmaceda et al., 2014; Koch et al., 2002; Telese et al., 2015; Wasser & Herz, 2017).

62



Evidently, all processes which reelin is thought to regulate have been implicated in

neuropsychiatric disorders, making reelin of great interest in the context of depression.
1.10.4 Reelin in depression

After the discovery of the importance of reelin in development, interest turned to uncovering the
role of reelin in various neurodevelopmental and neuropsychiatric disorders such as autism,
schizophrenia, bipolar disorder, Alzheimer’s disease, and depression. Major breakthroughs were
made when decreased levels of RELN mRNA were found throughout the brain in schizophrenia
(Impagnatiello et al., 1998), the cerebral cortex of those diagnosed with bipolar disorder (Guidotti
et al., 2000), and in the hippocampus of schizophrenia, bipolar, and MDD patients (Fatemi et al.,
2000). The decrease in reelin was particularly strong in CA4, or DG, of the hippocampal region.
This central downregulation was also paralleled by lowered serum reelin levels (Fatemi et al.,
2001), which may be mediated by a hypermethylation of the RELN promotor caused by
psychosocial stress (Abdolmaleky et al., 2005; Veldic et al., 2004). It appears that reelin-related
methylation changes in the blood are parallel to those in the brain in schizophrenia, representing a
potential promising biomarker which may hold true in mood disorders such as depression (Auta et
al., 2013; Nabil-Fikri et al., 2017).

Both homozygous (RELN™) and heterozygous (RELN*") reeler mice are valuable models to study
the role of reelin in various neuropsychiatric disorders. While homozygous reeler mice have
obvious physiological and neurochemical abnormalities, heterozygous reeler mice (HRM) (who
express 40 — 60% less reelin) exhibit only subtle changes. Behavioural tests such as the OFT,
black-white box, FST, and novelty-suppressed feeding tests are unable to differentiate between
HRM and wild-type mice (Teixeira et al., 2011). However, certain memory tests are able to reveal
differences, with reelin-deficient mice having worse memory spans (lemolo et al., 2021) and
VLDLR/ApoER?2 knockouts showing deficits in fear conditioning (Weeber et al., 2002). Despite
no large baseline behavioural differences, HRM are quite vulnerable to the development of a
depressive-like phenotype. HRM who were exposed to a chronic corticosterone administration had
increased immobility on the FST and decreases in neurogenesis in a dose-dependent manner than
was not found in wild-type mice (Lussier et al., 2011). This vulnerability has been corroborated

in other studies that showed changes in Y-maze performance and social recognition between HRM
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and wild-type mice after chronic CORT administration in drinking water (Notaras et al., 2020;
Schroeder et al., 2015).

The administration of chronic corticosterone seems to have distinct biochemical effects in HRM
vs. wild-type mice — co-expression of neuronal nitrous oxide synthase (NOS) and reelin in the
hippocampus is decreased after CORT exposure in wild-type mice but increased in HRM. This
could be one mechanism by which stress could worsen oxidative events in vulnerable phenotypes
(Caruncho et al.,, 2010; Romay-Tallon et al.,, 2015). In addition, reductions in PSD-95,
parvalbumin, activity-regulated cytoskeletal protein (Arc), and the dendritic number and
complexity have been observed in HRM (Dong et al., 2003; Liu et al., 2001; Tueting et al., 2006;
Ventruti et al., 2011). Lowered reelin signaling has also been linked to deficits in monoaminergic
signaling, particularly serotonergic and dopaminergic signaling (Michetti et al., 2014; Varela et
al., 2015). Glutamatergic signaling is also intertwined with reelin’s pathways, as heterozygous
reeler mice express higher protein levels of GIUN2A and GluN2b than wild-type mice (Isosaka et
al., 2006). On the other side, induced overexpression of reelin provides a resilience to chronic
stress and promotes dendritic outgrowth and circuit establishment of granule cells from the dentate
gyrus (Teixeira et al., 2011). Taken together, the vulnerability of reelin-deficient mice and the
potential neuroprotective benefits of reelin overexpression heavily implicate reelin to have a role

in depressive phenotypes.

Outside of genetic studies, reductions of reelin have been consistently associated with chronic
stress (Caruncho et al., 2016). Our laboratory has shown that chronic corticosterone administration
was able to decrease reelin-immunoreactive cells by 21% in the CAl stratum-lacunosum-
moleculare and by 26% in the subgranular zone of the dentate gyrus (Lussier et al., 2013a). Chronic
restraint stress was not able to reduce reelin, however it also failed to induce depressive-like
behaviours and changes in both GABAergic and glutamatergic neurotransmission generally
associated with depression (Gregus et al., 2005; Lussier et al., 2013b). In addition, time-dependent
increases in FST-immobility, indicative of despair-like behaviour, were found to be paralleled with
decreases in reelin expression and an indicator of hippocampal neurogenesis (Lebedeva et al.,
2017, 2020). Cyclical corticosterone administration also causes progressive decreases in reelin
levels, which parallels with the worsening of depressive-like behaviour (Lebedeva et al., 2020).

There appear to be sex differences in the response of reelin to stress, as basal levels of reelin are
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lower in females than males in the paraventricular nucleus, and region-specific female reelin
expression remains unchanged after chronic corticosterone (Sanchez-Lafuente et al., 2022).
Analyses have not determined specific reelin epitope function in depression, and future research

should pursue epitope-specific analyses.

The observed decreases in hippocampal reelin are able to be rescued by both traditional and non-
traditional antidepressant administration. Chronic administration of imipramine, a TCA, and
etanercept, a TNF-a inhibitor, were both able to rescue deficits in reelin after chronic
corticosterone administration (Brymer et al., 2018; Fenton et al., 2015). Treatment with
citalopram, an SSRI, was also able to counteract the deleterious effects of kainic acid on reelin
MRNA and protein levels (Jaako et al., 2011). Lastly, solid evidence has implicated the role of
reelin in ketamine’s antidepressant effects: genetic depletion of reelin, its receptor ApoER2, or
certain downstream effectors is able to abolish the behavioural and biochemical antidepressant-
like effects of ketamine (Kim et al., 2021). This is some of the strongest evidence that reelin

signaling may play a role in generating therapeutic response.

All of the evidence towards reelin’s role in depression led our lab to posit that the administration
of exogenous reelin could help treat a depressive-like phenotype. To first investigate the potential
therapeutic effects of reelin, 1 pg of central fragment reelin was infused directly into the
hippocampus in a repeated (1/week over 3 weeks) or acute (24 hours before FST) manner. Both
repeated and acute doses of central fragment intrahippocampal reelin was able to rescue despair-
like behaviour (FST immobility) and cognitive deficits (object location task), as well as
neurochemical deficits in NMDARs, AMPARs, and GABAARS (Brymer et al., 2020). Repeated
injections were able to rescue the complexity and number of newborn granule cells, however this
was not found after a single injection of reelin, suggesting that increases in neurogenesis are not
necessary for reelin’s short-term antidepressant effects. Interestingly, the reversal of behaviours
and neurochemical deficits was blocked if CNQX, an AMPAR antagonist, was administered
(Brymer et al., 2020). The reliance on AMPARs have been repeatedly implicated in fast-acting
antidepressant therapeutics, including ketamine (Kadriu et al., 2021). As previously described,
AMPARs are usually co-expressed with NMDARs and are essential for synaptic plasticity
(Malenka & Nicoll, 1997). Other intracranial infusions of reelin, including intrahippocampal,

intra-amygdalar, and intraventricular, have also found therapeutic effects in mouse models for the
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study of depression that have been associated with increases in glutamatergic and GABAergic tone
(Hethorn et al., 2015; Ibi et al., 2020; Rogers et al., 2011, 2013). Preclinical studies on the effects
of exogenous reelin administration can be found in Table 1.3.
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Acute 1 pg

Behaviour 1 — 7 days
after infusion after
acute injection

Model Route of Dose & Timing Findings
Administration
Chronic Peripheral Repeated 3 ug, 3X, Repeated and acute reelin
corticosterone intravenous once every 7 days administration rescued
model adminstration behaviour and neurochemical
Acute 3 pg abnormalities (hippocampal
GABAA2/3p, GIuAl, and
1 - 2 days after acute | GIUN2B receptors), as well as
injection SERT MPC (Allen et al., 2022)
Chronic Intrahippocampal | Repeated 1 pg, 3x, Repeated and acute reelin
corticosterone infusion once every 7 days rescued deficits in behaviour
model and hippocampal AMPA,

NMDA, and GABAA receptor
expression, which could be
blocked with CNQX (Brymer et
al., 2020)

Maternal immune
activation model

Intrahippocampal
infusion

0.2 pmol/ hemisphere

4 and 10 days after
injection

Rescued memory and anxiety-
like behaviour, and recruited
hippocampal synaptoporin (Ibi
et al., 2020)

from wild-type
mice

Angelman Bilateral 5 nm total hemisphere | Enhanced LTP, dendritic spine
syndrome mouse intraventricular concentration density, spatial learning and
model injection memory (Hethorn et al., 2015)

5 days after injection

Heterozygous Bilateral 5 nm total hemisphere | Recover deficits in

reeler mice intraventricular concentration heterozygous reeler mice,
injection including synaptic function,

5 days after injection | sensorimotor gating, and
performance on learning and
memory tasks (Rogers et al.,
2013)

Wild-type mice Bilateral 5 nm total hemisphere | Enhanced LTP, dendritic spine
intraventricular concentration density and improve associative
injection learning and memory (Rogers et

15 min, 3 hours, and 5 | al., 2012)

days after injection

Hippocampal slices | Wash-on 5nm Increased LTP, dependent on

presence of both VLDLR and
ApoER2 (Weeber et al., 2002)

Table 1.3. Pre-clinical studies with exogenous reelin administration. AMPA = a-amino-3-hydroxy-5-methyl-4-

isoxazolepropionic acid, ApoER2 =

Apolipoprotein E Receptor 2, CNQX =

cyanquixaline (6-cyano-7-

nitroquinoxaline-2,3-dione), GABA = gamma-aminobutyric acid, LTP = long-term potentiation, NMDA = N-methyl-
D-aspartate, VLDLR = very low-density lipoprotein receptor.
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Evidently, direct hippocampal infusions are not translatable to a human population. Due to this,
our lab established a peripheral administration paradigm, whereby reelin is injected
intraventricularly (i.v.) into the lateral tail vein in the chronic corticosterone model (Allen et al.,
2022). Repeated i.v. injections of reelin were able to rescue FST immobility, hippocampal reelin,
GABA aB2/3, GluA1l, and GIuN2B receptors, as well as serotonin transporter (SERT) clustering
in peripheral lymphocytes. Most promisingly, a single i.v. injection of reelin was also able to
rescue the behavioural and biochemical deficits induced by CORT, further implicating reelin as a
potential fast-acting antidepressant. Reelin’s actions on PI3k signaling, an upstream activator of
MTORC1, have been of extreme interest to better understand its fast-acting antidepressant-like
effects. To activate mTORC1, reelin binds to its canonical receptors very-low-density-lipoprotein-
receptor (VLDLR) and apolipoprotein E receptor 2 (ApoER2) (D’ Arcangelo et al., 1999). Upon
binding, Src/Fyn kinases phosphorylate cytosolic docking protein disabled1 (Dab1), which in turn
activates downstream pathways including the PI3K/Akt pathway, an upstream activator of
MTORC1 (Beffert et al., 2002). During development and in neuronal cultures, reelin promotes
protein translation through the PI3K/Akt pathway, inducing a robust activation of mTORCL1 and
p70S6K, likely contributing to dendrite growth (Jossin & Goffinet, 2007). Please refer to Figure
1.3 for reelin and ketamine’s hypothesized parallel signhaling pathways. However, less is known
regarding the role of reelin on mTORCL1 signaling in adulthood, disease states, or depression, and

requires further investigation.
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Figure 1.3 Hypothesized overlapping signaling pathways of reelin and ketamine. Reelin is constitutively released
from GABAergic interneurons and goes on to bind to its canonical receptors VLDLR (very low-density lipoprotein
receptor) and ApoER2 (Apolipoprotein E receptor 2). This binding activates Dabl, an intracellular signal adaptor
protein, which in turn activates phosphoinositide-3’ kinase (PI3k) to initiate downstream activation of mMTORC1. Once
phosphorylated, mTORCL1 increases synaptic expression of proteins such as GluAl and PSD-95, which contribute to
further excitatory signaling. Ketamine may preferentially antagonize NMDAR receptors on GABAergic interneurons,
which disinhibit excitatory cells and lead to an influx of glutamate in the synapse. This increase in glutamate release
triggers a Ca?* influx which increases BDNF release. BDNF binds to TrkB receptors, which activate parallel pathways
to reelin in order to upregulate mTORCL activity. Figure was created in BioRender by author.
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1.11 Inflammation and depression

Though most research has focused on the impact that MDD has in the central nervous system,
decades of research have found links between depressive symptoms and inflammatory states (Majd
et al., 2020; Miller & Raison, 2015; Raison et al., 2006; Zunszain et al., 2013). As pleiotropic
messengers, inflammatory molecules such as cytokines can promote further neuroinflammation
through disruption of microglial and astrocytic function, integrity of the blood brain barrier, and
apoptosis (Lugo-Huitron et al., 2013; Schwarcz et al., 2012; Yirmiya & Goshen, 2011).

Initial interest of the link between depression and inflammation was spurred after administration
of interferon-alpha (IFN-a) to treat Hepatitis C precipitated depressive symptoms that were able
to respond to traditional antidepressant intervention (Hoyo-Becerra et al., 2014). The use of the
endotoxin lipopolysaccharide (LPS) can also reliably induce “depressive-like” behaviours in
preclinical research and consistently trigger large inflammatory responses (Zhao et al., 2019). As
mentioned above, chronic stress plays a large role in the pathophysiology of depression and
chronic, low-grade, inflammation could also contribute to the underlying etiology of depression.
Pre-clinical models have found that the upregulation of stress hormones was able to significantly
increase markers of inflammation such as tumor necrosis factor alpha (TNF-a) and interleukin 1
(IL-1pB), and induce CNS inflammation (Bombholt et al., 2004; Kubera et al., 2011; Song & Wang,
2011). Our laboratory also demonstrated that peripheral administration of etanercept, a TNF-a
inhibitor which cannot cross the blood brain barrier, reversed stress-induced behaviours and
neurochemical alterations including levels of hippocampal reelin and glutamate receptors (Brymer
etal., 2018).

Despite overwhelming preclinical evidence, heightened inflammation does not appear in all
patients with depression. Instead, the presence of heightened inflammatory markers appears to
represent a specific subset of patients, such as those with TRD (Strawbridge et al., 2019; Yang et
al., 2019). Longitudinal studies have suggested that increased inflammation is associated with a
higher recurrence of depressive symptoms, worsened outcomes, a more severe course of illness,
increased suicidality, and a resistance to traditional therapies (Strawbridge et al., 2019). Depressive
symptoms that are more typically associated with TRD, such as anhedonia, suicidality, and
reduced motivation, have also been associated with increases in central 1L-6 soluble receptors and

TNF-a, as well as peripheral C-reactive protein levels (CRP) (Kdhler-Forsberg et al., 2017; Ma et
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al., 2016; Rengasamy et al., 2021). Higher baseline levels of CRP have also been found to predict
treatment non-response (Chang et al., 2012; Zhang et al., 2019) and higher levels of six
inflammasome related mRNAs (P2RX7, IL-1B, IL-6, TNF-a, CXCL12, and GR) were able to
differentiate between treatment-responsive MDD and TRD (Cattaneo et al., 2020). A meta-
analysis supported these studies, finding that higher levels of inflammatory markers, in particular
elevated TNF-a, were associated with a poor treatment response (Strawbridge et al., 2015). While
these are measurements of peripheral inflammation, recent imaging studies have begun to confirm
similar increases in inflammation in the CNS. Positron emission tomography (PET) studies of
TSPO (translocator protein 18 kDa) find increased TSPO binding in the PFC and ACC of those
currently experiencing a major depressive episode (Richards et al., 2018), though not all findings
regarding TSPO binding in MDD and TRD are consistent (Schubert et al., 2021; Turkheimer et
al., 2021). Early research has also investigated inflammatory responses to psychological therapies
such as cognitive behavioural therapy — where once again poor response was associated with
higher levels of CRP, IL-6, and TNF-a (Lopresti, 2017).

Two potential mediators of the link between chronic stress, depression, and inflammation are the
HPA axis and kynurenine pathway. As previously discussed, HPA axis overactivation is
characteristic of chronic stress (Stetler & Miller, 2011). Higher biomarkers of both HPA axis
activity and inflammation (cortisol and CRP) have been associated with the presence of somatic
depressive symptoms (lob et al., 2019), a symptom presentation most often associated with TRD.
In women, increased hair cortisol concentrations were associated with poorer performance on
memory and cognition tasks, an effect mediated by elevated CRP levels (lob et al., 2019). The
kynurenine pathway is a major modulator of glutamatergic signaling and is heavily impacted by
inflammatory processes (Kowalczyk et al., 2019). TDO (tryptophan-2,3-dioxygenase) is a main
enzyme of the kynurenine pathway which catabolizes of tryptophan, the precursor for serotonin
synthesis. Pro-inflammatory states induce TDO production (Chen & Guillemin, 2009), which can
lead to a tryptophan depletion. This depletion can cause depressive symptoms in vulnerable
populations (Wichers et al., 2004). The biologically active products of the kynurenine pathway,
kynurenic acid (KA) and quinolinic acid (QA) have different effects on inflammation, as KA
functions as a neuroprotective agent (Foster et al., 1984) in contrast to QA, an endogenous
neurotoxin (Lugo-Huitrén et al., 2013). In participants with depression, ratios of KA and QA have
repeatedly found to be altered (Doolin et al., 2018; Moaddel et al., 2018; Zhou et al., 2018).
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Ketamine, as discussed, is extremely effective at targeting TRD, making it an ideal therapeutic
candidate for examining changes in depression-associated inflammation (Johnston et al., 2023, in
press). In pre-clinical models, (R)-ketamine (though not (S)-ketamine) was able to decrease
peripheral levels of IL-6 in a model of ulcerative colitis, an effect that was abolished by
administration of a TrkB antagonist (Fujita et al., 2021). Similarly, (R)-ketamine significantly
reduced central and peripheral pro-inflammatory cytokines after LPS administration (Zhang et al.,
2021). Heightened levels of cytokines after maternal deprivation stress was also reversed by
ketamine administration, or ketamine administered in conjunction with electroconvulsive
stimulation in a sex-dependent manner, though other inflammatory measures such as catalase

activity and carbonyl levels were not rescued (Abelaira et al., 2022).

Ketamine could also mediate inflammation through the HPA axis and kynurenine pathway. In a
chronic stress model, ketamine helped restore the HPA axis’ negative feedback loop through
restoration of hippocampal glucocorticoid receptor expression (Wang et al., 2019) and was also
able to decrease levels of ACTH and corticosterone after LPS administration (Besnier et al., 2017).
In clinical research, ketamine has increased a rapid, but transient, burst of cortisol in healthy
volunteers (Hergovich et al., 2001; Khalili-Mahani et al., 2015) — however research should
investigate this in MDD and TRD. Ketamine directly impacts the actions of QA through its
blockade of NMDARS, as QA needs to bind to NMDARSs to have its pro-inflammatory actions. In
addition, ketamine has been shown to decrease the kynurenine:tryptophan ratio in both clinical
and pre-clinical research (Moaddel et al., 2018; Wang et al., 2015). Ketamine-associated increases
in KA also correlate with short- and long-term MADRS reductions (Zhou et al., 2018).

Lastly, some studies suggest that ketamine can reduce the reactivity of inflammatory signaling in
response to aversive stimuli, such as chronic stress. Administered prophylactically, ketamine can
prevent stress-induced behavioural changes and increase resilience to LPS or TNF-a
administration (Brachman et al., 2016; Camargo et al., 2021). Clinically, ketamine was also able
to decrease levels of cortisol and alpha amylase in healthy volunteers if administered before the
stressful stimuli was applied (Costi et al., 2023). While prophylactic ketamine seems promising,
clinical applicability of this research may be limited due to the unpredictability of stressful and

aversive lifetime experiences.
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Less is known about the role of reelin in inflammatory processes, particularly in depression. Reelin
is expressed nearly ubiquitously throughout the body, including immune cells in the periphery.
Throughout development, reelin is essential for proper formation of the hippocampal radial glial
scaffold (Forster et al., 2002) and mutations in reelin’s signaling path lead to mutations in
microglial immunoglobulin G Fc receptors (Rahimi-Balaei et al., 2020). In aging and
schizophrenia, some have hypothesized that prenatal inflammation decreases reelin-expressing
neurons, leading to protein aggregation and cognitive impairments in adulthood (Knuesel et al.,
2009). Additionally, decreases in inflammation through inhibition of TNF-a, were able to increase
reelin immunoreactivity in the hippocampus after chronic stress (Brymer et al., 2018). Offspring
from pregnant mice treated with polyinosinic:polycytidylic acid (an immunostimulant) also
showed reduced reelin reactivity at post-natal day 28 (Harvey & Boksa, 2012). A controlled
cortical impact model of traumatic brain injury found decreased reelin expression in the
hippocampus and found that reelin could protect hippocampal cells from glutamate-induced
neurotoxicity in vitro (Dal Pozzo et al., 2020). Reelin administration was also able to rescue
cognitive and behavioural measures in mouse offspring exposed to antenatal inflammation (Ibi et
al., 2020), however it is yet unknown whether increasing levels of reelin would decrease

inflammation directly in a depressive-like phenotype.

In contrast, some evidence suggests that a depletion of reelin could aid different inflammatory-
based disorders such as atherosclerosis and autoimmune encephalomyelitis (Calvier et al., 2020,
2021). This is because high levels of reelin and Apoer2 are associated with endothelial cell
dysfunction, promoting leukocyte-endothelial cell adhesion (Calvier et al., 2020). Accumulation
of reelin during the aging process has also been associated with Alzheimer’s disease, with reelin
aggregates co-localizing with non-fibrillary amyloid plaques (Knuesel et al., 2009). It is evident
that finding a homeostatic balance of reelin may be essential to regulate inflammation in the
periphery and central nervous system. Taken together, the evidence suggests that inflammation
appears to contribute to a subset of depressive pathology and could inform future biomarker and
therapeutic research.

1.11.2 SERT clustering in the periphery

Due to the proposed involvement of inflammation in depression, significant amounts of research

has been conducted to determine potential panels of inflammatory-related biomarkers, and whether
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they are able to distinguish MDD from other neuropsychiatric disorders such as anxiety (Martin et
al., 2014). Our laboratory has found that serotonin transporter (SERT) clustering on the lipid rafts
of peripheral lymphocytes may provide a promising therapeutic biomarker. Serotonin, both
synthesized and released by lymphocytes, appears to regulate natural Kkiller cell function and
promotes the function of chemotactic factors such as cytokines in early stages of the inflammatory
processes (Marazziti et al., 2010). In relation to this, the expression of SERT on lymphocytes
appears to regulate serotonin-induced lymphocyte proliferation (Slauson et al., 1984), though more
an update in the research is necessary.

Lipid microdomains play important roles in neurotransmitter activity as well as reuptake (Magnani
et al., 2004), and may be an important peripheral system affected by MDD. The redistribution of
proteins in lipid rafts is actually believed to be critical for antidepressant response (Allen et al.,
2006; Czysz et al., 2014; Erb et al., 2016), and could provide valuable clinically useful biomarkers.
Alterations in SERT levels have also been repeatedly implicated in depression, particularly as a
biomarker for suicidality (Purselle & Nemeroff, 2002) — which is often higher in those with TRD.
In those who died by suicide, SERT binding was significantly lower independent of an MDD
diagnosis (Underwood et al., 2018).

In the lipid raft microdomains on PBMCs, average SERT cluster size is increased in participants
with treatment-naive depression, a finding that is paralleled in pre-clinical models of chronic stress
(Caruncho et al., 2019). In addition, the distribution pattern (percent clusters within a modal peak)
was able to predict treatment response in patients with depression (Rivera-Baltanas et al., 2014).
In both groups of patients (responders and non-responders), baseline HDRS and self-assessed
anhedonia scores were equivalent — however all participants with larger clusters (a lower
percentage of clusters within 0.05 to 0.1 um) responded to treatment, with 75% achieving
remission. Those with a higher proportion of smaller clusters had much worse response rates, with
only 45% reaching the criteria for response and 22% reaching remission (Rivera-Baltanas et al.,
2014). However, differences in membrane protein clustering in PBMCs is not completely unique
to SERT clustering — participants with MDD show dysregulation in patterning of dopamine
transporters, GluN2b-containing NMDARSs, prion cellular protein, and Pannexin 1 (Romay-Tallon
etal., 2017, 2018). Of importance, there is evidence that reelin is able to induce membrane protein
clustering (Dong et al., 2003) and heterozygous reeler mice display significant increases in cluster
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sizes (Caruncho et al., 2016) which parallel findings from chronic stress models and participants
with depression. To my knowledge, no previous studies have looked at the effects of ketamine on

SERT membrane protein clustering.

A large consideration is also the ease of implementation into SERT clustering analysis into a
clinical setting. The ability to measure the clustering on PBMCs from a blood smear, which only
requires a drop of blood from a finger, is quite non-invasive and does not take a significantly
increased amount of time or materials (Romay-Tallon et al., 2017). In addition, our lab has created
a macro which allows for automatic analysis of MPC, including size, number, and distribution of
clusters (unpublished data). This macro runs through Fiji, a free program which is available
worldwide to increase accessibility.

1.12 Specific research aims

Experiment 1: Due to the historical lack of involvement of patients in laboratory-based research,
we aimed to create guidelines that would shape the introduction and involvement of people with
lived experience into our research. To accomplish this, interviews and regular meetings were
arranged with participants diagnosed with treatment-resistant depression and psychosis both inside
and outside of the laboratory setting. The guidelines were developed in conjunction with these
patient partners. In addition, the emergence of COVID-19 in 2020 impacted much of the patient-
oriented research we were able to conduct but spurred structured discussions in a patient-oriented
research advisory committee (consisting of people with lived experience, caregivers, researchers,
clinicians, and healthcare administrators) that informed the development of guidelines to support

patients diagnosed with neuropsychiatric disorders throughout the pandemic.

Experiment 2: As the evidence that ketamine and reelin may be working in a parallel through the
mMTOR pathway was preliminary, | started with the creation of synaptoneurosomes from vehicle
and CORT-treated animals and in vitro incubations of reelin and ketamine to assess synaptic-
specific changes related to the mTORCL1 signaling pathway. Synaptoneurosomes from the
hippocampus and cerebellum were created using sequential filtrations and treated with varying
concentrations of reelin and ketamine (hippocampus: reelin — 5 nm, 10 nm, 50 nm, ketamine — 50
nM, 100 nm, 500 nm and cerebellum - 5 nm, 10 nm, 50 nm, ketamine - 5 nm, 10 nm, 50 nm). Western
blotting was used to analyze proteins related to the mTORC1 signaling pathway, such as
mMTORC1, p-mTORC1, and PSD-95. In a similar manner, PBMCs were isolated from blood
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collected from our vehicle animals and treated with 1 um of CORT, then ketamine or reelin to

observe changes in SERT clustering on lymphocytes after treatment.

Experiment 3: While initial in vitro research looked to determine parallel pathways, | also wanted
to ascertain the impact that ketamine has on reelin expression, and whether this could mediate
some of its fast-acting antidepressant effects. Animals underwent the chronic CORT-
administration paradigm, and then were treated with ketamine. A fear conditioning and extinction
protocol was used to verify ketamine’s antidepressant effects. Immunohistochemical analyses
were performed to analyze the expression of reelin and GIuAl in the subgranular zone of the
hippocampus, as well as the count and complexity of DCX-immunoreactive cells to determine any

impact ketamine may have on neurogenesis.

Experiment 4: To parallel the in vitro studies on synaptoneurosomes, | aimed to confirm the
preliminary results we saw regarding the actions of ketamine and reelin on the mTORC1 pathway,
as well as more large-scale excitatory transmission in the hippocampus. After chronic stress,
animals received either reelin or ketamine and behavioural measurements were used to assess
anhedonic-like and despair-like behaviour. In vivo electrophysiology was conducted on a subset
of the animals to ascertain any deficits or rescues of long-term potentiation in the hippocampus.
Reelin-immunoreactive cells were assess in the SGZ to observe the short-term effects exogenous
reelin and ketamine administration would have on central reelin expression. Lastly,
synaptoneurosomes were created to determine the effect reelin and ketamine had in vivo on the

mTORC1 pathway, as assessed through Western blotting.

Experiment 5: While animal models can provide a valuable resource for the study of depression,
novel approaches and methodologies to increase translation are invaluable. In this study, my aim
was to begin characterizing an iPSC-model of TRD patients, as well as determining the responses
of iPSC-derived neurons to ketamine and reelin treatment. Cells were reprogrammed and cultured
into cortical neurons, then various proteins measured through Western blotting and
immunocytochemistry to characterize the cell lines and treatment responses. In the interest of
increasing translation, samples from TRD participants who had received ketamine treatment and
assessed for various levels of cytokines and other inflammatory markers, to potentially provide

future biomarkers for the study of depression.

A portion of the work outlined in this dissertation has been previously published:
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Chapter 2

The incorporation of patient-oriented research into laboratory-based studies
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2.1 Abstract

As patient-oriented research gains popularity in clinical research, the lack of patient input in
foundational science grows more evident. Research has shown great utility in active partnerships
between patient partners and scientists, yet many researchers are still hesitant about listening to
the voices of those with lived experience guide and shape their experiments. Mental health has
been a leading area for patient movements such as survivor-led research, however the stigma
experienced by these patients creates difficulties not present in other health disciplines. The
emergence of COVID-19 has also created unique circumstances that need to be addressed.
Through this lens, we have taken experiences from our patient partners, students, and primary
investigator to create recommendations for the better facilitation of patient-oriented research in
foundational science in Canada. With these guidelines, from initial recruitment and leading to
sustaining meaningful partnerships, we hope to encourage other researchers that patient-oriented

research is necessary for the future of mental health research and foundational science.
2.2 Introduction

Patient-oriented research (POR) aims to improve the healthcare system through prioritizing active
partnerships between various stakeholders such as patients, clinicians, researchers, administrators.
While the need for the incorporation of patient perspectives into the healthcare system seems clear,
current evidence-based models and clinical practices in Canada often leave out the voices of people
with lived experience (PWLE) (Krahn & Naglie, 2008; Schiinemann et al., 2006).

Over the past two decades, patient lobbying has played a large part in shifting views towards the
inclusion of PWLE, increasing patient empowerment and greater democratization of science
(Elberse et al., 2011). In Canada, the Strategy for Patient-Oriented Research (SPOR) has been
released by the Canadian Institute of Health Research (CIHR). Patient engagement is a central
tenet of this framework, which is defined as “occurring when patients meaningfully and actively
collaborate in the governance, priority setting, and conduct of research, as well as in summarizing,
distributing, sharing, and applying its resulting knowledge” (CIHR, 2019). Throughout this
section, the term patient partners (the term preferred by our PWLE collaborators) is used to

describe those who are actively engaged in the development of novel research.

79



In addition to being directly impacted by the research, the value of patient input is multifaceted:
experiential knowledge increases the relevance and quality of health research and participation of
patient partners can lead to more widespread acceptance of research outcomes (Sacristan, 2013).
The unique background and experiences of patient partners also provide new perspectives for
experimental avenues and co-production of research ideas that are not limited to their own
experiences with specific disorders. For example, patient partners with graphic design expertise
could create materials for further recruitment or those with mathematical expertise could aid in
statistical analyses. Despite these numerous benefits, there are still many barriers to the inclusion
of patient partners in healthcare research, particularly laboratory-based science. Understanding
these barriers and exclusion mechanisms that patient partners face needs to be a priority. Major
barriers can be classified as behaviours (e.g. granting less attention, respect, or speaking time)
and/or verbal communications (e.g. jargon-heavy speech, sidelining issues brought forth by patient
partners) (Elberse et al., 2011; Williamson, 2008). In part, the exclusion of qualitative evidence
can hinder advancements in patient inclusion through dismissal of experiential results. A recent
study has demonstrated this clearly, showing that the majority of biomedical scientists and health
care service workers still prioritized experience below perceived expertise, despite stating outward
positive attitudes towards patient and public involvement (Boaz et al., 2016). The necessity to
educate primarily lab-based scientists on the benefits of qualitative research and experiential

expertise is evident.

To bridge these gaps in patient inclusion, emphasis needs to be placed on effective and inclusive
knowledge translation. Successful knowledge translation is one of the greatest challenges in
science, with the common “valleys of death” metaphor used to describe the significant amount of
information lost between research stages (Butler, 2008). As community engagement and basic
laboratory research are often a few steps away from each other, failures in translation are not
uncommon (Eisenmann, 2017; Moore, 2008; Tkacs & Thompson, 2006). Clinical practice
guidelines and research priorities can even go against patient preferences, with researchers rarely
factoring in aspects such as socioeconomic or work status into treatment options (Krahn & Naglie,
2008). This lack of consideration of patient voices has led some to propose a patient emancipation
movement, emphasizing the need for greater control over medical decisions, autonomy, informed
consent, and respect from the healthcare system (Williamson, 2008). A potential solution for this
is Priority Setting Partnerships, established by the James Lind Alliance, which brings together
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PWLE, caregivers, researchers, and clinicians to establish top research priorities that have been
jointly agreed upon (James Lind Alliance, 2012.; Hollis et al., 2018; Kelly et al., 2015; Knight et
al., 2016; Madden & Morley, 2016). This consists of regular structured meetings, for equal sharing
of ideas and decision-making between patient partners and clinicians or researchers. Priority
Setting Partnerships also emphasize the need for education and knowledge transfer through
education on language that is more specialized, or finding alternatives to jargon which could

exclude certain participants, a major challenge in POR work.

Patient partners with lived experience of mental health disorders face additional unique challenges,
such as being viewed as less competent to make decisions about their own care. This perceptual
bias does not account for differences in disorder severity, or fluctuating cycles of wellbeing. This
bias and potential discrimination emphasizes the need to ensure the relationship between patient
partners and researchers is egalitarian. Depending on the capacity of each individual to engage in
research, there may be risks related to involvement that need to be discussed before beginning a
partnership. In certain instances, the inclusion of family members and/or caregivers in decision-
making processes can be extremely valuable, as demonstrated by studies on shared decision-
making with acutely ill in-patients diagnosed with schizophrenia (Hamann et al., 2006, 2007). In
addition, this form of research is susceptible to participant bias, where those who are more likely
to participate exemplify certain attributes that may not represent entire patient populations. It is
also important to acknowledge that there are no boundaries to those diagnosed with a mental health
disorder, and this can encompass a wide array of people that include clinicians and researchers.
There are no boundaries between “patient”, “clinician”, and “researcher”. While these labels are

used separately, please keep in mind that there is overlap and stigma faced by people who fit into
multiple categories.

With these challenges in mind, my goal was to develop a set of guidelines alongside our patient
partners that could be used to incorporate patient-oriented research into a laboratory setting. In
addition, a major aim was to translate discussions from the Patient-Oriented Research Advisory
Committee (POR-AC) on Vancouver Island into actionable requests and research ideas informed

by patient partners, clinicians, administrators, and researchers.
2.3 Methodology

2.3.1 Recruitment of patient partners
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Initial contact to patient partners was between Dr. Hector Caruncho and Lisa Ridgway. Following
this, the recruitment of other patient partners was through word-of-mouth via initial patient
partners and clinicians and presentations at conferences such as the 22" Annual Vancouver Island
Psychosis Conference. Before beginning patient-oriented research in the laboratory setting,
patients were informally screened to determine if they would be an appropriate match for the
laboratory. Questions such as time available, attitudes towards animal research, and decision-

making capacity were considered.
2.3.2 Formation of the POR-AC

The composition of the POR-AC was built on the foundational principles of Canada’s Strategy for
Patient-Oriented Research — where patients, researchers, and health practitioners work together to
contribute to improved and sustainable health systems and outcomes. The committee composed of
2 clinicians, 1 administrator, 6 people with lived experience, and 4 basic researchers. The
committee was first formed at the beginning of 2020 and held monthly meetings until March 2022.
While the initial plan was to meet in person, the majority of meetings were conducted online via
Zoom due to the pandemic. Verbatim notes were taken at each meeting to be transposed and
analyzed. Compensation for patient partners was provided through funding from the BC
SUPPORT Unit.

2.4 Results
2.4.1 Guidelines for the incorporation of POR into laboratory-based sciences

Please keep in mind that these recommendations primarily reflect the incorporation of POR in the
context of Canada, particularly in BC, as our patient partners and researchers share their
experiences from within that administrative framework. They are based off the experiences of our
research group and advisory committee, and we understand many labs will have varying
experiences. The degree of involvement and engagement of each person with lived experience will
need to be evaluated at an individual level, so please take caution in the generalization of these
guidelines. These guidelines have been previously published in Johnston et al., 2020.

2.4.1.1 Initial recruitment
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Advertisement and increased dissemination of POR opportunities are an essential first step to the
inclusion of patient partners in laboratory research. Many patient partners have reported that they
had no idea that they could be involved in this form of research. Local clinicians, conferences that
are open to patients and caregivers, and various outreach groups that work with different
communities are invaluable resources to advertising possible patient engagement. Conferences
such as the 22" Annual Vancouver Island Psychosis Conference has been effective in spurring

initial participation interest from a variety of patient groups.

In the case where there is already an established patient partner in the laboratory, having this person
“meet and greet” the new PWLE or caregiver after initial contact helps to build trust and provide
a safe and secure forum to discuss research. To avoid potential barriers such as enforcing
differential power dynamics, the first meeting(s) should take place outside of the lab setting, in a

neutral location such as a coffee shop.
2.4.1.2 Building the partnership

Following the meeting with the established patient partner, the new potential partner is introduced
in either a one-on-one (with the principal investigator) or in a group (inclusion of students in the
lab, or research technicians for example) setting, depending on their levels of comfort. To also
assist in comfort, a family member or caregiver may be present if preferred by the patient partner.
The inclusion of a family member can help in building the support system and provide information
that may be useful to both the patient partner and those who care for them. In the experience of
our lab, once the patient partner has started to feel comfortable, they will start open conversations
regarding ideas for research and begin to co-build the relationship between patient partner and
researcher. One of the patient partners involved in our lab presented a graduate-level seminar on
their journey with mental health, as well as co-leading a tutorial for graduate students to review

their research from a lens of someone with lived experience with treatment-resistant depression.

Time and effort from both parties is required to co-build an equal relationship between patient
partners and researchers. To help students improve their communication skills and interactions
with patient partners, a translational neuroscience course has begun at the University of Victoria
to allow interactions between researchers, graduate students, patients, and members of patient
organizations in a more casual setting. In this setting, the patient partners are the leaders and

students share their research to develop a shared and equal language to discuss their laboratory-
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based scientific endeavours and hear opinions and ideas from the patient partner. Training such as
this should be implemented in most, if not all, graduate programs that center mental health
research. Earlier training in proper translation of research and center patient voices allows a greater

amount of future researchers to incorporate POR into their later studies.
2.4.1.3 Conducting POR in laboratory-based science

Early in the process, patient partners should indicate their comfort and amount of involvement they
would like to have in various projects. This comfort can depend on multiple factors such as social
comfort, availability, previous knowledge in the field, and more. Privacy concerns are also an
important issue, as some patient partners may not want to be identified due to surrounding stigma.
In contrast, other patient partners may value sharing their experiences and journey with larger
audiences, which can, as a side benefit, help spread information on POR and recruitment. Two of
the patient partners that work closely in our laboratory setting have co-authored papers and make
regular presentations to wide audiences. Regular and in-depth discussions regarding preferences
of each patient partner should help circumvent any potential issues of discomfort or boundary-
setting. Another barrier may be restrictions to certain lab areas, where direct observation of
research may not be possible. If patient partners express interest, they could gain certifications that
grant access to the restricted areas, or a neutral meeting place could be suggested so that the
research can still be discussed and patient feedback would still have a direct impact on the studies

being conducted inside of the lab.

Animal research can also pose a unique issue. As this is a sensitive topic, it is necessary to establish
the comfort levels of patient partners with engaging in animal research. The patient partners | have
worked closely with emphasize the need to discuss animal use ethics and the direct attempts of
researchers to minimize the suffering and number of animals used. In addition, the understanding
that the use of animal models is necessary for novel drug development and biomarkers also helped
minimize hesitancy surrounding animal research. Another patient partner has suggested that
researchers prioritize keeping up to date with non-animal substitutions, and design research
questions accordingly. As discussed later in this thesis, switching from animal models to an iPSC-
derived model was heavily informed by this viewpoint. If a patient partner is still not comfortable
with any form of animal use, they should still be able to engage in the research laboratory if there

are opportunities that are removed from animal research. For example, patient partners have been
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more involved in biomarker studies that use human blood samples, which they reported
significantly more comfort with. Again, it is essential to establish and re-establish boundaries
regularly for each individual partner. After the initial meetings, contact may begin to fade
naturally. To prevent this, researchers need to make clear that they are open to the engagement of
patient partners and open to ideas and collaboration. Contact information for phone and email
should be shared and readily available to all. In addition, setting up regular meeting times with no

penalty for change or cancellation can encourage consistency in patient partner engagement.

Determining compensation is also an integral part of patient engagement. Patient partners dedicate
their time and labour to the research conduct, policy, and dissemination and should therefore be
appropriately compensated. This is supported by research demonstrating five important reasons
for compensation: equity, different motivations than researchers, respect for vulnerability,
commitment, and barrier removal (Breault et al., 2018; Hamann et al., 2006). Richards and
colleagues have provided a detailed roadmap on patient compensation in Canada, which was

contributed to by researchers and patient partners (Richards et al., 2018, 2020).
2.4.2 The effects of COVID-19 in mental health: as informed by people with lived experience

Following the development of guidelines to incorporate patient partners into laboratory science,
discussions in the POR-AC shifted to the impact of the COVID-19 pandemic on people with lived
experience as the pandemic begun. From these discussions, four priority themes emerged that have

now been put together in a report for dissemination to various administrative bodies:

1. How has COVID-19 impacted the stigma surrounding mental health?

2. How important was support (familial, financial, etc.) for mental health during COVID-19?

3. Did COVID-19 increase burnout in people with lived experience, caregivers, and mental
health care workers?

4. How did changes to the system impact the mental health of people with lived experience
(harder to access, easier to access, more free services etc.) How could we improve this and
what should we keep after COVID-19?

Quotes have been anonymized for member privacy. Figure 2.1 provides a summary infographic of

major aims and conclusions.
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Figure 2.1. Summary infographic on the effects of COVID-19 in mental health as informed by people with
lived experience. Four major areas that were impacted by COVID-19 were identified: stigma, support, burnout, and
access to help. Recommendations for each priority area are identified, to later address through policy changes and
future research. Created in collaboration with Elisa Gongalves de Andrade and the POR-AC.
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2.4.2.1 How has COVID-19 impacted the stigma surrounding mental health?

The purpose of this question was to determine whether the POR-AC thought that the impact of
COVID-19 has decreased the stigma surrounding mental illness, as most people have, in one way
or other, been impacted by high levels of stress and suffering during pandemic times. We wanted
to investigate whether the increased prevalence of mental health issues in the general population

would bring about a different view on mental illness and decrease the stigma surrounding it.

The members of the POR-AC agreed that awareness surrounding the continuum of “mental health
to mental illness” has increased alongside the interest of the general population in discussions

about mental health care.

“Right now the mental health question is the “next wave” of COVID — the crisis of the mind and

how it has impacted everyone is at the forefront of many discussions.”
- Member of POR-AC

The POR-AC believes that the onset of the pandemic has encouraged a shift in the way others view
mental health issues, as many have experienced significant increases in stress. It is an important
time to leverage this awareness and push towards novel policies that inform the general population
of mental health issues, stigma, and resulting discrimination. Though awareness of mental health
issues seem to be decreasing, POR-AC members suggest that stigma and discrimination in specific
contexts (e.g. hiring practices) still occurs regularly, and may be important to target.

“Discrimination is also a large issue. For PWLE, it is hard to get help right now, when they are
counting on help from government. My one thing is that just because you have a mental health
diagnosis, does not mean you are less intelligent or an employment risk. People are very hesitant
to hire people with pre-existing mental health conditions, which harms and pushes the stigma even

more.”
— Member of POR-AC

Recommendations developed by the committee were as follows: A shared sentiment was the need
to leverage these current conversations surrounding mental health and mental illness. After the
pandemic, the development of policies to ensure that the sympathy and understanding developed

by the general population about mental health issues stay at the forefront of peoples’ minds should
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be prioritized. This new-found understanding and the dissemination of further information
surrounding mental health could decrease the stigma associated with mental disorders. Public
outreach and public awareness related to this issue can be carried out when the vaccination

campaigns are successful and people begin to resume normal lives.
2.4.2.2 How important was support for mental health during COVID-19?

All members of the POR-AC agreed that familial, friendship and financial support were essential
for mental health throughout the pandemic, however, the importance was higher for people with
lived experience and caregivers. For those already struggling, the impact of isolation, loss of
income, or loss of employment opportunities were substantial and often exacerbated existing

issues.

“If I didn 't have disability — it would be significantly more stressful, and | would not be able to get
a job otherwise — recently |1 was discriminated against for disclosing my mental health at an
interview with the salvation army. My counsellor was also cut, so having no family support would

be very difficult and make everything a lot harder.”
- Member of POR-AC
In certain situations, overreliance on technology has caused a loss of support:

“My connection to this stigma and mental health and jobs —we need to make sure HR is following
through on workplace practices and how to chip away at these biases — nobody would discriminate
against diabetes. For disability, my son had a technical glitch on the direct deposit of disability.
If he has to cash a cheque, he has to acknowledge that he has a mental illness, and he is not willing
to acknowledge this so he does not have money. | could cash the cheques, but this is going against

)

his direct wishes and he has his own agency. There are no supports in place for issues like this.’
- Member of POR-AC

The committee agrees that COVID-19 was a medical, social, and economic problem that had a
very big effect on PWLE. It is essential to develop a framework to help those at risk not only
during exceptional times, but normal times as well. Increasing the government and donors’ support
of organizations like “Mental Health Recovery Partners” would be a good starting point and

directly benefit all parties in mental health care with a relatively modest investment effort.
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2.4.2.3 Did COVID-19 increase burnout in PWLE, caregivers, and mental health workers?

“Who cares for the caregivers?” was a major point echoed in the discussion about COVID-19 and

burnout.

“In the case of mental illness, we are not cared by the system, we are cared for by our families —
day to day is family responsibilities, not healthcare systems of practitioners. When there is extra

>

strain, it is almost impossible to cope.’
- Member of POR-AC

“I have never experienced burnout this much — all of my normal supports are gone (my parents
and my sister). You can’t leave the house, and the stress of this is a lot. Our son is back in intensive

1

care and we are lacking some form of liaison.’
- Member of POR-AC

“...for caregivers who are at home with their loved ones, even accessing help online has been a

struggle since they are at home all the time.”
- Member of POR-AC

Certain members cited less stress when their loved ones were close to home, though stated some
PWLE were reluctant to seek professional help due to fear of isolation which can increase burnout.
With this in mind, increasing the level of support by the government to caregivers of those with
mental health issues is critical. Increasing funded in-home nursing support or a shift towards
emphasizing holistic approaches rather than the traditional medical model could also better help

caregiver burnout.

2.4.2.4 How did changes to the system impact the mental health of people with lived

experience?

Common themes of changes to the system were greater access to resources through technology

such as video chats, telephones, and email.

“Within Island Health we are now able to share psychoeducation information through email with
patients' consent-this could not happen easily years ago. Our new program is all virtual, or mostly

virtually including filling out forms and having meetings-this has been really positive. The
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restrictions on providing care have lessened and hopefully we will be able to continue this pattern

’

to provide preventative care to more people.’
- Member of POR-AC

“I found some of the systems were great to access — when we were in major crisis mode, | could
talk to the psychiatrist directly over the phone which is a bridge we could not cross before. The

online was also very helpful, as I did not have to leave the house to do that.”
- Member of POR-AC

These sentiments were mirrored in preliminary qualitative findings from Dr. Paterson’s study
(unpublished) that suggests Canadians are enthusiastic about innovative approaches to access
health care supports and services, with themes seen including need for increased availability of
counselling services, increased service access methods including telephone, video, texting, online
based, and 24/7 available service options, and a need for more transparency, easier access, and
simplified application/referral processes for services. The continuation of easing access to mental
health systems and support should be prioritized after COVID-19, as it benefits many different
populations, such as those in remote communities, those unable to attend sessions in person, and

more.

Moving forward, it will be critical to maintain the advantages of the new adaptations of
technology-based systems used during the pandemic that have been deemed useful by people with
lived experience. The possibilities of remote access need to be leveraged by taking advantage of
the decrease of reliance on in-person care. This decrease may allow for the prioritization of people
who are not well served by a remote approach and/or for people that clinicians deem to need in-

person Visits.
2.5 Discussion

To further promote inclusion of patient partners in laboratory-based research, multiple facets of
translation need to be considered. First, experiential data from PWLE needs to be adapted into
experiments that can be performed in a laboratory setting. Basic research often erases individual
qualities to control for potential confounding variables, a practice in direct conflict with the

individualized circumstances and questions of patient partners (e.g. “What is the right treatment
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for me?”, “How does my socioeconomic status impact treatment availability?”, “What are the best
treatments for different lifestyles?”). In addition, the equalization of language should be a priority
in collaborations between researchers and patient partners — researchers need to place their ideas
in lay terminology, and terms where that is not possible should be provided to patient partners

beforehand, so they are able to familiarize themselves with the language beforehand.

It is also essential to emphasize that building strong relationships with patient partners takes time.
The relationships mentioned in this chapter alongside patient partners have been built up gradually
through talks over coffee, attending conferences together, and open lines of communication that
allow for trust and comfort. The stronger the relationship between patient partner and researcher
is, and with greater experience involving patient-oriented research into laboratory science, the
more fruitful the collaboration will be. It also aids in future recruitment of more patient partners

and caregivers who may be interested in engaging with basic scientific research.

The shift towards discussion regarding the impact of COVID-19 is a great example of how patient
partner-led discussion can shift the dialogue and priorities of a group. The COVID-19 pandemic
brought about additional burdens to PWLE of mental illness, including caregivers and family
members. A series of six facilitated discussions amongst members with diverse backgrounds
supported the necessity of addressing these unique burdens. Decreased access to traditional in-
person treatments, increased isolation, and pandemic-related stress had increased impacts on those
already struggling. However, the reflections of the POR-AC also found positives: increased
awareness on mental health issues and the adaptability of the public mental health system. With
the right policies implemented, we can learn from previous mistakes and leverage the positives to

create better services for both dire circumstances and normal everyday life.

Future efforts to develop patient-oriented research within a laboratory setting should focus on
further formatting of priority-setting partnerships (PSPs) in the context of a laboratory setting by
defining research priorities and greater outreach of results. Social media is a powerful tool that can
be used to disseminate results quickly to a large audience, whether through twitter posts, the
creation of TikToks, or even short Youtube videos — all of which should be considered when
discussing future translatability of the research. The continuation of the POR-AC has also focused
on determining the most important areas of focus for disorders such as depression and psychosis,

with two main topics addressed: resilience and recovery. Under this umbrella, the POR-AC hopes

91



to find the best research methodology and questions to tackle three main questions: (1) how to
define recovery/resilience, (2) how to evaluate recovery/resilience, and (3) how to foster
recovery/resilience. Particularly in the context of our laboratory, patient partners could combine
personal investments in finding the best therapeutics with fewest side effects (under the recovery
umbrella) through personal interests in working with animals by observing and classifying
behaviours associated with side effects such as nausea, hyperlocomotion, and more. For
assessment of resiliency, the use of animal models that display resilient phenotypes are now being
considered (such as the unpredictable chronic mild stress model) to properly evaluate the

underlying mechanisms of resiliency.

The necessity to prioritize active partnerships between patients and researchers are evident. By
providing direct access to foundational scientists, the voices of patient partners shape research
towards translational outcomes that greater benefit the patient population. This is especially
important in mental health research, where the voices of those with lived experience are often
downplayed or discredited. The exchange of knowledge between patients and researchers are
advantageous on both sides. For patients, this can enhance confidence when approaching their
healthcare practitioners or perhaps increase optimism in the work that is being conducted. For
researchers, this generates ideas and input that benefit the group they are modeling, increases
motivation towards their research, and provides a greater understanding of how this impacts
individual patients. The fostering of a close relationship between patients and foundational
researchers is essential to improving the future of translational science, mental health research, and

patient-oriented research.

92



Chapter 3

Reelin and ketamine demonstrate parallel effects in synaptoneurosomes from CORT-

treated animals, but differential effects on SERT clustering in peripheral lymphocytes.
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3.1 Abstract

Determining the molecular mechanisms underlying current and potential fast-acting
antidepressants is essential to the development of novel therapeutics. Ketamine’s fast-acting
antidepressant effects appear to be mediated through a fast and transient activation of mMTORC1, a
protein complex which increases excitatory synaptic signaling after phosphorylation through an
increase in proteins such as PSD-95 and surface insertion of GIuA1 AMPARs. Reelin, a
neuromodulator expressed by GABAergic neurons, appears to similarly promote synaptogenesis
and dendritogenesis to ketamine. Recent research suggests that it may also mediate these activities
through a transient mTORCL1 activation. This study aims to determine the impact of stress,
ketamine and reelin on synaptic mMTORC1. Rats underwent a 21-day chronic CORT-administration
paradigm and then their hippocampi and cerebellums were micro-dissected out to determine
region-specific differences. Synaptoneurosomes (isolated pre- and post-synaptic compartments)
were then created from both the hippocampus and cerebellum and incubated with varying
concentrations of reelin and ketamine. Results show that in the hippocampus CORT decreases
PSD-95, mTORC1, and p-mTORC1 expression, which were similarly rescued by both reelin and
ketamine. In contrast, there were no significant differences in PSD-95 across all treatment groups
in the cerebellum. Levels of mMTORCL1 expression were not changed between CORT and vehicle
groups, though both reelin and ketamine significantly increased expression after incubation. Levels
of p-mTORC1 were significantly higher in the vehicle group than CORT-treated animals, and both
reelin and ketamine rescued levels of p-mTOR after incubation. These findings display potential
parallels between ketamine and reelin’s molecular antidepressant-like effects and lend strength to

further evaluation of the putative fast antidepressant-like actions of reelin.
3.2 Introduction

Major depressive disorder (MDD) is the leading cause of disability worldwide, with a lifetime
prevalence rate of around 16% (Friedrich, 2017). Despite this prevalence, there have been many
difficulties in developing effective therapeutics, in part due to the constellation of symptomatology
that includes emotional, physical, and cognitive symptoms (Wong & Licinio, 2001).
Unfortunately, initial therapeutics based off the monoaminergic hypothesis have demonstrated low
efficacy, extrapyramidal side effects, and delays in therapeutic efficacy that do not mirror the

biological effects (Cipriani et al., 2018; Rush et al., 2006). While these therapeutics are effective
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for a certain percent of the population, it is clear from widespread use that a large portion of those
diagnosed with MDD are non-responsive and require further treatment, which can worsen
outcomes and increase risk for suicidality (McCormack & Korownyk, 2018; Shinohara et al.,
2019).

Within the past two decades, researchers have observed that ketamine, a high-affinity N-methyl-
D-aspartate receptor (NMDAR) antagonist, had fast-acting antidepressant effects in patients with
treatment-resistant depression at subanesthetic doses (Berman et al., 2000; Ibrahim et al., 2011;
Zarate et al., 2006). The rapid timescale of effects (within 24 hours in comparison to 2 weeks
observed in monoaminergic antidepressants) has spurred a significant amount of research into
ketamine’s mechanism of action. In addition, ketamine has shown promise in treating symptoms
that were initially difficult to target with monoaminergic antidepressants such as anhedonia,
suicidality, and reduced motivation (Krystal et al., 2019). While ketamine’s actions were initially
thought to mediated through its NMDAR antagonism, recent research has suggested that its
behavioral, electrophysiological, electroencephalographic, and cellular antidepressant effects are
mediated through an increase in a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor
transmission (AMPAR). This increase in excitatory post-synaptic transmission leads to the
activation of mechanistic target of rapamycin complex 1 (mTORCL) signaling in the hippocampus
and pre-frontal cortex, which in turn increases markers of excitatory synaptic transmission,
synaptogenesis, and dendritogenesis (Zanos et al., 2016; Zanos & Gould, 2018). While ketamine
is extremely promising as an antidepressant, certain side effects such as dissociation and
hallucinations necessitate clinical observation for administration and make it undesirable for
certain patient populations (Short et al., 2018). However, these extrapyramidal side effects are

often associated with ketamine’s NMDAR antagonism, not its mTORC1 mediation.

Reelin, an extracellular matrix glycoprotein, may work through similar cellular mechanisms to
ketamine without antagonistic actions on NMDAR (Lee & D’Arcangelo, 2016). Shown to be
decreased in the hippocampus of patients with depression (Fatemi et al., 2000; Guidotti et al.,
2000; Impagnatiello et al., 1998), decreases in reelin parallel the progressive development of
depressive-like behaviour in a chronic corticosterone model (Lussier et al., 2013). This
downregulation of reelin can be rescued by both traditional (imipramine) and non-traditional
antidepressants (etanercept, a TNF-a inhibitor) (Brymer et al., 2018; Fenton et al., 2015). Recent
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research from our laboratory also demonstrates that both central and peripheral administration of
reelin rescues depressive-like behaviour in a fast-acting manner (Allen et al., 2022; Brymer et al.,
2020). Reelin has also been found to enhance dendritogenesis, dendritic maturation, and
synaptogenesis (Ampuero et al., 2017; Faini et al., 2021; Wasser & Herz, 2017) in a similar manner
to ketamine. However, it is yet unknown whether reelin may also exert therapeutic actions through

the mTORCL synaptic signaling pathway.

Lastly, the impact of depression is not exclusively on the central nervous system, with much
research demonstrating changes in areas such as the gut microbiome and peripheral immune
system (Capuco et al., 2020; Miller & Raison, 2015). Our lab has shown that in peripheral
lymphocytes, membrane protein clustering (MPC) of the serotonin transporter (SERT) can indicate
therapeutic response in treatment-naive depression patients (Rivera-Baltanas et al., 2012, 2015).
These changes in SERT clustering have been paralleled in our chronic corticosterone model for
the study of depression and in heterozygous reeler mice (Lussier et al., 2011; Romay-Tallon et al.,
2018), but thus far the effects of reelin and ketamine are unknown. In addition, the administration
of rapamycin, an mTORC1 inhibitor, has recently been shown to prolong the antidepressant effects
of ketamine (Abdallah et al., 2020) — however, this may be mediated by its strong peripheral anti-
inflammatory effects, making the inflammatory system one of particular importance to research in

the context of depression.

To determine potential parallel changes of ketamine and reelin on mTORCL signaling after chronic
stress exposure, | designed an experiment using synaptoneurosomes to capture the impact of both
therapeutics at the synaptic-specific level. In addition, | used incubations of peripheral
lymphocytes to analyze changes in SERT MPC to examine the effects that reelin and ketamine

may have on the peripheral immune system.
3.3 Methodology
3.3.1 Animal husbandry

Male Long Evans rats (n = 8) were acquired from Charles River Laboratories (Montreal, Quebec,
Canada) and were aged 6 weeks upon arrival, and weighed between 200 — 250 g. Animals were
housed individually in clear polypropylene cages, with a wooden chew cube and red hut. Food

(Purina rat chow) and water were provided ad libitum, while bedding was changed once per week.
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The colony was thermal-controlled (21°C) and maintained on a 12-h light/dark cycle. All
procedures were approved by the University of Victoria Animal Research Ethics Board and

conducted in accordance with the Canadian Council on Animal Care.
3.3.2 Experimental procedures

Rats were habituated to the facility for one week after arrival, followed by another week of daily
handling. Rats were weighed on the last day of handling and assigned randomly to two treatment
groups: 21 days of vehicle (0.9% [w/v] sodium chloride and 2% [v/v] polysorbate-80 solution) or
corticosterone (Steraloids) (40mg/kg suspended in vehicle solution) which was administered at a
volume of 1ml/kg. All injections were administered subcutaneously between the hours of 08:00

and 11:00 a.m. Figure 3.1 shows the experimental timeline.

Hippocampus Cerebellum

Day 1 Day 21 /’ Reelin: 5w, 10 nw, 50
CORT or Vehicle (s.c., Micro-dissections of | ; ) Ketamine: 50 nw, 100 nw, 500 nia
40mglkg) hippocampus & cerebellum \ g, x2 ool
SNP creation & incubation 2 N @ oom > ™ Cerebellum:
U

Reelin: 5 nm, 10 nm, 50 nm

CORT (n = 4) Ketamine: 5 nM, 10 nm, 50 nM
Vehicle (n = 4)

Figure 3.1. Experimental timeline and synaptoneurosome creation. CORT (40mg/kg) or vehicle was given over
21 days (s.c.) to create a model of chronic stress. After microdissection of the hippocampus and cerebellum,
synaptoneurosomes were created through sequential filtrations (100 um pore nylon filters, 5 um nitrocellulose
Durapore membrane filters) then centrifuged to obtain the synaptoneurosomes pellet. The pellet was then resuspended
in warmed artificial cerebrospinal fluid and treated with varying concentrations of reelin (5 nm, 10 nM, 50 nm),
ketamine (hippocampus: 50 nm, 100 nm, 500 nwm; cerebellum: 5 nm, 10 nm, or 50 nm), or vehicle.

3.3.3 Tissue preparation

Corticosterone- (n = 4) and vehicle-treated (n = 4) animals were anesthetized with 5% isoflurane,
then killed by decapitation. Following decapitation, the hippocampus and cerebellum were micro-
dissected on ice and snap frozen in liquid nitrogen. Tissue was stored until use at —80°C. Whole
blood was collected at time of sacrifice to use for peripheral blood mononuclear cell (PBMC)

isolation.

3.3.4 Synaptoneurosome creation and incubation protocol
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Tissue was homogenized (Potter-Elvehjem homogenizer) on ice in a modified Krebs-Henseleit
buffer (MKREBS) (in mM: 118.5 NaCl, 4.70 KCI, 1.18 MgCI2-6H20, 2.50 CaCl2-2H20, 1.18
KH2PO4, 24.90 NaHCO3, 10.00 glucose, pH adjusted to ~7.40 using 1.0 N HCI) supplemented
with a protease inhibitor cocktail (#1860932, Thermoscientific, Waltham, MA). Following this,
the homogenate was drawn into a 1 cc Luer lock syringe and passed through sequential filtrations.
First, tissue was passed through 100 pum pore nylon filters (NY1H02500; EMD Millipore)
followed by 5 pm nitrocellulose Durapore membrane filters (SBLP01300; Millipore). The filtered
homogenate was centrifuged at 1000 x g for 15 min at4 °C to collect the synaptoneurosomal pellet.
After collection of the pellet, synaptoneurosomes were resuspended in pre-warmed artificial
cerebrospinal fluid (ACSF) (32°C) and divided evenly between drug experimental groups.
Hippocampal SNPs were incubated with 5 nm, 10 nm, or 50 nm of the central fragment of reelin
(used throughout the experiments conducted in this thesis), ketamine at a concentration of 50 nm,
100 nm, 500 nm, or ACSF alone (Fig. 3.1). Concentrations were based off of initial research from
our lab on the effects of reelin (unpublished data) and previous in vitro ketamine research (Li et
al., 2010). After adjustment, cerebellar SNPs were incubated with the same concentrations of reelin
but reduced concentrations of ketamine (5 nm, 10 nm, or 50 nm). After a 30 min incubation,
reactions were terminated with centrifugation in ice-cold mKREBS (3,490 x g for 15 min at 4°C),
then resuspended in 50 ul mKREBS that was supplemented with a protease and phosphatase
inhibitor cocktail (78428, Thermoscientific, Waltham, MA). A portion of resuspended
homogenate was used for detergent compatible (DC) protein assay analysis (#5000111, BioRad,
Hercules, CA).

3.3.5 Lymphocyte isolation and incubation protocol

Peripheral blood mononuclear cells (PBMCs) were extracted from whole-blood of vehicle-treated
animals following a previously published protocol (Romay-Tallon et al., 2017). After extraction,
PBMCs were resuspended in RPMI 1640 medium (#11875093, Thermoscientific, Waltham, MA)
diluted with 10% phosphate-buffered saline (PBS) (137 mM NaCl, 2.7 mM KCI, 10 mM
Na2HPO4, 1.8 mM KH2PO4; pH 7.4) [w/v] and 1% streptomycin. Cells were then incubated in
either medium or 1 mm CORT or medium, followed by varying concentrations of reelin (0.5 nm,
1 nm, 5 nm), ketamine (10 nm, 50 nm, 100 nm, 250 nm), or medium. Concentrations of CORT and

reelin were based off of previous research and equivalency with the chronic-CORT model for
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depression. After a 1 hr incubation, cells were fixed for 5 min with 1% [w/v] paraformaldehyde,
then centrifuged in 1:1 PBS (2 x 1000 x g, 10 min) for rinses.

3.3.6 SDS-PAGE and Western blotting protocols

Ten pg of protein of protein from the incubated SNPs was electrophoretically resolved at 200 V
for 60 min in a 10% SDS-polyacrylamide gel. After proteins resolved through the gel, they were
transferred onto polyvinylidene fluoride (PVDF) membranes (#IPVH00010, Millipore Sigma,
Burlington, MA) via wet transfer (100 V on ice for 90 min). Following transfer, membranes were
blocked for 1 hr at room temperature with 5% [w/v] bovine serum albumin (BSA). Primary
antibodies diluted in blocking buffer were applied to probe for indicators of mMTORC1 activity:
post-synaptic density 95 (PSD-95) (P246, Millipore Sigma, Burlington, MA), total mTORC1
(#2983T, Cell Signaling Technology, Danvers, MA), and phosphorylated mTORCL1 (p-mTORC1)
(#29715S, Cell Signaling Technology, Danvers, MA). All membranes were incubated overnight in
primary antibodies at 4°C with gentle agitation. Blots were washed in tris-buffered saline with 1%
[v/v] tween then incubated with horse radish peroxidase linked goat anti-mouse (ab97023, Abcam,
Cambridge, UK) or goat anti-rabbit secondary (ab205718, Abcam, Cambridge, UK) antibody
(1:5,000 in 5% [w/v] BSA) for 1 h at room temperature. Luminata Classico (for PSD-95,
#WBLURO0500, Millipore Sigma, Burlington, MA) or Crescendo (for p-mTORC1 and mTORC1,
# WBLUCO0500, Millipore Sigma, Burlington, MA) were used for chemiluminescent detection.
All images were captured using a SynGene imaging system and quantified with Fiji. Total protein
normalization was conducted through a Ponceau stain (5% [v/v] Glacial Acetic Acid, 0.1% [w/v]
Ponceau S). Total protein normalization was used due to an increased sensitization to loading

differences across wells (Thacker et al., 2016).
3.3.7 Immunocytochemistry protocol

PBMCs were blocked for 10 min at room temperature (3% rat immunoglobulin, 1% [w/v] BSA in
PBS), then incubated overnight at 4°C with rabbit anti-serotonin transporter (SERT) (1:100,
#AB9322, Millipore Sigma, Burlington, MA). After rinses in PBS, secondary (1:250, goat anti-
rabbit Alexa Fluor 568, (#ab175471, abcam, Cambridge, UK) was applied for 1 h at room
temperature. To stain the nuclei and ascertain lymphocyte histology, Hoescht was applied for 10
min at room temperature (1:1000). After Hoescht staining, the samples were extended onto slides

(Fisherbrand™ Superfrost™ Plus Microscope Slides) and cover-slipped with Citifluor-Mount
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Solution (Electron Microscopy Science). Slides were stored at —20°C until imaging and analysis.
A minimum of 50 lymphocytes were imaged per sample at 100x magnification on a Nikon Eclipse
E800 microscope. Image analysis of the isolated lymphocytes was conducted in ImageJ using a
previously described protocol (Romay-Tallon et al., 2017).

3.3.8 Statistical analyses

Statistical analyses were carried out using SPSS (IBM, USA). T-tests were used to analyze
differences between CORT- and vehicle-treated animals for Western blotting. Assumptions of
normality and homogeneity of variance were tested before conducting one-way ANOVAs. Within-
subjects ANOVAs were used for the SNP data, as tissue from each animal was divided between
all experimental groups. For lymphocyte analysis, a between subjects ANOVA was conducted. If
a significant main effect was found, either a paired t-test (within subjects) or Tukey’s post-hoc test
(between subjects) was used to determine intergroup differences. Significance is defined as
p<0.05. All data are expressed using mean + standard error of mean (SEM).

3.4 Results
3.4.1 The effect of CORT, reelin, and ketamine on hippocampal synaptoneurosomes

Representative Western Blot images are shown in Figure 3.2A. PSD-95 expression in hippocampal
synaptoneurosomes was significantly different amongst most treatment groups (F = 4.634, p =
0.0029). CORT-administration significantly decreased expression of PSD-95 from levels of
vehicle (p = 0.01), a decrease which was rescued in a concentration-dependent manner by reelin
(50 nm: p =0.0211) and ketamine (50 nm: p=0.0191; 500 nm: p = 0.0237) (Fig. 3.2B).

Phosphorylated mTORC1 was also significantly impacted by treatment (F = 4.634, p = 0.0029).
Again, p-mTORCL1 was decreased by chronic CORT administration (p = 0.0185 in comparison to
vehicle) which was upregulated after administration of reelin (10 nm: p=0.0332; 50 nm: p=0.001).
All concentrations of ketamine increased levels of p-mTORC1 from chronically stressed rats (50
nm: p = 0.0024; 100 nm: p = 0.0025; 500 nm: p = 0.0018) (Fig. 3.2C).

While mTORCL1 was not significantly different between CORT-administered rats and vehicles,
mTORCI1 was decreased by nearly 76%. All concentrations of both reelin (5 nm: p=0.101; 10 nm:
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p = 0.0011; 50 nm: p < 0.0001) and ketamine (50 nm: p <0.0001; 100 nm: p<0.0001; 500 nm:
p<0.001) were able to significantly increase mMTORC1 expression (Fig. 3.2D).

The ratio of activity of mMTORC1 (p-mTORC1/mTORCL1) was affected by treatment (F = 4.104, p
= 0.0055), but was interestingly upregulated (thought not significantly) by CORT-administration,
though this may be due to the upregulation in general expression of both p-mTORC1 and
mTORCI. Both reelin (5 nm: p = 0.0008; 10 nm: p = 0.0009; 50 nm: p = 0.0017) and ketamine (50
nm: p = 0.0025; 100 nm, p = 0.0013; 500 nm: p = 0.0013) decreased this ratio of activity from
CORT, back to levels more similar to vehicle animals (Fig. 3.2E). Due to the high variability
observed in this initial experiment, ketamine concentrations were adjusted for following analyses

in the cerebellum.
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Figure 3.2. The effect of CORT, reelin, and ketamine on hippocampal synaptoneurosomes. (A) Representative
Western blot images of synaptic protein expression from vehicle and CORT-adminstered animals with exposure to
varying concentrations of ketamine and reelin. Ponceau S was used for total protein normalization. (B) Effects of
ketamine and reelin on hippocampal post-synaptic density 95 (PSD-95) expression. Reelin rescued PSD-95 expression
in a concentration-dependent manner. All concentrations of ketamine increased PSD-95 expression. (C) Hippocampal
synaptic mTOR expression after treatment. CORT-administration decreased p-mTOR expression, which was
increased by the all concentrations of reelin and. (D) Hippocampal synaptic p-mTOR expression after treatment. P-
mMTOR expression was decreased by CORT and was increased by the highest concentrations of reelin and the all
concentrations of ketamine. (E) The ratio of active mTOR in hippocampal synaptoneurosomes after treatment. CORT
increased the amount of p-mTOR activity, which was decreased by all concentrations of reelin and ketamine. All data
are presented as mean + SEM. R5, 5 nm reelin; R10, 10 nm reelin; R50, 50 nm reelin. K5, 5 nm ketamine; K10, 10 nm
ketamine; K50, 50 nm ketamine. *p < 0.05, **p < 0.01, ***p <0.001 vs. CORT.
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3.4.2 The effect of CORT, reelin, and ketamine on cerebellar synaptoneurosomes

To determine whether the synaptic-level effects of reelin and ketamine in the hippocampus were
region-specific, the cerebellum was micro-dissected and analyzed. In addition, reelin is highly
expressed in the cerebellum and expressed from cerebellar granule cells throughout development
to influence proper neuron migration, making this region of particular interest to analyze. No
significant differences were found in PSD-95 expression between any subgroups (vehicle; CORT;
reelin at 5 nm, 10 nm, 50 nM; ketamine at 5 nm, 10 nm, 50 nm), in sharp contrast to the previous

hippocampal findings.

While there were no changes in PSD-95 (Fig. 3.3B), significant differences were found in
expression of cerebellar p-mTORC1 [F (1.289, 3.868) = 385.0, p < 0.0001], mTORCL1 [F (1.257,
3.771) = 32.00, p = 0.0052], and active ratio of mMTORC1 (p-mTORC1/mTORC1) [F (1.180,
3.539) = 20.99, p = 0.0128] (Fig. 3.3A). Post-hoc analyses revealed that CORT-administered
animals had significantly less p-mTORC1 than vehicles (p = 0.0474), an effect which was rescued
by all concentrations of reelin (5 nm: p < 0.0001, 10 nm: p = 0.0004, 50 nm: p = 0.015) and the
highest concentrations of ketamine (10 nm: p <0.0001, 50 nm: p = 0.0006) (Fig. 3.3C).

Expression of total mMTORC1 was not changed between vehicle- and CORT-administered animals,
though 5 nm (p < 0.0001) and 50 nm (0.0122) of reelin as well as 5 nm (p = 0.0003) and 10 nm (p
= 0.0469) of ketamine did still significantly increase mTORCL1 expression. Interestingly, the
highest concentration of ketamine (50 nm) significantly decreased expression of mTORCI1 from
levels of CORT (p = 0.0319) (Fig. 3.3D).

Lastly, in contrast to hippocampal synaptoneurosomes, the ratio of mTORCL1 activity was
downregulated with chronic stress in comparison to vehicles. However, treatment with reelin
generally decreased this ratio of activity (5 nm: p = 0.0016, 50 nm: p = 0.0447). The effects of
ketamine were more mixed, with the lowest concentration decreasing the active ratio of mMTORC1
(5 nm: p = 0.0078) and the highest concentration increasing the ratio (50 nm: p = 0.0072) (Fig.
3.3E).
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Figure 3.3. The effect of CORT, reelin, and ketamine on cerebellar synaptoneurosomes. (A) Representative
Western blot images of synaptic protein expression from vehicle and CORT-adminstered animals with exposure to
varying concentrations of ketamine and reelin. Ponceau S was used for total protein normalization. (B) Effects of
ketamine and reelin on cerebellar post-synaptic density 95 (PSD-95) expression. No changes were observed across all
conditions. (C) Cerebellar synaptic p-mTOR expression after treatment. CORT-administration decreased p-mTOR
expression, which was increased by all concentrations of reelin and the lower concentrations of ketamine. (D)
Cerebellar synaptic mTOR expression after treatment. mTOR expression was not changed by CORT but was increased
by all concentrations of reelin and the lower concentrations of ketamine. The highest concentration of ketamine
decreased mTOR expression below levels of CORT. (E) The ratio of active mTOR in cerebellar synaptoneurosomes
after treatment. CORT decreased the amount of p-mTOR activity, which was increased by the highest concentration
of ketamine. Decreases in this ratio were observed with two reelin concentrations (5 nm and 50 nm) and ketamine’s
lowest concentration. All data are presented as mean + SEM. R5, 5 nwm reelin; R10, 10 nm reelin; R50, 50 nm reelin.
K5, 5 nm ketamine; K10, 10 nm ketamine; K50, 50 nm ketamine. *p < 0.05, **p < 0.01, ***p < 0.001 vs. CORT.

104



3.4.3 The effect of CORT, reelin, and ketamine on SERT clustering in lymphocytes

Previous research from our lab has found distinct changes in the clustering patterns of SERT in
plasma membranes of lymphocytes in a chronic corticosterone model and treatment-naive
depression patients (Caruncho et al., 2019a). Given these changes, ascertaining the effects of
potential novel therapeutics, such as ketamine and reelin, is of great interest. Figure 3.4 shows
representative images of lymphocytes treated at varying concentrations of vehicle, CORT, reelin,
and ketamine. A significant difference was found in size of SERT clusters across all groups
[F(7,16) = 8.047, p = 0.0003]. Mirroring previous research, treatment with CORT increased the
size of SERT clusters in comparison to vehicle (p < 0.05). The highest concentration of reelin
decreased the size of the clusters after CORT incubation, shifting them back to levels of the vehicle
(p<0.05). The lowest dose of ketamine (10 nm) had a similar impact to reelin; however this was
not a significant rescue. Interestingly, higher doses of ketamine trended towards increasing
increase the size of clusters from those of CORT-incubated lymphocytes. No differences were

found in the number of SERT clusters across all experimental groups.
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Figure 3.4 The effects of CORT, reelin, and ketamine on SERT clustering in peripheral lymphocytes.
(A) Representative fluorescent microscopy images for each condition. (B) Distribution of clusters by number and size
by treatment. (C) Average size of SERT clusters in each condition. CORT increased the average size of SERT clusters,
which were rescued by reelin. (D) Average number of SERT clusters in each condition. No changes were found
between all groups. All data expressed as mean + SD. #p < 0.05 vs. vehicle, *p < 0.05, #p < 0.01 vs. CORT. Figure
adapted from: Johnston et al., 2021.
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3.5 Discussion

To ascertain potential parallel mechanisms underlying the antidepressant-like effects of reelin and
ketamine, synaptoneurosomes were isolated from hippocampal and cerebellar tissue from control
and chronically stressed animals. After isolation, SNPs were divided into treatment groups of
varying concentrations of reelin or ketamine, then examined for indicators of mMTORCL1 signaling.
Synaptoneurosomes were used as they allowed us to measure synaptic-specific processes, which
are hypothesized to underlie the fast-acting antidepressant effects of ketamine (Li et al., 2016;
Zanos et al., 2016). Following previous research, CORT decreased PSD-95 expression in the
hippocampus, an effect that was rescued in a concentration-dependent manner by both reelin and
ketamine. However, in the cerebellum no changes were found across all experimental groups. This
may be a reflection of the more stable nature of cerebellar synapses in adulthood, whereas

hippocampal synapses are more sensitive to stress-induced and plastic changes (Tartt et al., 2022).

As mTORC1 activation is considered to be an essential molecular mechanism for fast-acting
antidepressant effects (Zanos et al., 2016; Zanos & Gould, 2018; Zhou et al., 2014), the effect of
chronic CORT-administration and reelin on mTORC1 was of great interest. Both mTORCL1 and
p-mTORC1 were reduced by CORT treatment in hippocampal and cerebellar synapses, reflecting
the role that chronic stress can have in decreasing excitatory signaling (Pavlides et al., 2002). While
both reelin and ketamine were effective in increasing expression of mMTORC1 and p-mTORC1,
ketamine appeared to have larger effects than those of reelin. However, recent reports finding that
administration of rapamycin (an mTORCL inhibitor) actually prolonged the antidepressant effects
of ketamine, perhaps suggesting that a more moderate activation of mMTORCL1 could be effective
(Abdallah et al., 2020). In addition, the high variability due to the concentrations of ketamine used
in hippocampal synaptoneurosomes suggest that lower concentrations of ketamine may be
effective when applied directly to the synapse, as confirmed by the lower variability observed in

cerebellar SNP treatments.

Nevertheless, this research provides preliminary evidence that reelin can target mTORC1
expression and activity at the synaptic level, without the NMDAR antagonism associated with
ketamine’s psychotomimetic side effects. These psychotomimetic effects limit widespread use of
ketamine, as they necessitate clinical observation and make it less desirable for certain clinical

populations, such as those diagnosed with comorbid psychosis or schizophrenia. While this is quite
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speculative, reelin may still be effective in those with comorbid neuropsychiatric disorders, as
patients with schizophrenia have around 50% less reelin expression in the brain than healthy
controls (Fatemi et al., 2000; Guidotti et al., 2000).

Quantification of SERT clustering in PBMCs revealed that chronic CORT-administration
increased size of clusters, a parallel finding to previous research in animal models and patients
with MDD (Caruncho et al., 2019). In addition, reelin was able to effectively rescue the size of
SERT clusters in peripheral lymphocytes in a concentration-dependent manner, at a direct contrast
to ketamine which increased cluster size after treatment. Alterations in SERT clustering have been
associated with therapeutic efficacy of antidepressant medications (Rivera-Baltanas et al., 2012,
2015), and the effects of reelin on these clusters should be further explored. The resurgence of
research related to the immune system and neuropsychiatric disorders has revealed that
inflammation may play a particularly large role in treatment-resistant depression, the subset of
patients which ketamine has been designated for (Johnston et al., 2023, in press). Also of interest
is that while ketamine rapidly crosses the blood brain barrier due to its high lipid solubility, reelin
is a high molecular weight protein (388 kDa) that may have more actions in the periphery, an idea

which should be explored further using in vivo administration of both therapeutics.

Limitations in this study include small sample size, as it was primarily exploratory research.
However, the division of the synaptoneurosomes for each rat between all experimental conditions
to compare responses within-subjects allows for the elimination of many aspects of biological
variability. Future research should also probe for more proteins associated with both the mTORC1
signaling pathway, and other pathways proposed to be hypothesized for its antidepressant effects
such as ERK signaling (Ouyang et al., 2021; Yang et al., 2018; Yao et al., 2022).

In conclusion, the findings of the present study implicate chronic stress in the downregulation of
mTORC1 signaling, and both reelin and ketamine as therapeutics that can upregulate this signaling
at the synaptic level. In addition, it provides evidence to support the functioning of
synaptoneurosomes ex vivo, which could be invaluable in future studies determining synaptic
deficits and other potential therapeutics in neuropsychiatric disorders. Finally, the efficacy of
reelin in reducing the size of SERT clustering on lymphocytes provides preliminary evidence
towards reelin’s mechanism of action in the periphery and lends strength to the role of

inflammation in depressive pathophysiology.
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Chapter 4

Ketamine rescues reelin expression in the repeated-CORT paradigm
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4.1 Abstract

Depression is the leading cause of disability worldwide, with difficulties and barriers to treatment
affecting a large proportion of the population. Chronic stress is a significant predisposition factor
to depression and can be used to create animal models which reflect the human condition. Chronic
CORT-administration results in a behavioral phenotype of depression that is associated with
decreased hippocampal reelin levels and neurogenesis. Previous research has found that certain
traditional antidepressants rescue reelin levels after chronic administration. However, the effect of
an acute dose of ketamine has not yet been evaluated in a chronic CORT-administration paradigm.
Rats received daily subcutaneous injections of CORT or vehicle for 21 days, then an acute dose of
ketamine on day 22. After behavioral verification of a depressive-like phenotype, rats were
sacrificed to perform immunohistochemical analyses of reelin-IR and GIuA1-IR cells in the SGZ,
as well as the number and dendritic complexity of new-born neurons in the DG GCL, measured
through DCX-IR. The results demonstrated that an acute dose of ketamine was enough to rescue
the number of reelin-IR cells that were decreased after chronic CORT-administration, but not
enough to rescue the number or complexity of DCX+ cells. No significant differences in GIuA1l-
IR cells in the SGZ were observed. These novel findings revealed for the first time that ketamine,

a novel fast-acting antidepressant, was able to restore reelin in an animal model of depression.
4.2 Introduction

While initial pharmacological observations regarding the monoaminergic system’s role in
depression was an initial big step forward, decades have passed without much forward movement.
There is still a scarcity in broadly efficacious treatments that do not have a substantial therapeutic
time-lag and can generate sustained effects. Unfortunately, around 66% of patients respond
inadequately to a first treatment trial, with 33% still remaining unresponsive after multiple trials
with different pharmaceutical agents (Cipriani et al., 2018; Rush et al., 2006). Much research has
been dedicated to uncovering the underlying etiology of depression, however new findings have
done little to create novel therapeutics which could be more effective. As previously stated,
ketamine, a non-competitive NMDAR antagonist, has been the most promising discovery for
antidepressant therapeutics in decades. In subanesthetic doses, ketamine produces rapid and long-
lasting antidepressant effects in patients with treatment-resistant depression (Berman et al., 2000;

Ibrahim et al., 2011; Zarate et al., 2006). Traditionally hard to target symptomology such as
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anhedonia, negative cognitive biases, and suicidal ideation have been successfully treated with this
compound, making the unique mechanisms of ketamine a great interest to antidepressant

researchers.

However, the underlying mechanisms of ketamine are still vague. Previous research has shown
that the behavioral, electrophysiological, and electroencephalographic effects of ketamine were
due to an increase in glutamatergic transmission which stimulates a fast, transient activation of the
mechanistic target of rapamycin (mTOR) pathway in the prefrontal cortex and hippocampus (Li
et al., 2010; Zanos et al., 2016, 2018). This upregulation of MTOR activity causes a sustained
elevation of proteins related to excitatory synaptic transmission, such as postsynaptic density-95
protein (PSD95) and increased surface insertion of the Glutamate A1 (GluA 1) subunit of a-amino-

3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors (Zanos & Gould, 2018).

A potential mediator of ketamine’s effects may be reelin, a large extracellular glycoprotein
expressed by GABAergic interneurons in adulthood (Lee & D’ Arcangelo, 2016). Recent research
has suggested that synaptic reelin signaling may me a key modulator of ketamine’s antidepressant
effects through Src kinase family downstream signaling (Kim et al., 2021). In the hippocampus,
this glycoprotein plays many important roles in the hippocampus including promoting maturation
of newborn granule cells (Bosch et al., 2016), enhancing dendritic spine development and
maturation (Chameau et al., 2009; Hethorn et al., 2015; Niu et al., 2008), neurogenesis (Pujadas et
al., 2010), and learning and memory (Weeber et al., 2002). Reelin was first found to be involved
in neuropsychiatric disorders when a downregulation of reelin expression was observed in the
hippocampus of schizophrenia, bipolar, and major depressive disorder patients (Fatemi et al.,
2000; Guidotti et al., 2000; Impagnatiello et al., 1998). Heterozygous reeler mice, who express 40
—60% less reelin, are also significantly more vulnerable to the depressionogenic effects of CORT
(Lussier et al., 2011). Lastly, chronic CORT-administration causes a significant decrease in reelin
expression in the hippocampus which parallels the development of depressive-like behavior
(Lussier et al., 2013b).

The hippocampus is particularly susceptible to stress-induced impairments, due to the abundance
in expression of glucocorticoid receptors (Herman et al., 2005). Patients diagnosed with MDD
demonstrate large reduction in hippocampal volume which correlates with episode severity and
age of onset (Bremner et al., 2000; Frodl et al., 2002; Lorenzetti et al., 2009; Sheline et al., 1996;
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Videbech & Ravnkilde, 2004). These hippocampal volume reductions may be due, in part, to a
decrease in new-born cell proliferation that is suppressed by stress, an effect that can be
recapitulated in animal models for depression (Brummelte & Galea, 2010). Chronic administration
of traditional, monoaminergic-based antidepressants has been somewhat successful in rescuing
this decrease in neurogenesis (David et al., 2009; Fenton et al., 2015; Murray et al., 2008; Nandam
et al., 2007), as well as administration of an anti-inflammatory agent (Brymer et al., 2018),
ketamine (Ma et al., 2017; Soumier et al., 2016; Yamada & Jinno, 2019), and the administration
of reelin itself (Allen et al., 2022; Brymer et al., 2020).

Considering the novelty of ketamine as a fast-acting antidepressant, | designed an experimental
approach to evaluate the effect of ketamine on reelin-expressing cells in the hippocampus, as well
as its impact on the glutamatergic system and hippocampal neurogenesis to determine how its fast-

acting antidepressant effects may be mediated.
4.3 Methodology
4.3.1 Animal husbandry

32 adult male Long-Evans rats weighing 200-250 g upon arrival were purchased from Charles
River Laboratories (Montreal, Quebec, Canada). Rats were housed individually in clear plastic
cages with free access to food and water. The thermally controlled colony was maintained on a
12-h/12-h light/dark cycle, with lights turning on at 07:00am, at 21°C. Bedding was changed once
per week and Purina rat chow was maintained at regular intervals. All procedures were approved
by the University of Saskatchewan Animal Research Ethics Board and conducted in accordance

with the Canadian Council on Animal Care.
4.3.2 Experimental procedures

After arrival to the facility, rats were given a week to habituate before another week of daily
handling. Animals were weighed and assigned to the following treatment groups: 21 days of daily
vehicle or CORT (40mg/kg) injections, and additionally a dose of vehicle or ketamine (15mg/kg)
on day 22. Subcutaneous CORT or vehicle injections were administered between 08:00 and 11:00
a.m. Animals were weighed daily so that injections could be accurately administered at a volume
of 1ml/kg suspended in 0.9% (w/v) sodium chloride and 2% (v/v) polysorbate-80 (Sigma Aldrich)

solution. Ketamine hydrochloride (Vetalar; Bioniche Animal Health Canada Inc.; Belleville,
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Ontario, Canada) or vehicle was suspended in saline and injected intraperitoneally on day 22 at a
dose of 15 mg/kg at a volume of 1 ml/kg. The dose of ketamine was based off of previous pre-
clinical research, which found that a dose of 10mg/kg — 15mg/Kkg is the most effective at rescuing
depressive-like behavior. Behaviour was conducted as previously published in Kulyk, 2017.
Briefly, rats underwent a fear conditioning and extinction based on a modified version of a protocol
previously used (Deschaux et al., 2013) and further described (Kulyk, 2017). All behavioral testing
procedures took place in standard operant chambers (VFC-008; Med Associates Inc., St. Albans,
Vermont, United States) contained within sound-attenuating cubicles. Video Freeze Software
(Med Associates Inc.) controlled the delivery of tone and shock stimuli, and recorded video from
the camera at 30 frames per second. Behaviour will not be reported on in this thesis, but
correlations between Reelin-IR, DCX-IR, and GluAl-IR and fear conditioning and extinction

behaviour will be reported.
4.3.3 Tissue preparation

Animals were deeply anesthetized with 5% isofluorane (maintained through an isoflurane machine
attached to a nosecone that was placed over the rat’s nose) and transcardially perfused with ice-
cold 4% (w/v) paraformaldehyde in 0.1M PB (pH 7.4). After removal, their brains were kept in
the same paraformaldehyde fixative for 48 h at 4°C, then transferred to a 30% sucrose solution for
72 h before sectioning. They were then sectioned in the coronal plane at 30 um on a cryostat
(CM1850 UV, Leica Biosystems) at —20°C. Sections were stored in cryoprotectant [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.

4.3.4 Immunostaining

Every 6™ section of the hippocampus was collected and placed in 6-well tissue culture plates as
free-floating sections under gentle agitation. For staining, 5 sections containing the dorsal
hippocampus were selected. When primary antibody was omitted from an additional well, no
immunoreactive cells were detected. All rinses were conducted in tris-buffered saline (TBS) (50
mM Tris-Cl, 150 mM NaCl; pH 7.6). After initial rinses, sections were incubated in sodium citrate
(pH®6, 85 °C) for antigen retrieval. Next, primary antibodies were applied for 24 h at 4°C (mouse
anti-reelin (EMD Millipore, MAB5364), rabbit anti-doublecortin (Cell Signaling Technologies,
AB-561007), rabbit anti-GluA1 (EMD Millipore, AB1504); 1:1000) diluted in a blocking solution
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(10% Triton X-100 [v/v], 15% normal goat serum (NGS) [w/v], and 1% bovine serum albumin
(BSA) [wi/v] dissolved in TBS). Sections were subsequently incubated in 10% hydrogen peroxide
[v/v] for 30 mins, then incubated in appropriate secondary antibodies (biotinylated goat anti-mouse
IgG and biotinylated goat anti-rabbit 1:500, Sigma-Aldrich, St. Louis, MO) diluted in above-
described blocking buffer for 2 h at room temperature. The tissue was then incubated in an avidin-
biotin complex for 1 h at room temperature (1:500, Vecta Stain Elite ABC reagent, Vector Labs).
Each step was followed by 3 washes for 5 min in TBS. To visualize reelin, sections were stained
using 0.002% 3’-diaminobenzidine (DAB, Sigma-Aldrich, St. Louis, MO) in TBS with 0.0078%
hydrogen peroxide. Before visualizing DCX, sections were rinsed in sodium acetate before
staining with 0.025% DAB [w/v] and 4.167% NiSO4 [w/v] dissolved in 0.002% H202 and sodium
acetate. GIUA1 was imaged using a chromagen of 0.05% DAB, 4.167% NiSO4, 0.002%
ammonium chloride, 0.008% B-D glucose, and 0.003% glucose oxidase. This was followed by 2
rinses in sodium acetate and one rinse in TBS. The sections were mounted and coverslipped using

Permount solution.
4.3.5 Imaging and cell counting for reelin-IR, DCX-IR, and GIuAl-IR cells

Sections were imaged on a Nikon Eclipse E800 microscope. Using an unbiased optical fractionator
method in Stereo Investigator (Version 8.0, MicroBrightField Inc.), immunoreactive cells in the
SGZ were counted (for reelin, DCX, and GluAl) and categorized (for DCX). The SGZ was
initially traced at 4x magnification, then 40x for stereological analyses with a field size of 3600
um?. Number estimates were gathered using this formula: Ntotal: Q- x 1/ssf x A(Xy
step)/a(frame) x t/h; where Q- is the number of counted cells; ssf is the section sampling fraction
(1/6); A is the area associated with each x,y movement (10,000 um?2); a(frame) is the area of the
counting frame (3,600 pum?2); t is the weighted average section thickness; and h is the height of the

dissector P plane. A guard zone of 2 um was used to prevent sectioning artifacts.
4.3.5.1 Categorization of DCX-IR cells

DCX-positive cells were categorized using a method previously described by Lussier and
colleagues (2013a) and Allen and colleagues (2022). The effects of CORT and ketamine on the
morphology of immature granule cells was evaluated through characterization of dendritic
branching from DCX-IR cells. From the 5 sections of each animal, 100 DCX-IR cells that were

evenly distributed across hemispheres were randomly selected for categorization. To avoid
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potential bias, a meander scan method was employed to blind treatment groups. These 100 cells
were sorted into 6 categories: 1 (no processes), 2 (one small process), 3 (medium process that
reached the granule cell layer), 4 (process reaching the molecular layer), 5 (a major process which
extended further into the molecular layer), and 6 (a defined dendritic tree that had branching into
the granule cell layer). Categories 1 and 2 represent proliferative stages of development, whereas
stages 3 and 4 represent a more intermediate developmental stage. Lastly, categories 5 and 6
represent mature stages of development, where the cell has started to integrate into existing
circuitry. To analyze, the percentage of cells in each category was determined.

4.3.6 Statistical analyses

Statistical analyses were carried out using SPSS (IBM, USA). Assumptions of normality and
homogeneity of variance were tested before conducting two-way ANOVAs. If a significant main
effect was found of CORT or ketamine, Tukey’s post-hoc tests were used to determine intergroup
differences. Significance is defined as p<0.05, and trends are described as determined through
percent rescue [100 — (CORT/ketamine mean — vehicle/vehicle mean) + (CORT/vehicle mean —
vehicle/vehicle mean) x 100]. All data are expressed using mean + standard error of mean (SEM).

Linear regressions were conducted on all correlational data.
4.4 Results
4.4.1 Reelin-IR cell counts

We have previously demonstrated that conventional and unconventional antidepressants
(including Reelin itself) are able to protect from the CORT-induced downregulation of reelin the
SGZ of the DG (Allen et al., 2022; Brymer et al., 2018; Fenton et al., 2015). In this cohort of rats,
analyses of the dorsal SGZ showed CORT administration decreased reelin immunoreactive cells
(p = 0.0198, t = 2.902, df = 8), which was rescued by ketamine administration (p = 0.0034, t =
3.932, df = 9). The percent rescue of reelin in the SGZ by ketamine administration was 87.21%
(Figure 4.1).
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Figure 4.1. Reelin+ cells in the dentate gyrus subgranular zone. (A) Representative photomicrographs of reelin
expression in the subgranular zone. (B) Estimated reelin population from unbiased stereology. Reelin expression was
decreased by chronic CORT administration, but was rescued by an acute dose of ketamine. All data are expressed as
mean * SEM. Veh/Veh, vehicle/vehicle; Veh/Ket, vehicle/ketamine; CORT/Veh, CORT/vehicle; CORT/Ket,
CORT/ketamine. *p < 0.05, **p < 0.01 vs. CORT/Veh.

4.4.2 DCX-IR cell counts and categorization

Doublecortin was used as a marker for neural maturation of newborn granule cells in the
subgranular zone of the hippocampus, as it allows for both cell-counts and categorization of
dendritic branching. Histological data showed large gaps of doublecortin positive cells in the upper
blade of the dentate gyrus after CORT administration, an effect that was not rescued through
ketamine administration (Fig. 4.2A). Significant differences were found between the controls and
CORT-treated animals (p = 0.0057, t = 3.735, df = 8), but not any other subgroups, suggesting
ketamine did not influence doublecortin levels in this sample (Figure 4.2B). Ketamine only rescued
DCX-IR cells by 3.59%. No significant correlations were found between subgroups and

complexity of dendritic branching on the newborn granule cells (Figure 4.2C).
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Figure 4.2. DCX+ cells in the dentate gyrus subgranular zone. (A) Representative photomicrographs of DCX
expression in the subgranular zone. (B) Estimated DCX population from unbiased stereology. DCX expression was
decreased by chronic CORT administration but was not rescued by an acute dose of ketamine. (C) Categorization of
DCX-IR cells by maturity. No significant differences were found between groups. All data are expressed as mean +
SEM. Veh/Veh, vehicle/vehicle; Veh/Ket, vehicle/ketamine; CORT/Veh, CORT/vehicle; CORT/Ket,
CORT/ketamine. *p < 0.05 vs. CORT/Veh.

4.4.3 GluAl-IR cell counts

No significant differences were found in counts of GIuA1-IR cells in the SGZ, however there were
trends towards CORT increasing GIuA1-IR count and a partial rescue (at a decrease) by ketamine
of 70.45%.
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4.4.4 Correlations of cell counts with behaviour

In brief, Kulyk (2017) found results which suggest that a single subanesthetic dose of ketamine
can restore the long-term expression of extinction behavior in animals with a history of chronic
exogenous CORT exposure, and dramatically suppress the initial recall of conditioned fear
irrespective of past CORT treatment. To determine any correlations between expression of reelin,
DCX, and GluA1l in the SGZ and behaviour, I used the freezing behaviour from Brian Kulyk’s
thesis and correlated the fear re-conditioning and extinction test phases with reelin-IR, DCX-IR,
and GIuA1-IR cells. The percent of DCX-IR cells which were categorized as Category 6 were also
correlated with behavioural measures. There were no significant correlations across all groups
(Figure 4.3). When separated by treatment group, an increase of reelin (Y = 133.6*X + 7016, p =
0.0258) and GIuA1(Y =106.0*X + 6977, p = 0.0052) were associated with an increase in freezing

behaviour during the extinction test phase for the vehicle/ketamine subgroup (Figure 4.4).
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Figure 4.3 Correlations of reelin, DCX, and GIuALl all group cell counts with freezing behaviour. (A — H) No
significant correlations were found across all groups.
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Figure 4.4 Correlations of reelin, DCX, and GIuA1l by treatment group cell counts with freezing behaviour. (A)
A significant correlation was found for the vehicle/ketamine treatment group between reelin cell population and
extinction test phase freezing behaviour. (B) No significant correlations were found for any groups. (C) A significant
correlation was found for the vehicle/ketamine treatment group between GIuAl cell population and extinction test
phase freezing behaviour. (D — H) No significant correlations were found across all groups.
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4.5 Discussion

This chapter provides evidence that ketamine is able to rescue the deficits of reelin-IR but not
decreases of DCX-IR counts or complexity and induced by repeated CORT in the DG SGZ. No
significant differences in GIuA1 expression were found across any subgroup. Deficits in reelin
expression in the dentate SGZ are rescued by both conventional (e.g. imipramine) and non-
conventional (e.g. etanercept) drugs with antidepressant actions, which also reverse the increase
in immobility in the forced swim test induced by CORT (Brymer et al., 2018; Fenton et al., 2015).
Considering this, we expected ketamine to also be able to reverse the decrease in reelin+ cells in
the SGZ in a fast-acting manner, which is consistent with our results. Recently, we demonstrated
that intrahippocampal and peripheral infusions of recombinant reelin are able to also rescue the
behavioral phenotype induced by repeated CORT and that they do so in a fast-acting manner (i.e.
similar to ketamine) (Allen et al., 2022; Brymer et al., 2020). This brings about the possibility that
rescuing hippocampal reelin may parallel ketamine’s actions in its fast-acting antidepressant
effects, similar to other potential fast-acting antidepressant molecules that have been studied (de
Almeida et al., 2020; Hasegawa et al., 2019; Pazini et al., 2016). Further research should be
conducted to determine if ketamine’s antidepressant effects are augmented by the increase of reelin

expression it stimulates in the hippocampus.

CORT had a significant impact on hippocampal neurogenesis, decreasing the populations of
newborn and immature neurons in the subgranular zone. These data are supported by numerous
other reports, which show consistent and significant decreases in hippocampal cell proliferation
and survival in the adult rodent brain (Brummelte & Galea, 2010; Pham et al., 2003; Wong &
Herbert, 2006). The administration of an acute dose of ketamine did not rescue adult neurogenesis
in the chronic stress animal model in the same way that a single infusion of Reelin did not rescue
DCX expression while repeated reelin infusions did (Brymer et al., 2020). However, mixed results
regarding proliferation and maturation after a single dose of ketamine suggest that increased
neurogenesis is not sufficient for the short term behavioral and biological antidepressant effects
following acute administration (Soumier et al., 2016), but rather is potentially associated with the
long-term antidepressant effects found after chronic ketamine administration (Clarke et al., 2017,
Ma et al., 2017). Thereby, it seems that both acute ketamine and reelin do not have a fast effect in
rescuing the effects on hippocampal neurogenesis (as ascertained by DCX labeling) but do so when

administered repeatedly. It is therefore a possibility that the acute effects of reelin and ketamine
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could reverse a subset of depressive symptoms, while chronic changes might be more effective in
rescuing other symptoms (i.e. depression cognitive deficits). However, further experiments are
necessary to elucidate this. Research in the ventral hippocampus would also be of interest, as it has
been shown that the dorsal and ventral hippocampus are differentially affected by glucocorticoid
administration and could have been disparately impacted by ketamine (Levone et al., 2021). It is
important to note that researchers have recently demonstrated that DCX expression can increase
in the absence of adult hippocampal neurogenesis, implicating that DCX does not always indicate
the presence of neurogenesis (Mendez-David et al., 2020), so caution should be used when
interpreting these results. An earlier marker of neurogenic activity, such as BrdU and NeuN, could

also provide different results, due to staining earlier stages of neurogenesis (Rawat et al., 2022).

While there were no significant differences between GIuAl populations in the subgranular zone
of the hippocampus, there were slight increases in expression in those who underwent chronic
stress treatment. This is somewhat at odds with previous research studying patients with depression
and chronic stress protocols (Duric et al.,, 2013; Kallarackal et al., 2013), however fear
conditioning and extinction could interfere with these results. In contextual fear conditioning,
GIuAl is often shown to be increased during the acquisition and retrieval phases, particularly in
the dorsal hippocampus (Johansen et al., 2011; Sase et al., 2015). Chronically stressed animals had
stronger retrieval of the fear conditioning, which would denote generally denote higher GIluAl1
levels. The decrease of GluA1 levels by ketamine closer to levels of vehicle and ketamine’s success
in decreasing fear recall and aiding extinction suggests that ketamine may be able to mediate
homeostasis of GIuA1 populations, given that in other animal models its antidepressant effects are

associated with an increase in GIuAl expression (Yao et al., 2017; Zhang et al., 2016).

In conclusion, our research has shown that ketamine brings about a fast-rescuing effect of reelin
expression in the hippocampal subgranular zone, and that reelin may perhaps work through similar
synaptic mechanisms to ketamine that perhaps underlie the fast-acting antidepressant effects of
this drug. Ketamine’s rescue of reelin expression after CORT administration should drive further
research into common signaling pathways and behavioural effects, as well as the efficacy of
utilizing reelin to target negative emotional biases in memory. The findings of the present study
could have implications for the treatment of human patients, providing new pathways to alter
cognitive biases that are believed to support the development and maintenance of depression.
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Chapter 5

In the repeated-CORT paradigm, reelin and ketamine have similar behavioural, biological,

and electrophysiological effects
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5.1 Abstract

Previous research has demonstrated that reelin, an endogenous glycoprotein, exerts putative fast-
acting antidepressant-like effects in a chronic stress model. However, the electrophysiological and
biological changes have not yet been measured within a 24-hour timeframe, often considered to
be the time-course for “fast-acting” therapeutic effects. To address this paucity of research, this
study aimed to measure the changed induced by reelin in parallel to ketamine within 24 hours after
chronic corticosterone (CORT) administration. Male Long Evans rats were injected with 40 mg/kg
of CORT (subcutaneously) or vehicle (saline) for 21 days. On the 21% day, an acute dose of reelin
(3 Mg, intravenously), ketamine (10 mg/kg, intraperitoneally), or vehicle (PBS) was administered.
24 hours later, animals underwent behavioural or electrophysiological testing followed
immediately by sacrifice. Hippocampal long-term potentiation was measured after theta burst
stimulation in the medial perforant path to determine the effects of reelin and ketamine on
excitatory signaling. Behavioural changes on the forced swim test induced by CORT
administration, such as increases in immobility and decreases in swimming, were rescued by both
reelin and ketamine administration in a parallel manner. In addition, in vivo electrophysiology
revealed decreases in hippocampal LTP after chronic stress that was able to be rescued within 24
hours by an acute dose of either reelin or ketamine. Parallel changes were observed for
hippocampal reelin expression, however no major changes were observed in the expression of
various synaptic-strength related proteins in synaptoneurosomes or peripheral serotonin
transporter clustering, due to high variability between animals. In conclusion, this exploratory
study provided a broad picture of the behavioural, electrophysiological, and molecular effects of
reelin and ketamine within 24 hours and provides further support for reelin as a putative fast-acting
antidepressant.

5.2 Introduction

Preliminary results in our lab have demonstrated that 3 pg of reelin administered peripherally
(Allen et al., 2022) is sufficient to have antidepressant effects, however prolonged behavioural
testing has not allowed us to measure the biological changes that happen within 24 hours of
administration, an important period to determine the underpinnings of a fast-acting antidepressant
response. Measuring parallels between ketamine and reelin is also essential, as it will give us an

estimate of efficacy in comparison to a well-established antidepressant.
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An area of priority in depression research is the hippocampus. The hippocampus is particularly
susceptible to stress-induced impairments due to an abundance of glucocorticoid receptors in the
limbic regions (Herman et al., 2005b), and patients with MDD often have reductions in
hippocampal volume which can correlate with age of onset and episode severity (Bremner et al.,
2000; Lorenzetti et al., 2009; Sheline et al., 2019; Videbech & Ravnkilde, 2004). As previously
demonstrated, chronic CORT treatment is also capable of decreasing reelin expression in the SGZ
of the hippocampus, a deficit that can be rescued by both ketamine and reelin (Allen et al., 2022;
Johnston et al., 2020), as well as traditional antidepressants and some anti-inflammatory

medications with antidepressant actions (Brymer et al., 2018; Fenton et al., 2015).

One of the main deficits observed in the hippocampus after chronic stress is a decrease in long-
term potentiation (LTP), significantly impacting learning and memory (Kizilbash et al., 2002;
Lynch, 2004; Stromgren, 1977; Weingartner et al., 1981). While ketamine has been found to
improve LTP in pre-clinical models of chronic stress (Gilbert & Zarate, 2020; Sumner et al.,
2020b), significantly less is known about the impact reelin has on hippocampal LTP. While the
previous studies delineated in this thesis have found an increase in molecular markers of synaptic
plasticity after reelin administration, electrophysiological measures are required to provide

confirmation of increased excitatory signaling.

In addition, preliminary research presented in this thesis suggests that both ketamine and reelin
have synaptic-specific effects in vitro on proteins indicative of increases in excitatory signaling,
such as PSD-95 and p-mTOR expression. In vivo comparisons of excitatory-signaling related
proteins between synaptoneurosomes and whole homogenate could provide further information
into synaptic-specific processes that underlie depression and fast-acting antidepressants.
Peripheral measurements of serotonin transporter (SERT) clustering are also changed after reelin
and ketamine application in vitro, but no studies have researched changes in membrane protein

clustering after fast-acting antidepressant-like effects in vivo.

This study aimed to provide a full exploratory picture of both reelin and ketamine as putative fast-
acting antidepressants, and to provide insight into behavioural, circuit, molecular, and peripheral
changes that occur within 24 hours after drug administration.

5.3 Methodology
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5.3.1 Animal husbandry

72 male Long-Evans rats weighing 200-250 g and aged 6 weeks upon arrival were purchased from
Charles River Laboratories (Montreal, Quebec, Canada). Rats were housed individually in clear
polypropylene cages with access to food and water ad libitum, with a wooden chew cube and a red
hut. The thermally controlled colony was maintained on a 12-h/12-h light/dark cycle, with lights
turning on at 07:00am, at 21°C. Bedding was changed once per week and Purina rat chow was
maintained at regular intervals. All procedures were approved by the University of Victoria
Animal Research Ethics Board and conducted in accordance with the Canadian Council on Animal

Care.
5.3.2 Experimental procedures

After arrival to the facility, rats were given a week to habituate before another week of daily
handling. Animals were weighed and assigned to the following treatment groups: 21 days of daily
vehicle or CORT (40mg/kg) injections, and additionally a dose of vehicle (PBS), reelin (3 pg) or
ketamine (15mg/kg) on day 22. Subcutaneous CORT or vehicle injections were administered
between 08:00 and 11:00 a.m. Animals were weighed daily so that injections could be accurately
administered at a volume of 1ml/kg suspended in 0.9% (w/v) sodium chloride and 2% (v/v)
polysorbate-80 (Sigma Aldrich) solution. 3 pg of recombinant reelin (R&D systems, 3820-MR-
025; composed of RR3-6 and having a predicted molecular weight of 180kDa by SDSPAGE using
reducing conditions) was based off of previous effective dose (Allen et al., 2022) and suspended
in 0.5ml of 0.1M phosphate buffered saline (PBS, pH=7.4). Reelin was administered intravenously
into the lateral tail vein on day 21 between the hours of 08:00am and 11:00am. Ketamine
hydrochloride (Narketan; Vetoquinol; Lavaltrie, Quebec, Canada) or vehicle was suspended in
saline and injected intraperitoneally between the hours of 08:00am and 11:00am on day 21 at a
dose of 10 mg/kg at a volume of 1 ml/kg. The dose of ketamine was based off of previous pre-
clinical research, which found that a dose of 10mg/kg — 15mg/kg is the most effective at rescuing

depressive-like behavior. Experimental calendar can be viewed in Figure 5.1.

126



Day 22

—> A—f

—>
o o Fresh Tissue
/ Synaptoneurosomes
Sucrose Preference
Test
Fixed Tissue ¢ > Reelin-IR
Subgranular
Day 1 Day 21 5 —> Zone
Vehicle or CORT | Vehicle, Reelin, 8
(s.c., 40mg/kg) | or Ketamine —>
FORR
Forced Swim Test Rt Sem 4 ‘/; iy Y SERT
> @; 5 <5 Clustering
% e :_ % & Analysis
7!1 gk’
In vivo . Theta Burst N (
Electrophysiology Stimulation } U
~
— ) —

Splash Test

Figure 5.1. Experimental timeline and analyses. Male Long Evans rats received daily injections of CORT (40
mg/kg) or vehicle (saline) for 21 days (subcutaneously). On the 21% day, they were administered an injection of reelin
(3 Mg, intravenously), ketamine (10 mg/kg, intraperitoneally), or vehicle (PBS). 24 hours later, they underwent
behavioural testing, then blood collection and sacrifice for fresh or fixed tissue. The animals who underwent in vivo
electrophysiology underwent a theta burst stimulation protocol to induce LTP, which was recorded from the dentate
gyrus. S.c. — subcutaneous, MPP — medial perforant path, DG — dentate gyrus.

5.3.3 Behavioural tests
5.3.3.1 Forced swim test

Animals who were not undergoing in vivo electrophysiology (n = 48) underwent a modified one-
day version of the Porsolt FST (Porsolt, 1978). This test was originally designed to serve as a
preclinical assay to assess the efficacy of antidepressant drugs (Marks et al., 2009). The purpose
of the one-day protocol is to abolish any potential confounding effects of memory that may occur
throughout a two-day protocol. Rats were placed for 10 mins in a Plexiglas swim tank (25cm wide
x 25cm long x 60cm high) and filled with water (27£2°C) to a depth of approximately 30cm. The

amount of time swimming, climbing, immobility, and latency to immobility were manually scored
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over the 10 min test time. Immobility was defined by the rat floating or moving just enough to
keep afloat in order to interpret their coping response to inescapable stress (Commons et al., 2017),

an indicator of despair-like behaviour.
5.3.3.2 Sucrose preference test

The sucrose preference test (SPT) is a commonly used model of anhedonia, a loss of pleasure in
activities that used to be pleasurable. On day 20, rats were habituated to having access to two water
bottles for one day, then on day 21 to two bottles of a 1% sucrose solution. For the test on day 22,
rats had access to one bottle of water and one bottle of sucrose solution, with sides being swapped
at the halfway point (12 h) to control for preferences in bottle placement. Both bottles were
weighed before and after consumption to determine amount drank, and differences in consumption

between sucrose and water were calculated to determine preference.
5.3.3.3 Sucrose splash test

In rats that underwent electrophysiology (n = 24), the sucrose splash test (SST) was used to
measure grooming behaviour, a proxy indicator of behaviour such as motivation and self-care.
Rats were sprayed with a 10% sucrose solution on their dorsal coat. Due to viscosity of the
solution, animals will initiate grooming behavior. Rats displaying depressive-like behaviour will
often delay initiation of grooming and spend less time grooming. Rats were recorded and scored

for 10 min on “grooming” and “non-grooming” behaviour, as well as latency to grooming.
5.3.4 Tissue preparation
5.3.4.1 Perfusions

Half of the animals not used for in vivo electrophysiology (n = 24) were deeply anesthetized with
5% isofluorane (maintained through an isoflurane machine attached to a nosecone that was placed
over the rat’s nose) and transcardially perfused with ice-cold 4% (w/v) paraformaldehyde in 0.1M
PB (pH 7.4). After removal, their brains were kept in the same paraformaldehyde fixative for 48 h
at 4°C, then transferred to a 30% sucrose solution for 72 h before sectioning. They were then
sectioned in the coronal plane at 30 um on a cryostat (CM1850 UV, Leica Biosystems) at —20°C.
Sections were stored in cryoprotectant [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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5.3.4.2 Microdissections and SNP creation

The remaining half of animals not used for in vivo electrophysiology (n = 24) were anesthetized
with 5% isofluorane and killed by decapitation. Immediately after sacrifice, the hippocampus was
micro-dissected on ice and snap frozen in liquid nitrogen then stored until use at -80°C. Tissue was
thawed on ice prior to homogenization in ice using a Potter-Elvehjem homogenized containing
chilled modified Krebs-Henseleit buffer (nKREBS) (in mM: 118.5 NaCl, 4.70 KCI, 1.18
MgCI2-6H20, 2.50 CaCl2-2H20, 1.18 KH2P0O4, 24.90 NaHCO3, 10.00 glucose, pH adjusted to
~7.40 using 1.0 N HCI) supplemented with a protease inhibitor cocktail (#1860932,
Thermoscientific, Waltham, MA). A portion of the whole homogenate was stored for later
analysis. The remaining homogenate was drawn into a 1 cc Luer lock syringe and passed through
sequential filtrations [100 um pore nylon filters (NY1H02500; EMD Millipore); 5 pm
nitrocellulose Durapore membrane filters (SBLP01300; Millipore)], and was centrifuged at
1000 x g for 15 min at 4 °C. After centrifugation, the pellet was resuspended in the mKREBSs buffer
containing protease and phosphatase inhibitors for analysis with Western blotting. The DC Protein
Assay (Biorad) was used to quantify total protein in each sample.

5.3.5 In vivo electrophysiology

On the day of the experiment, animals (n = 24) were weighed and then anesthetized deeply (1.5g/kg
of urethane, intraperitoneally, for non-recovery experiments). Supplemental doses of anesthesia
were used when necessary (0.3ml at a time) until rats were fully unconscious, as determined by
respiratory rate and withdrawal reflex. Rats were placed on a stereotaxic frame (Kopf Instruments)
and had gel tears applied to their eyes. Body temperature was kept steady at 37°C using a regulated
homeothermic control unit (Harvard Instruments, MA, USA). Following sterile protocols, an
incision was made to expose the dorsal surface of skull and expose the bregma landmark. Two
holes were drilled using a stereotaxic drill for the recording (3.5 mm posterior and 2.4 mm lateral
to bregma) and stimulating (7.4 mm posterior and 3.4 mm lateral to bregma) electrodes. Another

two holes were drilled anterior and lateral to the bregma for grounding the recording electrode.

Baseline recordings were obtained using a 0.12 ms pulse at 0.0067 Hz. A stable baseline was
required for at least 30 min before a theta burst stimulation protocol. This theta burst protocol
consisted of 10 bursts of 5 pulses (0.25 ms duration) at 400 Hz with a 200 ms inter-burst interval,

which was repeated 4 times in 30 sec intervals. After the TBS protocol, baseline levels of
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stimulation were continued for 1 hour. The slope of the rising phase (10 — 90%) of field EPSP
immediately after stimulation was used to determine PTP. For analysis of LTP and synaptic
efficacy, the slope of the rising phase of the fEPSP was measured 55 - 60min post stimulation.
Input/output (1/0O) function was used to determine baseline excitatory transmission. All slope data
are presented as mean percent change from pre-stimulation baseline. To confirm electrode
placement, brains were post-fixed in 4% paraformaldehyde, sectioned at 50um, then stained in

Cresyl Violet to verify electrode location.
5.3.6 Immunohistochemistry protocol

Reelin-IR cells were visualized through the immunohistochemical procedures previously
described in this thesis. In brief, every 6" section of the hippocampus was collected and rinsed in
TBS, then incubated in sodium citrate (pH 6; 85 °C) for antigen retrieval. Sections were then
blocked (TBS, 10% Triton X-100 [v/v], 15% Normal Goat Serum[v/v]) for 30 min at room
temperature before being placed in primary (mouse anti-reelin, 1:1000; EMD Millipore,
Burlington, MA) diluted in blocking solution overnight at 4°C. After primary incubation ,sections
were incubated in 10% hydrogen peroxide in TBS for 30 min, followed by incubation in the
secondary antibody (biotinylated goat anti-mouse IgG, 1:500, Sigma-Aldrich, St. Louis, MO)
diluted in blocking buffer for 1 h at room temperature. Finally, tissue was incubated for 1 h in
avidin-biotin complex (1:500, Vecta Stain Elite ABC reagent, Vector Labs), then visualized using
0.002% [w/v] DAB (Sigma-Aldrich, St. Louis, MO) and 0.0078% [v/v] H20- in TBS before being
mounted on polarized glass slides. After drying overnight, sections were dehydrated using
increasing concentrations of ethanol and cleared in xylenes, then coverslipped using Permount

mounting medium (Thermo Fisher Scientific, Waltham, MA).

Reelin-IR cells were counted in the subgranular zone of the hippocampus using a Zeiss
Axioimager M.2. An unbiased optical fractionator method was used for stereological estimates
(Stereo Investigator, 2022.2.1, MBF Bioscience). The area of interest was traced at 2.5x
magnification, with stereological analyses undertaken at 20x magnification. Equations for number

estimates have been previously described in Chapter 4.

5.3.7 SDS-PAGE and Western blotting
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For both WH and SNPs, 10 pg of protein was electrophoretically resolved in 10% TGX Stain-
Free™ FastCast™ Acrylamide Solutions (BioRad, Hercules, CA) at 200 V for 60 min. After the
run, protein was then transferred in a semi-dry method onto 0.2 um PVDF membranes (#1704272,
BioRad, Hercules, CA) using the Trans-Blot Turbo Transfer System (BioRad, Hercules, CA).
Membranes were blocked with 5% (w/v) BSA for 1 h at room temperature. Primary antibodies
were applied overnight at 4°C at a 1:1000 concentration, diluted in 5% (w/v) BSA. Proteins
measured in the hippocampus were mTOR (#2972S, CST), p-mTOR (#2971S, CST), Synapsin |
(#6710, CST), PSD-95 (#2507S, CST), GIuAl (#13185S, CST), p-GIluAl (#75574S, CST), p-
Erk1/2 (#9101S, CST), CREB (#4820S, CST), p-CREB (#9198S, CST), and GIuN2b (UC Davis).
After primary incubation, blots were washed in tris-buffered saline with 1% [v/v] tween (TBST),
then incubated for 1 h at room temperature with a horseradish peroxidase-linked goat anti-mouse
or goat anti-rabbit secondary diluted at 1:5000 in blocking buffer. After washes, Luminata
Crescendo or Classico (#WBLURO0500 and # WBLUCO0500, Millipore Sigma, Burlington, MA)
were used for chemiluminescent detection. Technical duplicates or triplicates were analyzed for
every protein from each animal to ensure proper representation of relative protein amounts. The
SynGene imaging system was used to capture all images, and F1JI was used for quantification of
Western blot bands. Ponceau staining was used as a normalization standard to avoid changes in

house-keeping proteins that may occur in the model of depressive-like behaviour.
5.3.8 Immunocytochemistry protocol

Blood smears were collected on slides (Fisherbrand, Superfrost Plus), from the animals at time of
sacrifice that did not undergo electrophysiology. Following a previously described protocol
(Romay-Tallon et al., 2017b), slides were fixed in 1% paraformaldehyde for 10mins, then rinsed
with PBS. After rinses, slides were blocked for an hour at room temperature (3% rat
immunoglobulin, 1% [w/v] BSA in PBS), then incubated with primary (rabbit anti-serotonin
transporter, 1:100, #AB9322, Millipore Sigma) overnight at 4°C. Secondary was applied for 1
hour at room temperature after rinses in PBS (1:250, goat anti-rabbit Alexa Fluor 568, #ab175471,
abcam, Cambridge, UK diluted in PBS). Hoescht (1:1000) was applied for 10 min 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. A

minimum of 50 lymphocytes were imaged per sample at 63x magnification on a Zeiss Axioimager
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M.2 microscope. A Fiji macro created by Brady Reive, a PhD candidate in our lab, was used to
analyze the lymphocytes based on previous principles of cluster analysis (Romay-Tallon et al.,

2017). Quantification of number and size of SERT clusters was used for statistical analyses.
5.3.9 Statistical analyses

Two-way ANOVAs were used for all experiments to assess differences between condition (vehicle
or CORT) and treatment group (vehicle, reelin, or ketamine). Statistics were conducted on SPSS
(v27, IBM). If significance was detected in the ANOVA, Tukey’s post-hoc tests were used for
multiple comparisons between conditions and treatments.

5.4 Results
5.4.1 Behaviour
5.4.1.1 Forced swim test

Significant group differences were found for swimming [F (2, 41) = 6.384, p = 0.0039], immobility
[F (2, 41) =5.184, p = 0.0098], and latency to immobility [F (1, 41) = 7.670, p = 0.0084] in the
forced swim test (Fig. 5.2A — D). Rats treated with CORT/vehicle had significantly higher time
spent immobile than vehicle groups (p = 0.0003), an effect which was rescued by both reelin (p =
0.0049) and ketamine (p = 0.0047). Time spent swimming was also significantly decreased
compared to the vehicle subgroups in the CORT/vehicle group (p = 0.0002), an effect that was
upregulated by reelin (p = 0.0028) and ketamine (p = 0.0034). Lastly, rats treated with C/V had a
shorter latency to immobility (time until immobile) than the vehicle group (p = 0.017), but this
was only significantly rescued by reelin treatment (p = 0.0423), not ketamine. No significant effect

on climbing was found.
5.4.1.2 Sucrose preference and splash tests

Sucrose consumption during the habituation (day before test, with two bottles of sucrose) and test
phase (one bottle of water, one bottle of sucrose) were measured to determine anhedonic-like
behaviour. Throughout the test phase, the side of the cage the bottle was placed on was switched
at 12 h (halfway through) to avoid any confounding effects of location preference. No significant
differences were found between any groups on the habituation phase (Fig. 5.2E), however during
the test phase [F (2, 56) = 5.984, p = 0.0044] animals in the CORT/Vehicle subgroup consumed
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significantly less sucrose (as measured by % sucrose consumption) than vehicle/vehicles (p =
0.0088) (Fig. 5.2F). However, neither reelin nor ketamine had any effect on increasing sucrose
consumption. The sucrose splash test was used on the animals who underwent electrophysiology
to determine grooming behaviour. No significant differences were found between any of the
subgroups (Fig. 5.2G-H).
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Figure 5.2. Fast-acting behavioural effects of reelin and ketamine. (A) No significant differences were found
across groups in FST climbing. (B) CORT administration significantly decreased swimming in the FST, which was
rescued by both reelin and ketamine. (C) CORT administration significantly increased immobility in the FST, which
was rescued by both reelin and ketamine. (D) Latency to immobility in the FST was decreased by CORT but was
rescued only by reelin administration. (E) No changes were found in habituation-phase sucrose consumption. (F)
Sucrose consumption was significantly decreased by CORT, but not changed by reelin or ketamine. (G-H) No changes
were found in the sucrose splash test. *p < 0.05, **p < 0.01, ***p < 0.001
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5.4.2 In vivo electrophysiology
5.4.2.1 1/O curve

Increasing pulse widths (0.04mA, 0.08mA, 0.12mA, 0.16mA, 0.2mA, and 0.24mA) were
measured after a stable signal was present and before baseline measurements were taken to
determine input/output (I/O) function. In all animals, the fEPSP slope was significantly greater
with increased stimulation. No significant differences were found in fEPSP slopes between any

experimental subgroups, suggesting baseline synaptic excitability was similar (Fig. 5.4A).
54.22PTPand LTP

A stable baseline was collected for at least 30min, then the TBS protocol was applied. The baseline
stimulation protocol was then continued for 1 hr. Post-tetanic potentiation (PTP) was defined as
1min after TBS protocol and long-term potentiation (LTP) was defined as 55min — 60min after the
TBS protocol. In both PTP [F (2, 18) =7.179, p = 0.0051] and LTP [F (2, 18) = 3.924, p = 0.0385],
significant effects of condition and treatment were found. Vehicle/vehicle demonstrated
significantly higher PTP than CORT/vehicle (p = 0.0008), and both reelin and ketamine trended
towards rescue (Fig. 5.4C). LTP was decreased by CORT (p = 0.0045), and this effect was
significantly rescued by both reelin (p =0.0342) and ketamine (p = 0.0493) (Fig. 5.4D). Individual
traces (Fig. 5.3) and means are graphed (Fig. 5.4B)
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Figure 5.3. In vivo electrophysiology individual traces for each treatment group. (A-F) Individual (animal) traces
for each treatment group. TBS stimulation was applied at 0 minutes. PTP was measured at 1 minute and LTP was

measured between 55 min — 60 min.
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Figure 5.4. In vivo electrophysiological recordings from vehicle, CORT, reelin, and ketamine administered rats.
(A) 1/0 function was measured using increasing pulse widths to determine baseline excitability. No differences were
found between treatment groups. (B) Average fEPSP slope as a % change from baseline for vehicle/vehicle,
CORT/vehicle, CORT/reelin, and CORT/ketamine experimental groups. A stable baseline was recorded for 30 min.
Theta burst stimulation (TBS) was applied at 0 min. Post-tetanic potentiation (PTP) was measured at 1 min after theta
burst stimulation (TBS) and long-term potentiation (LTP) was measured 55 — 60 min after TBS. (C) Changes in PTP
potentiation after TBS. CORT significantly decreased PTP, which was not rescued by reelin or ketamine. (D) Changes
in LTP after TBS. CORT administration significantly decreased LTP, which was recued by both reelin and ketamine.
All data expressed as mean = SEM *p < 0.05, **p < 0.01, ***p <0.001
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5.4.3. Reelin expression in the subgranular zone

Previous research has determined that both reelin and ketamine are able to rescue reelin expression
after a few days (Allen et al., 2022; Brymer et al., 2020; Johnston et al., 2020), however this has
not previously been assessed within 24 hrs to determine whether the fast-acting effects of both
therapeutics may be related to an upregulation in reelin expression. Expression of reelin in the
subgranular zone of the dorsal hippocampus was affected by both condition and treatment [F (2,
18) = 3.732, p = 0.0441]. As expected, chronic CORT treatment significantly decreased reelin
expression in the SGZ of the hippocampus (p = 0.0129), an effect that was significantly rescued
by both reelin (p = 0.0421) and ketamine (p = 0.0443) (Fig. 5.5A-B).
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Figure 5.5. Reelin expression in the subgranular zone after reelin and ketamine administration. (A) Unbiased
stereology estimates of reelin cell population in the dentate gyrus subgranular zone. CORT administration significantly
decreased reelin expression, which was rescued by an acute dose of reelin and ketamine. (B) Representative
photomicrographs of reelin expression in the subgranular zone. All data expressed as mean + SEM *p < 0.05.

5.4.4 Western blotting analyses

Western blotting analyses looked at condition and treatment differences in both WH and SNP
tissue for p-mTOR, mTOR, ratio of active mTOR, p-GluAl, GIuAl, ratio of active GIuAl, p-
CREB, CREB, ratio of active CREB, GIuN2b, PSD-95, Synapsin I, and p-ERK1/2 (Fig. 5.6 and
5.7). However, significant differences were only found in p-mTOR expression [F (3, 84) = 3.638,
p = 0.016], where ketamine treatment significantly increased levels of WH p-mTOR after chronic
CORT administration (p = 0.0161) and p-ERK expression [F (3, 72) = 4.868, p = 0.0039], though
post-hoc analyses revealed no specific inter-group differences.
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Figure 5.6. The effect of CORT, reelin, and ketamine treatment on whole cell and synaptic proteins (part I).
(A) Whole cell p-mTOR expression was increased after ketamine adminstration. (B-1) No significant differences were
found between any treatment groups for all proteins and activity ratios measured. All bands were normalized to total
protein expression as indicated by Ponceau S. V = vehicle, R = reelin, K = ketamine, C = CORT, WH = whole
homogenate, SNP = synaptoneurosomes. All data is expressed as mean £ SEM. *p < 0.05
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Figure 5.7. The effect of CORT, reelin, and ketamine treatment on whole cell and synaptic proteins (part II).
(A-1) No significant differences were found between any treatment groups for all proteins measured. All bands were
normalized to total protein expression as indicated by Ponceau S. V = vehicle, R = reelin, K = ketamine, C = CORT,
WH = whole homogenate, SNP = synaptoneurosomes. All data is expressed as mean + SEM. *p < 0.05

5.4.5 SERT clustering on PBMCs
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No significant differences were observed in either size or number of SERT clusters in peripheral
lymphocytes, suggesting that 24 hours after peripheral administration may not be enough time to

demonstrate large differences in patterns of SERT clustering (Fig. 5.8A-C).
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Figure 5.8. SERT clustering in peripheral lymphocytes after treatment. (A — B) No significant differences were
found in SERT cluster size or number after treatment. (C) Representative fluorescent microscopy images from
vehicle/vehicle, CORT/vehicle, CORT/reelin, and CORT/ketamine subgroups. All data are expressed as mean + SEM.

5.5 Discussion

Evidently, both ketamine and reelin are able to rescue behavioural, electrophysiological and
molecular indicators of chronic corticosterone administration within 24 hours. In the FST, a proxy
measure for despair-like behaviour, peripheral ketamine and reelin administration were able to
rescue the increase in immobility and decrease in swimming that was observed after CORT
treatment. This finding is supported by multiple studies which have demonstrated reelin and
ketamine’s ability to rescue FST-related behaviour (Allen et al., 2022; Brymer et al., 2020;
Fitzgerald et al., 2019), a common measure for antidepressant efficacy in animal models. The SPT
was used to assess anhedonic-like behaviour, a hallmark symptom of treatment-resistant
depression which has been effectively targeted by ketamine in a clinical setting (Nogo et al., 2022).

While CORT-administration increased anhedonia, this was not rescued by administration of either
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reelin or ketamine. However, anhedonia is typically difficult to treat or define clinically and is
often one of the most stubborn symptoms after treatment (Rizvi et al., 2016; Treadway & Zald,
2011). Future research should determine the impact that reelin or ketamine may have after the 24-
hour period of this study. No differences across groups were found in the sucrose splash test, an
indicator of grooming. However, the splash test has had mixed results in chronic stress models
(Hu et al., 2017) and may demnstrate a symptom category in depression that is not represented by

a chronic corticosterone model.

To my knowledge, this is the first study which demonstrates reelin’s ability to rescue hippocampal
LTP in a model for the study of depression. Hippocampal LTP is essential for learning and
memory, processes known to be heavily impacted in depression (Kizilbash et al., 2002; Lynch,
2004; Stromgren, 1977; Weingartner et al., 1981). The medial perforant path in particular is
important for context discrimination and fear learning (Ferbinteanu et al., 1999), which are both
affected in the chronic corticosterone model and patients with depression (Britton et al., 2011;
Camp et al., 2012; Wurst et al., 2021). Increases in excitatory transmission are often associated
with ketamine’s efficacy as a fast-acting antidepressant (Gilbert & Zarate, 2020), and the
effectiveness of reelin in increasing LTP after TBS, even above that of ketamine in this study, adds
another facet to the potential of reelin as a putative fast-acting therapeutic. Interestingly, the
vehicle/ketamine group also showed decreased LTP, which is in line with previous research
suggesting that ketamine may have deleterious effects in healthy controls. The observed parallels

between pre-clinical and clinical research are important for the future translation of this work.

Previous research, some of it presented earlier in this thesis, has demonstrated that both ketamine
and reelin administration are able to rescue reelin expression in the subgranular zone of the dentate
gyrus (Allen etal., 2022; Brymer et al., 2020; Johnston et al., 2020). However, these measurements
have been taken days after therapeutic administration, and may not reflect their rapid
antidepressant-like responses. | hoped to investigate whether an upregulation of endogenous reelin
would coincide with the short-term behavioural effects of ketamine and exogenous reelin. It is
unlikely that reelin is able to cross the blood-brain barrier given its large size (410 kda for full-
length reelin), suggesting that peripheral administration may be able to increase reelin expression

through other mechanisms. Future research should determine the exact mechanisms by which both
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ketamine and exogenous reelin administration are able to increase hippocampal reelin

administration.

Despite changes found after in vitro treatment of synaptoneurosomes (Chapter 3), no significant
changes were found in the proteins measured here, aside from an increase in p-mTOR after
ketamine administration. Greater variability found between animals, in contrast to the initial
synaptoneurosome study, decreased the possibility of finding significant changes between groups.
however future research should expand on the changes observed in synaptoneurosomes, given the
role that synaptic-specific transcription changes appear to mediate fast-acting antidepressant-like
effects (Li et al., 2010).

In contrast to previous research, no differences in SERT cluster size were found in chronic CORT-
administered rats (Caruncho et al., 2019), most likely due to variability between samples. Parallel
to previous work, no changes in number of SERT clusters were found. The earlier investigation of
the effects of reelin and ketamine on lymphocytes in vitro found significant changes, however this
was not replicated in vivo. This may be due to the short time course of measurements, and a future
study should determine whether changes in peripheral SERT clustering happen longer than 24
hours after therapeutic administration. Interestingly, SERT clustering on lymphocytes after
ketamine administration appeared to be more diffuse in comparison to all other groups but this was

not able to be directly quantified.

As the goal of this study was to provide a more exploratory, but broad, look at the changes 24
hours after ketamine and reelin administration, low sample sizes may have limited statistical
analyses. In addition, chronic CORT-administration provides a reliable and validated model for
the study of depression, it is unable to completely mimic every facet of clinical depression. In
particular, the unique characteristics of treatment-resistant depression (such as anhedonia and
suicidal ideation) are difficult to model and may present unique results when studying putative
fast-acting antidepressants. Future research should expand on these preliminary findings, as well
as utilize varying models for the study of depression to increase the translatability of results. In
conclusion, this study provides multiple perspectives of how reelin and ketamine exert their
antidepressant-like effects in a chronic corticosterone model, including behavioural,

electrophysiological, and molecular changes which are known to be impacted in depression.
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Chapter 6

Investigating the response of iPSC-derived neurons from participants with TRD to
(2R,6R)-HNK and reelin
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6.1 Abstract

Treatment-resistant depression, or failure to respond to first-line treatments, is associated with
worse clinical outcomes and longer course of illness. However, treatment-resistant depression is
more difficult to model in an animal phenotype, and other routes must be considered to properly
address and research novel therapeutics for treatment-resistant depression. To this end, we have
begun to explore an iPSC-derived model from treatment-resistant depression participants which
could provide a better indication of what is happening inside of the human brain. Ketamine, a
known effective therapeutic for treatment-resistant depression, has been shown throughout
previous chapters to parallel the effects of reelin, an endogenous glycoprotein that is
downregulated in depression. However, the role of reelin in treatment-resistant depression is yet
unknown. Activity of the mechanistic target of rapamycin complex 1 (mTORCL1) and related
downstream signalers has been attributed to the antidepressant effects of ketamine and appears to
be associated with reelin’s antidepressant-like actions. (2R,6R)-hydroxynorketamine (HNK) is a
major metabolite of ketamine which, at therapeutic levels, appears to activate mTORC1 without
antagonizing NMDARs. To determine the effects of (2R,6R)-HNK and reelin on cortical activity,
iPSCs were reprogrammed from peripheral blood mononuclear cells collected from treatment-
resistant depression participants and healthy controls, then cultured into cortical neurons. After
neurons reached maturity, reelin and (2R,6R)-HNK were applied at varying concentrations and
time courses. Protein expression was measured through Western blotting and
immunocytochemistry, and gene expression was indicated through RNA sequencing. Baseline
protein differences were found between controls and TRD neurons (nTOR, GIuA1l, TrkB, p-ERK,
and ERK). While reelin and (2R,6R)-HNK had parallel effects on protein expression, opposing
treatment effects were observed between 1-hour and 24-hour timepoints in TRD neurons. No
treatment effects were observed across all proteins in control cell lines. This study, while
exploratory, provides evidence towards the molecular actions of (2R,6R)-HNK and reelin in
treatment-resistant depression. The differences between control and TRD cell lines warrant further
investigation. While still preliminary, iPSC-derived neurons could provide a valuable in vitro
model for the study of TRD and hold promise for the evaluation of novel therapeutics such as
(2R,6R)-HNK and reelin.

6.2 Introduction
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The findings presented previously in this thesis find behavioural, electrophysiological, and
molecular changes in in vitro and in vivo models for the study of depression. However, there are
severe limitations to the use of animal models, which are often homogenous in direct contrast the
heterogeneity of the human experience of depression. In addition, animal models cannot exactly
mimic certain aspects of behaviour and biology that are present in humans, such as suicidal
ideation (Comai & Gobbi, 2016). However, we are not yet able to study brain tissue from living
humans, which limit the molecular changes which can be observed in depression or as a response
to treatment. With this information, the question becomes how to create more translational models

that could help the difficulties experienced taking novel therapeutics from bench to bedside.

Of particular interest is developing therapeutics that are useful in treatment-resistant depression
(TRD), a condition which is particularly difficult to replicate in animal models (Willner &
Belzung, 2015). Generally, treatment-resistant depression (TRD) is defined inadequate response
to one or more class of antidepressants; however this definition does vary (Fava, 2003). Those who
do not improve, or show a partial response, may be faced with additional challenges including
functional impairment, lowered quality of life, high relapse rates, and increased risk of suicidality
(Shinohara et al., 2019). Given these challenges, it is essential to develop therapeutics that are
effective for TRD.

As a fast-acting antidepressant, ketamine has been primarily used to target TRD (Kishimoto et al.,
2016), an effect which appears to be mediated through mTORCL1 activation and related
downstream signaling in the prefrontal cortex and hippocampus (Duman et al., 2019; Zanos &
Gould, 2018). As shown in previous research presented in this thesis, the upregulation of proteins
such as phosphorylated-mTORC1 (p-mTORC1), postsynaptic density-95 protein (PSD95) and
surface insertion of Glutamate Al (GluAl) subunit of a-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid (AMPA) receptors often (though not always) accompany ketamine’s
antidepressant-like effects. Metabolites of ketamine may also have disparate antidepressant
effects. For example, (2R,6R)-hydroxynorketamine (HNK) is a major metabolite of ketamine that
appears to produce similar rapid antidepressant effects in animal models without the associated
side effects of ketamine administration. Interestingly, (2R,6R)-HNK does not appear to antagonize
NMDARs at therapeutic doses, further cementing the role of mTOR activation in ketamine’s

antidepressant effects (Zanos et al., 2018a).

146



Reelin has demonstrated significant parallels to ketamine’s fast-acting antidepressant-like effects
throughout this dissertation but has not yet been investigated in the context of TRD. As reelin
signaling may mediate some of ketamine’s antidepressant actions (Kim et al., 2021), exogenous
reelin administration could be useful to address a TRD phenotype which is characterized most
often by worse symptomatology and a longer disease course. Reelin’s documented abilities to
increase synaptogenesis, synaptic potentiation, and dendritogenesis (Wasser & Herz, 2017) could

prove effective at targeting hallmarks of TRD.

As mentioned previously, molecular research of depression (including TRD) has been limited by
the inability to directly investigate human neurons. However, the development of human induced
pluripotent stem cells (iPSCs) through the reprogramming of human fibroblasts, keratinocytes, and
lymphocytes has opened up investigations into the cellular mechanisms of various disorders and
therapeutics in humans (Doss & Sachinidis, 2019; Engle et al., 2018; Li et al., 2018; Soldner &
Jaenisch, 2012).

iPSC modeling has been used previously for the study of psychiatric disorders such as bipolar
disorder, schizophrenia, autism spectrum disorders, and depression (McNeill et al., 2020). To our
knowledge, only two previous reports have been published of iPSC-modeling from TRD patients,
which focused on the serotonergic system (Vadodaria et al., 2019a,b).

The purpose of the current study was to determine the impact of (2R,6R)-HNK and reelin on iPSC-
derived neurons from TRD patients. In addition, baseline differences between iPSC derived
neurons between healthy controls and TRD patients will be analyzed to further characterize the

use of iPSCs in the development of novel depression therapeutics.
6.3 Methodology
6.3.1 Collection of iPSCs

In accordance with NIH ethics, peripheral mononuclear blood cells (PMBCs) were collected from
5 TRD patients and 2 healthy controls. Generation of human iPSCs from PBMCs and fibroblast
cells were conducted at National Heart, Lung, and Blood Institute (NHLBI/NIH) iPSC Core

Facility using non-integration methods.
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6.3.2 Differentiation and growth of cell cultures

The STEMdiff™ embryoid body protocol was followed for 19 days to develop single-cell neural
progenitor cells (NPCs). Neural induction was confirmed through visual inspection, and neural
rosettes were selected. Cells were seeded onto PLO/laminin-coated dishes (half with poly-L-lysine
coated coverslips) at a density of 1.5 x 10M4 — 3 x 1074 cells/cm2. The cells were then incubated
at 37°C with 5% circulating CO2 and supplemented with BrainPhys™ Neuronal Medium, 1% N2
Supplement-A, 2% Neurocult™ SM1 Neuronal Supplement, 20ng/ml GDNF, 20ng/ml BDNF,
1mM Dibutyryl-cAMP, and 200nM Ascorbic Acid for 10 weeks with half-medium changes every
two days. A CCK-8 cell counting kit was used as a viability assay.

6.3.3 Treatment of cultures

After 10 weeks, cells were divided into 5 different conditions (vehicle + DMSO; 5nM, 10nM, and
50nM reelin; 1uM (2R,6R)-HNK) at 2 timepoints (1 hour; 24 hours) to assess short and long-term
effects of reelin and ketamine metabolite application. Each cell line was cultured in enough wells
to allow for multiples of every treatment concentration, for a total of 40 wells/cell line, to allow
for duplicates in Western blot and immunocytochemical (ICC) analyses. Half of the wells were
rinsed and scraped for Western blot analysis and the other half were rinsed with PBS and fixed
with paraformaldehyde (PFA) (4%) for 10 min for ICC.

6.3.4 SDS-PAGE and Western blotting

For Western blotting, cells were homogenized in cold lysis buffer. 10 pg of protein were
electrophoretically resolved in Mini-PROTEAN® TGX Precast 4 — 12% gels (BioRad, Hercules,
CA) then transferred onto 0.2 pum polyvinylidene fluoride (PVDF) membranes via a semi-dry
transfer method in the Trans-Blot Turbo Transfer System (BioRad, Hercules, CA). Membranes
were blocked using 5% (w/v) milk for unphosphorylated proteins, and 5% (w/v) BSA for
phosphorylated proteins for 1 h at room temperature. After measurement of mMTOR (#2972S, CST)
or ERK (#5376S, CST), the same blot was stripped and analyzed for p-mTOR (#2971S, CST) or
p-ERK (#9101S, CST) to provide individual ratios of activity. Other proteins analyzed were PSD-
95 (#2507S, CST), Synapsin | (#6710, CST), GIuAl (#13185S, CST), Dabl (#3328S, CST), and

GIluN2b (UC Davis). Immunocytochemical protocols and analyses can be found in Appendix A.
6.3.5 Statistical analyses
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Statistics were conducted using SPSS (v20.0, IBM). Baseline differences between TRD and HC
cell lines were compared with independent t-tests. To determine the impact of Reelin and (2R,6R)-
HNK on iPSCs, the Kruskal-Wallis test was used to correct for non-parametric data. Dunn’s

multiple comparison test was used for post-hoc comparisons.
6.4 Results
6.4.1 Western blotting

Significant baseline differences were found between the TRD and HC cell lines (Fig. 6.2). TRD
cells had significantly higher baseline expression of GIuA1 (p = 0.016), TrkB (p = 0.031), ratio of
MTOR activity (p = 0.011), p-ERK (p =0.001), and ERK (p = 0.006) at 1 hour. At 24 hours, levels
of PSD-95 (p = 0.005), GIuAl (p = 0.007), and TrkB (p = 0.007) were significantly higher and
levels of mTOR (p = 0.039), p-ERK (p = 0.007), and ratio of ERK activity (p = 0.004) were
significantly lower.
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Fig. 6.1. Baseline differences in HC and TRD iPSC-derived neurons. (A) Representative Western Blot images of
iPSC-derived neurons from HC and TRD participants at 1 hour and 24 hours with significant differences. All
proteins were normalized to Ponceau (total protein normalization) (B — M) The relative differences in expression of
PSD-95, GIuAl, Synapsin I, TrkB, NR2B, Dabl, p-mTOR, mTOR, ratio of mTOR activity, p-ERK, ERK, and ratio
of ERK activity between HC and TRD iPSC-derived neurons at 1 hour and 24 hours. All data are expressed as mean
+ SEM. HC, healthy control; TRD, treatment-resistant depression; *p<0.05, **p<0.01 vs. HC.

In iPSC-derived neurons from TRD patients, both Reelin and (2R,6R)-HNK demonstrated parallel
effects at both 1 hour and 24 hours (Fig. 3). PSD-95 showed significant changes after both 1-hour
treatment (H(4) = 13.68, p = 0.0078) and 24-hour treatment (H(4) = 9.979, p = 0.0408). Post-hoc
tests revealed PSD-95 was significantly increased with 50nM of Reelin (p = 0.032) and 1uM of
(2R,6R)-HNK (p = 0.0021). In contrast, PSD-95 was downregulated after 24 hours with 50nM of
Reelin (p = 0.0162). While GIuAl was not up-regulated with any treatment at 1 hour, the AMPAR
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subunit was significantly down-regulated at 24 hours (H(4) = 15.42, p = 0.0039) with all
concentrations of Reelin (5nM, p = 0.0311; 10nM, p = 0.0068; 50nM, p = 0.0015). Synapsin I
showed concentration-dependent changes at both 1 hour (H(4) = 17.51, p = 0.0015) and 24 hours
(H(4) =22.98, p = 0.0001), with post-hoc tests revealing the consistent up-regulation of expression
at 1 hour (Reelin 10nM, p = 0.0064; Reelin 50nM, p =0.0016; HNK 1uM, p = 0.0032) and down-
regulation at 24 hours (Reelin 10nM, p = 0.0009; Reelin 50nM, p = 0.0002; HNK 1uM, p =
0.0004). All treatment increased levels of Dabl after 1 hour (H(4) = 0.0011, p = 0.0011; Reelin
5nM, p = 0.0331; Reelin 10nM, p = 0.032; Reelin 50nM, p = 0.0009; HNK 1uM, p = 0.0009).
This was paralleled by a decrease in expression of Dabl at 24 hours (H(4) = 16.55, p = 0.0024;
Reelin 10nM, p = 0.0014; Reelin 50nM, p = 0.0037; HNK 1uM, p =0.0217). No significant results
were found in expression of TrkB and NR2B.

Activity indicators of the major cellular signaling pathways, mTOR and ERK, had mixed results.
p-mTOR, mTOR, and the ratio of mTOR activity had no significant differences at either timepoint
except for a slight downregulation of p-mTOR at 24 hours with (2R,6R)-HNK application (H(4)
=11.77,p = 0.0191; HNK 1uM, p = 0.0197). However, an upregulation of p-ERK was found at 1
hour (H(4) = 19.51, p = 0.0006; Reelin 50nM, p =0.0016; HNK 1uM, p = 0.0014). After 24 hours,
it was also significantly decreased (H(4) = 13.35, p = 0.0097) with (2R,6R)-HNK treatment (p =
0.0072). Significant differences were not found in expression of total ERK, or the ratio of ERK

activity.
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Fig. 6.2. The impact of Reelin and (2R,6R)-HNK on TRD iPSC-derived neurons. (A) Representative Western
Blot images of the impact of Reelin and (2R,6R)-HNK on iPSC-derived neurons from TRD participants at 1 hour
and 24 hours. All proteins were normalized to Ponceau (total protein expression). Images shown for proteins with
significant differences in expression. (B-M) Graphs showing the expression levels of PSD-95, GluAl, Synapsin I,
TrkB, NR2B, Dabl, p-mTOR, mTOR, ratio of mTOR activity, p-ERK, ERK, and ratio of ERK activity after
treatment. VC, vehicle control; R5, Reelin 5nM; R10, Reelin 10nM; R50, Reelin 50nM; HNK1, (2R,6R)-HNK
1uM; *p<0.05, **p<0.01, ***p<0.001 vs. VC.

No significant differences were found at either 1 hour or 24 hours in the HC cell lines that were
treated with Reelin (50nM) or (2R,6R)-HNK (1uM) (Fig. 6.4).
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Fig. 6.3. The impact of reelin and (2R,6R)-HNK on iPSC-derived neurons from healthy controls. (A — L)
Relative optical density amounts from Western blotting protein analyses. All proteins were normalized to Ponceau.
No significant differences were found across any treatment groups.

6.5 Discussion

The use of iPSC-derived neurons from TRD patients can provide a unique in vitro model for the
screening of novel therapeutics. Many reviews have previously discussed both the limitations and
merits of iPSC modeling for neurological diseases, emphasizing the need for in-depth
characterization of the in vitro model (Doss & Sachinidis, 2019; Engle et al., 2018; Li et al., 2018;
McNeill et al., 2020; Soldner & Jaenisch, 2012). Modeling depression using iPSCs has an added
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level of difficulty due to lower levels of genetic heritability (~30% - 50%) and heterogeneity in
genetic differences (Kendall et al., 2021). Previous literature on iPSC-derived neurons from TRD
patients has focused on the serotonergic system, demonstrating distinct differences between non-
responders, responders, and controls (Vadodaria, et al., 2019a, b). | hope to add to the literature of
by demonstrating both baseline differences in iPSC-derived neurons from TRD and HC

participants, as well as responsivity to both novel and better-characterized therapeutics.

Significant differences appeared between iPSC-derived neurons from TRD patients and HCs.
Unexpectedly, the expression of GIuAl, TrkB, and ERK were significantly higher in TRD cell
lines at both 1 hour and 24 hours. While an up-regulation of GIuAl is typically associated with
antidepressant effects of ketamine (Duman et al., 2019), there are mixed results in the literature
regarding the role of GIuUAl in depression. For example, a reduction in Grial mRNA (which
encodes for GIuAl) has been found in hippocampal tissue of depressed patients and in those of
chronically stressed rats (Duric et al., 2013; Toth et al., 2008). It also appears that high GIuAl
expression may be associated with cognitive impairment in certain animal models (Gross et al.,
2015). TrkB has similar mixed results, with some finding enhanced TrkB signaling associated with
certain aspects of depressive-like behaviour, such as fear conditioning in animal models (Takei et
al., 2011)or having no effect on depressive-like behaviour at all (Z6rner et al., 2003), in contrast
to others who found TrkB heavily involved in depressive-like behaviour (Chen-Tsai et al., 2004;
JiaWen et al., 2018; Koike et al., 2013).

There was an evident time and concentration-dependent impact of reelin that paralleled the effects
of (2R,6R)-HNK on the TRD cell lines. PSD-95, Synapsin I, Dabl, and p-ERK were all
significantly increased at one hour with higher concentrations of reelin and (2R,6R)-HNK,
demonstrating parallel effects between the two treatments. Interestingly, these effects were
reversed at the 24-hour mark, suggesting that prolonged exposure to reelin or (2R,6R)-HNK may
have deleterious effects in cell cultures. The increase in Synapsin | suggests that both reelin and
(2R,6R)-HNK have an affect at the pre-synaptic level and may increase neurotransmitter release
which supports previous research on ketamine’s pre-synaptic mechanisms (Mdaller et al., 2013).
The parallels between (2R,6R)-HNK and reelin suggest that they may work on overlapping or
parallel mechanisms, which has been supported by previous research in animal models (Johnston
et al., 2020; Kim et al., 2021).
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No changes in p-mTORC1 or mTORC1 expression were observed, however this may be due to a
more transient effect than could be measured at a 1-hour time-point and prompts further
investigation. Previous research in animal models found that p-mTORCL1 expression peaked
between 30min — 1hr after ketamine administration in synaptoneurosomes (Li et al., 2010). Of
note, rapamycin (an mTORC1 inhibitor) prolonged ketamine’s antidepressant effects in a clinical
setting, prompting a re-evaluation of the necessity of mTOR for ketamine’s antidepressant-like
effects (Abdallah et al., 2020). The up-regulation of p-ERK expression parallels previous literature
that has demonstrated ERK signaling, an important regulator of glucose metabolism, is rescued by
ketamine in a depressive-like animal model (Ouyang et al., 2021). Previous research has also
demonstrated a down-regulation of ERK in pre-frontal cortices of depression patients (Dwivedi et
al., 2001).

In contrast to the TRD-derived cell lines, those collected from controls had no significant
differences across all conditions. While 1-hour of administration did not increase protein
expression across all measures, prolonged exposure to any treatment did not decrease expression.
Therefore, healthy control-derived cells may have more resilience against external challenges in
comparison to those from TRD patients. This is similar to previous findings in other iPSC-derived
models, such as those for bipolar disorder which have found bipolar disorder cell-line specific

responses to lithium that did not appear in healthy controls (Mertens et al., 2015).

As previously mentioned, there are limits to sampling at 1 hour and 24 hours. Future studies should
determine if changes in mTORCL activity and expression are observed at earlier timepoints and
determine whether shorter exposures could have long-term effects. iPSC-derived neurons,
particularly for depression modeling, is also still in its infancy (Engle et al., 2018). Further
characterization of iPSC-derived neurons from treatment-resistant depression patients could
increase the translatability of results. From this research, we have shown that there are baseline
differences in iPSC-derived neurons between HC and MDD participants. In addition, these cell
lines respond differently to application of Reelin and (2R,6R)-HNK, particularly after 24 hours of
application. These results further the characterization of iPSC-derived neurons from TRD
participants, as well as further elucidating the parallel mechanisms between a ketamine metabolite

and reelin.
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Chapter 7

General Discussion
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7.1 Summary of main findings

There were two main aims of this dissertation: (1) to increase the translatability of laboratory-
based science with the inclusion of patient-oriented research and the utilization of varying
techniques to present findings cross-species and cross-techniques, and (2) to ascertain the
molecular changes that accompany the actions of reelin as a potential fast-acting antidepressants
in comparison to ketamine, a well-established novel therapeutic. To our knowledge, the molecular
and electrophysiological effects of peripheral reelin administration have not yet been measured
within 24 hours, the typical time course for a rapid-acting antidepressant action. This dissertation
expanded on the findings of intrahippocampal infusions of reelin to normalize behavioural deficits
(Brymer et al., 2020), and the longer-term actions of peripheral reelin administration (Allen et al.,
2022).

Chapter 2: Despite recent advances on the inclusion of patient voices in clinical and public health
research, there is still an evident paucity of patient input in early stages of medical research (Hollis
et al., 2018; Kelly et al., 2015; Knight et al., 2016; Madden & Morley, 2016). To address this, the
first focus of this thesis was the creation of guidelines which would allow for better preparation of
researchers and patient partners to engage in laboratory-based research. Initial recruitment should
focus on local outreach groups and areas where people with lived experience have equal footing
with researchers. Following this, building the partnership should take place in a neutral setting in
order to avoid unequal dynamics between patient partner and researcher. Inclusion of family
members or caregivers can help make the situation comfortable and provide valuable input
themselves. We found that prioritizing comfort of the patient partners in the beginning led to
greater involvement in the research later. Researchers need to prioritize analyzing their own
potential biases and stigma, particularly when studying neuropsychiatric disorders, which
diagnoses carry stigma higher than other medical diagnoses. Specialized language should also be
avoided when possible and described in depth if necessary to use. In addition, unique issues such
as discussions on animal research need to be handled in a sensitive manner, including a focus on
harm reduction. Discussions such as these with our patient partners informed later decisions in this
dissertation, such as the focus on iPSC-derived models which can be tested without harm to

humans or animals.
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As a few years of this dissertation and the formation of the Patient-Oriented Research Advisory
Committee (POR-AC) have taken place during the COVID-19 pandemic, a significant amount of
discussion went into the unique impact of COVID-19 on people with lived experience in mental

health disorders. From these discussions, four priority areas emerged:

1. How has COVID-19 impacted the stigma surrounding mental health?

2. How important was support (familial, financial, etc.) for mental health during COVID-19?

3. Did COVID-19 increase burnout in people with lived experience, caregivers, and mental
health care workers?

4. How did changes to the system impact the mental health of people with lived experience
(harder to access, easier to access, more free services etc.) How could we improve this and
what should we keep after COVID-19?

Addressing these through multifaceted viewpoints from patient partners, researchers,
administrators, and clinicians, recommendations related to each priority themes were developed
for policy makers and future research. Main themes in these recommendations include increasing
public outreach to combat mental health stigma, involvement of people with lived experience in
policy decision-making, increases in funding for support and care, continuing online access to

mental health services, and prioritizing in-person care where necessary.

Future research is necessary to translate patient priorities into direct research questions that can be
addressed in a laboratory-based setting. However, it is evident that patient engagement provides
innumerable benefits to both researchers and patients and should be prioritized throughout the next

decade of mental health research.

Chapter 3: As previously described, traditional antidepressants have low remission rates and
delays in therapeutic efficacy that do not mirror their biological changes. Ketamine has
demonstrated clinical fast-acting antidepressant effects, that are hypothesized to mediated by
synaptic mMTORCL activation (Li et al., 2010; Zanos et al., 2016; Zanos & Gould, 2018). To assess
the molecular changes induced by reelin, a putative rapid-acting antidepressant, synaptic-specific
changes were measured in parallel to ketamine in synaptoneurosomes after chronic-CORT
administration. In the hippocampus, an area greatly impacted in depression, CORT administration

decreased levels of PSD-95, p-mTORC1, and mTORC1 expression. Reelin induced concentration-
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specific increases in all measured proteins, which are associated with upregulations in synaptic
strength and therapeutic efficacy. Ketamine also increased these synaptic-specific protein levels

in a parallel manner.

In the cerebellum, an area with high endogenous reelin expression, CORT decreased levels of p-
mTORC1, which was rescued by all concentrations of reelin and the highest concentrations of
ketamine. While not decreased by CORT, mTORC1 expression was also increased in a
concentration-dependent manner by reelin. Interestingly, the highest concentration of ketamine
decreased mTORC1 expression. These results suggest that reelin and ketamine’s ability to rescue
mTORC1 signaling is not limited to the hippocampus and may have some therapeutic effects on
cerebellar functions impaired in depression such as emotional experience (Minichino et al., 2014)

Changes in peripheral SERT clustering on lymphocytes were also analyzed, as they are known to
be impacted both in depression and chronic stress paradigms (Caruncho et al., 2019). Parallel to
previous research, CORT-treatment increased average SERT cluster size, which was rescued in a
concentration-dependent manner by reelin. Interestingly, ketamine was not able to rescue SERT
cluster size, and appeared to increase average cluster size at the highest concentration, perhaps

suggesting divergent mechanisms of reelin and ketamine on peripheral immune signaling.

Chapter 4: With the observed parallel effects of reelin and ketamine on synaptic protein
expression in Chapter 3, | aimed to determine whether ketamine may be able to mediate
endogenous reelin expression in order to exert its rapid-acting antidepressant effects, alongside
other markers associated with antidepressant efficacy. Male Long Evans rats underwent a chronic
CORT-administration paradigm and were administered an acute dose of ketamine the day after
CORT treatment ended (15 mg/kg). After behavioural verification of a depressive-like phenotype
using a fear conditioning and extinction model, immunohistochemical analyses ascertained
subgranular cell populations expressing reelin, GIuAl, and DCX. An acute dose of ketamine was
able to rescue reelin expression that was decreased after chronic CORT. In support of this finding,
recent research suggested that reelin signaling is necessary for ketamine’s antidepressant-like
effects (Kim et al., 2021) and an increase in endogenous reelin expression could be a primary

mediator of this mechanism.

DCX, a marker used as a proxy for neurogenesis, was decreased after chronic CORT-

administration, paralleling previous research (Allen et al., 2022; Brymer et al., 2020; Lebedeva et
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al., 2020). However, an acute dose of ketamine was unable to rescue either count or complexity of
DCX-IR cells. Previous research has demonstrated mixed results, but most shows that repeated
administration of ketamine more reliably increases hippocampal neurogenesis. In addition, DCX
is a marker for later neurogenic stages, and the time course of measurement may not have captured
an increase after ketamine administration. Future research should look at earlier markers of
neurogenesis, such as BrdU and NeuN. No differences were observed in GIUA1 expression across
all groups, but immunohistochemical measures used here are unable to capture surface insertion
of GIuAl subunits which may provide a fuller picture of decreased or increased excitatory

transmission (Zhang et al., 2016).

To determine whether fear extinction behaviour was associated with any changes in protein
expression in the subgranular zone, | correlated the behavioural tests conducted by Brian Kulyk
(2017) with the biological measurements presented in this dissertation. However, no significant
changes were found outside of correlations of the vehicle/ketamine subgroup between fear

extinction, GluAl, and reelin expression.

Chapter 5: Following the observation that ketamine administration can increase endogenous
reelin, the next aim was to ascertain the parallels between ketamine and exogenous reelin
administration in a chronic stress model for the study of depression. 3 pg of exogenous reelin was
administered intravenously, as determined by previous research demonstrating the greatest
efficacy in antidepressant-like effects (Allen et al., 2022). Ketamine (10 mg/Kkg, intraperitoneally)
was administered in parallel to provide a comparison to a well-validated rapid-acting
antidepressant and to determine whether reelin could more efficiently induce rapid-acting
antidepressant-like effects. To provide a broad picture of the impact of reelin and ketamine,
behavioural, electrophysiological, and molecular measurements were taken within 24 hours after
administration. Both reelin and ketamine rescued the depressive-like effects of CORT on
swimming and immobility on the FST, a screening tool for antidepressant efficacy, despair-like
behaviour and stress coping mechanisms (Commons et al., 2017; Fenton et al., 2015; Hibicke et
al., 2020). Interestingly, only reelin was able to rescue the decreased latency to immobility caused
by CORT administration. On the sucrose preference test, an indicator of anhedonia, neither reelin

nor ketamine were able to rescue the anhedonic-like effects of CORT.
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In the dentate gyrus, both reelin and ketamine significantly increased long-term potentiation, an
essential process for learning and memory which is heavily dysregulated in depression (Gilbert &
Zarate, 2020). In parallel to Chapter 4, hippocampal reelin expression was increased after an acute
dose of both reelin and ketamine. Given its large molecular weight, it is unlikely that exogenous
reelin administered peripherally would be able to cross the blood-brain barrier, suggesting that a
peripheral increase in reelin is able to rescue expression of reelin in the brain through a different
mechanism. In contrast to the findings of Chapter 3, no major changes in protein expression were
found in hippocampal synaptoneurosomes or peripheral SERT clustering, however high variability

between animals and low sample sizes may account for the lack of significance.

Chapter 6: Following the first major aim of this thesis and guidance from our patient partners, the
final experiment of this dissertation attempted to increase the translatability of previous findings
by assessing the impact of reelin and (2R,6R)-HNK, a ketamine metabolite, in iPSC-derived
neurons from participants diagnosed with treatment-resistant depression and healthy controls.
Treatment-resistant depression (TRD), the failure to respond to first-line antidepressant treatment,
is associated with worse long-term outcomes, more concomitant disorders, and a longer course of
illness (Fava, 2003; Papakostas et al., 2003). In addition, animal models often fail to replicate this
specific phenotype (Willner & Belzung, 2015), further complicating the development of novel
therapeutics. To help address some of these challenges, we reprogrammed peripheral blood
mononuclear cells to iPSCs from participants diagnosed with TRD and healthy controls. iPSCs
were then differentiated to cortical neurons to assess the reactions of mature neurons to the
application of reelin and (2R,6R)-HNK.

Multiple baseline differences were observed between TRD-derived cell lines and healthy controls,
with an increased expression of total nMTORCL1, GIuAl, TrkB, p-ERK, and ERK in TRD cell lines.
This contrasts with previous research in post-mortem tissue of depression patients (Duric et al.,
2013) but warrants further investigation to determine why these baseline differences occur given
the preliminary nature of this research. At 1 hour, reelin induced concentration-dependent changes
in multiple proteins associated with fast-acting antidepressant response and in parallel to previous
chapters of this dissertation such as PSD-95, Synapsin |, Dabl, and p-ERK. At 24 hours however,
these same proteins decreased in a concentration-dependent manner. Both the increases at 1 hour

and decreases at 24 hours were paralleled by (2R,6R)-HNK, further supporting reelin’s putative
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actions as a rapid-acting antidepressant. The stark differences in protein expression after treatment
suggest that TRD cell lines may have difficulties mediating homeostatic balance, or that negative
feedback loop mechanisms may be activated by prolonged exposure to different therapeutics.
Interestingly, no significant differences were found across treatment groups or timepoints in
healthy control cells. The differences in response to reelin and (2R,6R)-HNK between participants
with TRD and healthy controls parallel previous research, which found that only iPSCs from

patients diagnosed with bipolar disorder responded to application of lithium (Mertens et al., 2015).

While still extremely preliminary, iPSC-derived neurons from participants with TRD have the
potential to be a high-throughput method to study individual response to traditional and novel
antidepressants, which could prove invaluable to the future of medicine. Challenges still include
the proportion of depression and erasure of epigenetic changes, which will be addressed in further

detail later in this discussion.
7.2 Underlying mechanisms of fast-acting antidepressants

Results from this dissertation suggest that reelin may be a promising putative fast-acting
antidepressant. A multitude of previous research has demonstrated that exogenous reelin
application is able to rescue deficits associated with depression including dendritic spine
outgrowth and density, long-term potentiation, and deficits in learning and memory (Hethorn et
al., 2015; Qiu,et al., 2006; Rogers et al., 2011, 2013; Weeber et al., 2002). Research from our
laboratory has expanded this work in a chronic stress model, demonstrating that peripheral and
acute intrahippocampal infusions of reelin are able to rescue behavioural and biological deficits
(Brymer et al., 2020). Following this research, the effects of repeated and acute doses of peripheral
reelin were confirmed, demonstrating short-term behavioural and biological effects (Allen et al.,
2022).

However, this dissertation is the first to my knowledge that demonstrates that an acute dose of
exogenous reelin has fast-acting behavioural, electrophysiological, and molecular antidepressant-
like effects in a variety of models for the study of depression. Many of these changes appear to be
mediated by synaptic changes in protein expression that cause an upregulation of excitatory
signaling between neurons. In each study presented, reelin was compared against ketamine — the
gold standard for fast-acting antidepressants — to determine any potential parallels. Despite having

a variety of approaches (Western blotting, immunostaining, behavioural measures, in vivo
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electrophysiology) and models (synaptoneurosomes, lymphocytes, chronic corticosterone

treatment, iPSCs from participants with TRD), reelin and ketamine often had parallel effects.

This is particularly important as reelin appears to activate parallel signaling pathways to ketamine
without antagonizing NMDAR, which suggests it may not have similar psychotomimetic effects
that limit the use of ketamine as an antidepressant (Bonaventura et al., 2021; Morgan & Curran,
2012; Sassano-Higgins et al., 2016). However, there are evidently downstream signaling
mechanisms which contribute to rescuing depressive behaviours and depressive-like phenotypes.
The focus of most fast-acting antidepressant research has been the importance of excitatory
transmission and balance between excitation and inhibition (Duman et al., 2019). Across
experiments, | found that reelin was able to increase synaptic indicators of increased excitatory
signaling in both in vitro and in vivo, as well as hippocampal LTP. Increases in AMPAR
transmission have been repeatedly associated with the upregulation of TrkB and mTORCL1
signaling, leading to downstream events such as surface insertion of GIuA1 subunits and increases
in PSD-95 expression which anchor glutamatergic receptors to the synapse (Cavalleri et al., 2018;
Li et al., 2010; Ly et al., 2018; Zanos & Gould, 2018; Zhou et al., 2014). In addition, previous
research from our laboratory has found that the rapid-acting effects of intrahippocampal reelin
administration is blocked by CNQX, a competitive AMPAR antagonist (Brymer et al., 2020).
Normalization of GIuAl expression after CORT exposure has also been observed after
intrahippocampal and peripheral administration of reelin (Allen et al., 2022; Brymer et al., 2020).

Other antidepressants, or potential antidepressants, also appear to mediate AMPAR transmission.
The behavioural changes induced by fluoxetine and imipramine also rely on AMPAR-mediated
transmission (Aleksandrova et al., 2017; Koike & Chaki, 2014). mGIuR antagonists, which
enhance excitatory transmission through blocking G; signaling, demonstrate fast-acting
antidepressant-like effects without the associated side effects of ketamine (Aleksandrova et al.,
2017; Dogra & Conn, 2021; Koike et al., 2013). The antidepressant effects of ketamine appear to
be primarily mediated through increased AMPAR transmission (Duman et al., 2019b) or
preferential antagonism of NMDARSs on GABAergic interneurons to disinhibit excitatory neurons
(Miller et al., 2016). The parallels observed between reelin and ketamine (or (2R,6R)-HNK)
throughout this dissertation further support the role that reelin may have in strengthening excitatory

transmission.
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However, there is still a significant amount of debate on the role that increasing excitatory
neurotransmission plays in eliminating depressive symptomatology. Not all evidence supports
increases in AMPAR transmission as the mechanism underlying fast-acting antidepressants.
Ketamine has a multitude of other targets, such as the opioid system and anti-inflammatory effects
which could contribute to its antidepressant effects (Johnston et al., 2023, in press). In addition,
AMPAR modulators such as AMPAKines (otherwise known as “CX compounds”) have repeatedly
failed in later-phase clinical trials, despite early pre-clinical promise (Kadriu et al., 2021).
Excitotoxicity has also been implicated in depression (Olloquequi et al., 2018), as excessive
glutamate release can lead to a dysregulation of Ca?* homeostasis. This contradiction may explain
why ketamine has been uniquely effective in clinical trials, as NMDAR overactivity is most often
associated with excitotoxicity in depression (Liu et al., 2007; Olloquequi et al., 2018). The changes
observed in transmission also appear to be highly region-specific, with increases in amygdalar
excitatory neurotransmission often associated with depressive-like behaviour (Mitra & Sapolsky,
2008; Myers & Greenwood-Van Meerveld, 2007).

Given all of this information, it is likely that at least a portion of reelin’s observed rapid-acting
antidepressant-like effects are mediated through an increase in AMPAR transmission, leading to
an increase in mTORCL signaling which causes downstream increases in synaptic proteins in the
hippocampus and cortex. However, future research should determine the effects that increasing
reelin expression has on other downstream signaling pathways and the necessity of AMPAR

transmission for reelin’s therapeutic actions.
7.3 A note on the importance of increasing the translation of basic research

As discussed throughout this thesis, one of the major challenges in basic, or foundational, research
is the translation of findings from bench to bedside. Interpreting and extrapolating findings from
animals or cell cultures to the complexity of human beings is extremely difficult and often fails,
leading to the widely known “valleys of death” associated with research translation. Despite early
antidepressants being some of the first target-informed drugs developed, a lack of understanding
of the mechanisms which bring about an anti-depressant effect has limited the discovery of
effective novel therapeutics and the ability for many people to receive sufficient treatment. I hope

to have convinced you throughout this dissertation of the need to consider how best to translate
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findings from pre-clinical research to those that are useful for patients who have been diagnosed

with any neuropsychiatric disorder, not just depression.

The pathophysiology of depression is still poorly understood, and a significant amount of research
is still needed to determine the underlying mechanisms and changes that occur in states such as
chronic stress. This is further complicated by the disparities between animal models and the human
experience of depression, which are often not directly related. For example, suicidal ideation, a
hallmark of TRD, is extremely difficult to model in a species which does not have naturally
occurring death by suicide. Combinations of different animal models which demonstrate different

facets of each disorder are still necessary to translate pre-clinical findings into clinical therapeutics.

It is also essential to begin taking patient priorities into account, such as limiting side effects and
length of time on the medication. For example, extreme weight gain is a side effect of many
antipsychotics and often leads to low treatment adherence rates, even if it effectively targets
symptoms associated with psychosis or schizophrenia. In addition, individuals diagnosed with
neuropsychiatric disorders will often have different symptom domains they wish to prioritize

treatment for, depending on their lifestyles and personal goals.

Lastly, shifting to models which consider the heterogeneity of neuropsychiatric disorders and
treatment responses are essential for the development of personalized medicine, hopefully the next
big step in psychiatry. Models such as, but not limited to, iPSC-derived cell cultures and organoids
can provide insight into neuronal mechanisms that we are not yet able to observe in vivo.
Improvements in technology such as neuroimaging will also play a large role in the personalization

of medicine over the following decades.
7.4 Limitations
7.4.1 Sex differences

One of the major limitations of this thesis was the exclusion of females from the in vitro and in
vivo work. Women are significantly more likely to experience depression, with lifetime prevalence
rates that are double what are reported for men (Noble, 2005). This sexual dimorphism could arise
from a multitude of causes, including symptom reporting, stress reactivity, and treatment
responsiveness (Altemus et al., 2014; Eid et al., 2019). Various chronic stress models also

demonstrate sex differences, which is not surprising given the ease with which estrous hormones
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are able to cross the blood-brain barrier and alter glucocorticoid receptor activity (Bourke et al.,
2012; Guoetal., 2018). However, these estrous hormones have been found to have neuroprotective
effects, which can result in females having less sensitivity to the depressogenic effects of chronic
unpredictable mild stress (Dalla et al., 2005). The disparities between human observations and the
pre-clinical literature emphasize the need for more translational models that can address both the
potential neuroprotective effects of estrous hormones with the increased prevalence rates of

depression in women.

Interestingly, most clinical work regarding the antidepressant effects of ketamine have found no
sex differences, however much of this research fails to disaggregate findings between males and
females (Ponton et al., 2022). Pre-clinical models have found that females are more sensitive to
dose and initial magnitude of response when administered ketamine, but males have prolonged
responses (Franceschelli et al., 2015; Okine et al., 2020; Saland et al., 2017; Sarkar & Kabbaj,
2016). Ovarectomized females do not respond to low-dose ketamine, but this can be rectified with
hormone replacement therapy (Carrier & Kabbaj, 2013; Saland et al., 2017). mTORC1 activation
after ketamine administration is also varied amongst males, diestrus and proestrus females (Dossat
et al., 2018). While most clinical studies find no sex differences in treatment response to ketamine,
the psychotomimetic side effects are reported to be stronger in men, including stronger dissociation
and memory loss (Derntl et al., 2019; Morgan et al., 2006; Zhang et al., 2013). Women report
more physiological symptoms of ketamine administration such as headaches and nausea (Freeman
etal., 2019; Zhang et al., 2013).

Sex hormones are known to affect reelin expression, with administration of high levels of
testosterone decreasing expression of reelin in male starlings (Absil et al., 2003). In addition, data
from our lab has shown that females have lower baseline levels of reelin in the paraventricular
nucleus of the hypothalamus which are unaffected by corticosterone administration. In addition,
the colocalization of reelin and oxytocin in the paraventricular nucleus was also greater in males
(Sanchez-Lafuente et al., 2022). Despite these changes in the hypothalamus, research from our lab
has revealed minimal to no sex differences in response to peripheral reelin administration. No
differences in hippocampal reelin, GIuA1, or GABAAR expression were observed at baseline, after
chronic CORT administration, or with peripheral reelin administration. Peripherally, small
differences were observed in changes of SERT cluster size, where females had a full recovery and

166



males only a partial rescue. The lack of differences observed was paralleled by behavioural tests,
which found no sex differences after peripheral reelin administration aside from small changes in
movement that could be attributed to bodyweight differences (Allen et al., 2022). In my own
research, while both males and females were included for the iPSC-derived neurons, low sample
size precluded any conclusions that could have been made based on sex. This does not mean
however that different models for the study of depression would not reveal more striking sex

differences, or that other behavioural and biological analyses could reveal strong sex differences.
7.4.2 Mechanistic-based studies

While this thesis work revealed molecular, electrophysiological, and behavioural changes in
response to reelin and ketamine administration, no inhibitors, or other methods to manipulate
activity, were used to probe for necessary proteins and pathways involved in reelin’s or ketamine’s
antidepressant-like effects. As reelin was able to upregulate proteins such as GluAl, PSD-95,
TrkB, and mTORC1 activity, we hypothesize that reelin’s antidepressant-like actions are primarily
mediated through mTORCL signaling. However, other pathways that reelin is known to act on
such as Dabl-mediated NMDAR regulation and Rapl signaling could contribute to these effects,
and the use of inhibitors such as rapamycin (an mTORC1 inhibitor) and GGTI (a Rapl inhibitor)
could provide extremely valuable insight into reelin’s actions (Bock & May, 2016). Our lab has
shown that inhibition of AMPAR signaling was able to abolish reelin’s antidepressant-like effects
after direct infusion into the hippocampus (Brymer et al., 2020), however there are a multitude of

downstream signalers from AMPARSs that could mediate reelin’s antidepressant effects.

Translation from pre-clinical mechanistic studies do not always directly apply to clinical research.
For instance, repeated pre-clinical studies found that inhibition of MTORC1 signaling through
rapamycin administration blocked ketamine’s antidepressant-like effects (Cavalleri et al., 2018; Li
et al., 2010; Zanos et al., 2016). In contrast, the administration of rapamycin in participants with
TRD actually prolonged the antidepressant effects of ketamine (Abdallah et al., 2020; Averill et
al., 2022), contradicting the pre-clinical research. This may be due to difficulties of rapamycin
entering the brain, leaving ketamine to upregulate neuronal mTOR signaling while rapamycin had
anti-inflammatory effects in the periphery that could complement ketamine’s therapeutic effects

(Attur et al., 2000; Chen et al., 2013). Interestingly, recent research found that ketamine’s
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antidepressant-like actions could be blocked by inhibition of ApoER2, SRK, or PI3k signaling
(Kim et al., 2021).

7.4.3 Methodological variety

Lastly, a limitation of this thesis work was the variety of methodologies used to examine the effects
of both reelin and ketamine. While there were many parallel findings (increases in PSD-95,
Synapsin 1, etc.), certain disparities between experiments were also observed (increases in mTOR
and p-mTOR expression) which could be attributed to differences in methodology. For instance,
synaptoneurosomes were treated for 30 minutes in contrast to one hour used for the iPSC-derived
neurons. In addition, the use of (2R,6R)-HNK, a ketamine metabolite that does not appear to bind

to NMDARs with much efficacy, could produce varied results to the use of racemic ketamine.

However, the variety of methodologies used could also be considered a strength of this thesis.
Finding consistencies amongst such varied techniques helps confirm that even between different
models, time courses, and procedures, similar proteins were still upregulated. Evidently,
mechanistic studies in each of these models would provide even greater insight into the underlying

mechanisms of reelin and ketamine as rapid-acting antidepressants.
7.5 Future directions

7.5.1 Translation of patient priorities into research questions

An important next step in the incorporation of patient-oriented research is translating patient
priorities into research questions that can be tackled by pre-clinical research. In the patient-oriented
research advisory committee, we have begun these first steps. After preliminary discussions
between patient partners, researchers, administrators, and clinicians, two major topic areas were
prioritized: recovery and resilience. Both topics are difficult to define, particularly when
considering subjective vs. objective opinions on what “recovery” and “resilience” mean to each
individual. Objective viewpoints may define recovery as decreases on many of the scales | have
mentioned earlier in this dissertation (MADRS, HAMD, BDI), ability to hold a job, or a variety of
clinical factors considered in diagnosis. However, subjective definitions can vary greatly between
individuals and often are not aligned with objective scales or measures. An example of the
translation of this disparity in definitions is the Canadian-Personal Recovery Outcome Measure

(C-PROM). In Canada, the C-PROM has been developed in conjunction with patient partners in
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order to promote new ways of looking at recovery. The C-PROM is based around six dimensions
of recovery: (1) creating a culture and language of hope, (2) recovery is individual, (3) recovery is
contextual, (4) each person involved has diverse needs that should be addressed, (5) working with
First Nations, Inuit, and Métis cultures is essential, and (6) the transformation of services and

systems is important for recovery.

While this is a wonderful example of translation from patient priorities to clinical and public health
practice, significantly more work is needed in the scope of pre-clinical, or foundational, research.
For this, we have first focused on the topic of resilience. A major question arose from this
discussion: Are there biomarkers which can predict resilience to stress exposure? To address this
in future research, our laboratory aims to begin using a chronic unpredictable mild stress model,
which results in “resilient” vs. “non-resilient” groups (Hu et al., 2017; Zhao et al., 2019). From
consecutive blood draws, we could analyze various proteins in the periphery, such as pro-
inflammatory cytokines that have been previously linked to resilience and later treatment-response
(Majd et al., 2020; Strawbridge et al., 2015; Su et al., 2020).

7.5.2 Importance of reelin signaling for ketamine’s antidepressant effects

Research presented in this thesis demonstrates that an acute dose of ketamine is able to rescue
reelin expression in the hippocampus. Interestingly, recent research found that inhibition of reelin
signaling through genetic deletion of ApoER2 or inhibition of SFKs or PI3k was able to abolish
the antidepressant-like effects of ketamine. Specifically, blockade of these key mediators of reelin
signaling was sufficient to disrupt ketamine’s behavioural effects as well as hippocampal
NMDAR-mediated synaptic plasticity (Kim et al., 2021). Cytoplasmic Dab1 signaling, which was
increased by (2R,6R)-HNK in the iPSC-derived neurons from participants with TRD, would also
be an area of great interest given that it is hypothesized to be necessary for reelin’s effects on
dendritic outgrowth and synaptic signaling (Bosch et al., 2016; Niu et al., 2008). Interestingly, in
vivo administration of ketamine did not affect tyrosine phosphorylation of Dab1 (Kim et al., 2021),
but future research should still determine the necessity of intracellular Dabl signaling for the

antidepressant-like effects of both ketamine and reelin.

The method by which ketamine increases reelin expression should also be extensively examined.

Reelin expression is decreased through hypermethylation of the RELN promoter (Chen et al.,
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2002), which can be reversed through histone deacetylase inhibitors such as trichostatin A and
valproic acid (Mitchell et al., 2005). Histone deacetylation is able to promote the formation of
heterochromatin, which blocks access to transcription factor binding sites in promoter regions,
therefore repressing transcription of protein. Multiple lines of evidence have now suggested that
ketamine may able to decrease histone deacetylase 5 (HDACS5) activity via phosphorylation (Choi
et al., 2015, 2017). This HDACS5 phosphorylation has also been shown to increase BDNF levels
in rats, further contributing to ketamine’s antidepressant-like effects (Choi et al., 2017). Evidently,
there are still many known steps missing between administration of ketamine and upregulation of

reelin expression that deserve to be explored further.
7.5.3 Time-course of reelin’s antidepressant-like effects

The time-course of reelin’s rapid-acting antidepressant-like effects has not yet been fully realized.
In this dissertation, | describe the biological changes after reelin administration that can take place
from 30 min — 1 hr in vitro and the behavioural and biological changes observed after 24 hours in
a chronic stress model. However, it is known that both clinically and pre-clinically ketamine is
able to exert antidepressant actions within hours (Krystal et al., 2019), an effect that may be parallel
with reelin administration. Assessment of behaviour, such as the FST, and biological changes,
such as increases in p-GluAl and p-mTORC1 should be evaluated at varying early timepoints such
as 1 — 12 hrs after administration. Preliminary work from our lab has demonstrated that both reelin
and ketamine were able to rescue immobility in the FST 1 hr, 6 hrs, and 12 hrs after peripheral

administration demonstrating strong rapid-acting antidepressant-like effects (unpublished data).

Other potential fast-acting depressants, such as serotonergic psychedelics, have been shown to
exert long-term effects months to years after an acute administration (Agin-Liebes et al., 2020;
Carhart-Harris & Goodwin, 2017; Hibicke et al., 2020), demonstrating that repeated administration
may not be necessary for certain therapeutics. Even if multiple administrations are necessary, long
time periods between doses would benefit many patients. Decreases in amount of time spent with
therapeutics, money spent, and increasing accessibility would open up fast-acting therapeutics to

more diverse populations.

In contrast, an acute dose of ketamine is only able to lower depression scores for an average of
two weeks, necessitating repeated administration for more long-term effects (Murrough et al.,

2013) which could present challenges with substance use and issues like ulcerative cystitis (Short
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etal., 2018). It is unknown how long reelin can exert its antidepressant-like effects, but preliminary
data from our lab has shown a decrease in immobility one week after ketamine and/or reelin
administration, with the strongest decreases appearing in those administered both reelin and
ketamine together (unpublished data), which opens discussion on the efficacy of reelin as a

potential adjunctive treatment.
7.5.4 Reelin-altering compounds as adjunctive therapeutics

Novel drug development and approval takes years of research and billions of dollars in costs, which
limits the production of novel therapeutics. In addition, due to previous high rates of failure,
therapeutics for neuropsychiatric disorders are often prioritized to a lesser extent than for other
indications. However, knowledge on the effects of reelin and its antidepressant-like actions can
inform research on already approved compounds which mediate reelin signaling and expression.
For example, research has demonstrated that Furin Inhibitor I is able to strongly inhibit reelin
cleavage, increasing efficacy of reelin signaling (Kohno et al., 2009). Multiple medications may
have furin-inhibition capabilities, such as Cepharantine, used in Japan for alopecia but which may
hold antiviral properties (Ginex et al., 2021). Sulconazole, used primarily to treat skin infections,

is also able to inhibit furin signaling (Villoutreix et al., 2020).

Proteases which belong to a disintegrin and metalloproteinase with thrombospondin motifs
(ADAMTYS) family have also been shown to cleave reelin (Lambert De Rouvroit et al., 1999).
ADAMTS-4/5 inhibitors have already been FDA approved for osteoarthritis treatments and could
a useful adjunct to depression therapeutics. Further pre-clinical and clinical research should
determine the impact that these medications have in conjunction with therapeutics such as SSRIs

and ketamine, and whether the improvement of reelin signaling could better therapeutic efficacy.
7.5.5 Reelin in other neuropsychiatric disorders

The focus of this thesis was the role that reelin may have in ameliorating depressive-like symptoms
and pathology, but reelin has been implicated in a multitude of neuropsychiatric disorders
including schizophrenia, bipolar disorder, autism spectrum disorders, temporal lobe epilepsy, and
Alzheimer’s disease (Fatemi et al., 2000, 2001; Guidotti et al., 2000, 2016; Impagnatiello et al.,
1998; Knable et al., 2004). Some research suggests that decreases in reelin may confer a

vulnerability to certain neuropsychiatric disorders (Fatemi, 2011), as observed in heterozygous
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reeler mice who are more sensitive to stress-induced impairments (Lussier et al., 2011; Notaras et
al., 2020; Schroeder et al., 2015). In fact, mice which overexpress reelin are protected from
behavioural phenotypes related to bipolar disorder and schizophrenia (Teixeira et al., 2011).
Impairments in social behaviours after chronic exposure to tetrahydrocannabinol are also more

severe in reelin-deficient mice (lemolo et al., 2021).

In a social isolation animal model for the study of post-traumatic stress disorder (PTSD), mMRNA
levels of reelin were decreased significantly in the hippocampus, frontal cortex, and basolateral
amygdala (Nin et al., 2011). These decreases and associated anxiety-like and aggressive
behaviours were able to be rescued from a single bilateral infusion of reelin into the amygdala.
Our lab has found no changes in anxiety-like behaviour from chronic CORT or reelin treatment
(Allen et al., 2022), however others have found that reelin supplementation was able to reduce
anxiety-like behaviour after exposure to prenatal inflammation (Ibi et al., 2020). Deficiencies in
reelin expression also exacerbates hyperlocomotion after cocaine exposure, an effect which may
be mediated by the co-expression of RELN in the dorsomedial striatum to DRD1, which encodes
for the D1 dopamine receptor (Guglielmo et al., 2022). This finding implicates the role which
reelin may play in certain substance use disorders, and once again how low levels of reelin can

confer vulnerability to a variety of psychiatric disorders.

Reelin has also been implicated in neurological disorders such as Parkinson’s disease (PD) and
Alzheimer’s disease (AD) (Botella-Ldpez et al., 2006; Cho et al., 2022; Jesse et al., 2009; Séez-
Valero et al., 2003). In a model of PD, environmental enrichment increased reelin levels in the
striatum, which had a protective effect on the local dopaminergic neurons. In addition, striatal
reelin levels were varied dependent on disease stage. An in vitro model of PD also found that
blocking reelin with CR-50 increased a-Synuclein accumulation and neuronal dopamine
degeneration (Cho et al., 2022). In an animal model for AD, reelin was able to attenuate
hyperphosphorylation of Tau protein and amyloid -protein aggregation, leading to improvements
in cognition (Cuchillo-Ibafiez et al., 2016; Pujadas et al., 2014). The pathology of AD has been
consistently linked with an early down-regulation in reelin expression, before any aggregation of
amyloid-p protein aggregation (Herring et al., 2012). In addition, reelin appears to slow plaque

accumulation through activation of its canonical receptors (VLDLR and ApoER2) which interact
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with soluble amyloid-p species and decrease phosphorylated Tau through GSK-3f inhibition
(Beffert et al., 2002; Jossin & Goffinet, 2007; Pujadas et al., 2014; Toral-Rios et al., 2020).

Evidently, reelin expression changes in a multitude of psychiatric and neurological disorders, and
may be an avenue to rescue behaviours and cognitive deficits in these disorders. Certain
commonalities of these disorders include deficits in synaptic plasticity, which reelin has been
demonstrated to rescue in this thesis and other research (Hethorn et al., 2015; Rogers et al., 2011,
2013), as well as cognitive deficits in various models rescued by reelin supplementation (Allen et
al., 2022; Brymer et al., 2020; Hethorn et al., 2015; Ibi et al., 2020; Rogers et al., 2011, 2013).

7.5.6 Characterization and development of iPSCs from participants with TRD

Lastly, an area of great interest would be the further characterization of iPSCs from participants
with MDD and TRD. iPSC models provide great promise to the future of individualized medicine,
allowing for assessment of each participant’s unique genetic background (McNeill et al., 2020). In
this thesis, | demonstrated that iPSC-derived neurons from TRD participants and healthy controls
have significant baseline differences and disparate responses to treatment with reelin or (2R,6R)-
HNK. This finding prompts further description of these cell lines, as well as an attempt to increase
accuracy of this in vitro model.

As mentioned previously, there have been many challenges in properly translating pre-clinical
research to clinical results, particularly for neuropsychiatric disorders such as depression. Due to
a lack of suitable pre-clinical models, failure rates for novel psychiatric therapeutics are extremely
high (Arneri¢ et al., 2018; Kinch, 2015). While various in vitro and in vivo models are still
extremely useful for uncovering mechanistic data and assessing specific symptom pathologies,
neuropsychiatric disorders are extremely heterogenous and difficult to model within a single
construct (Goldberg, 2011; Nestler et al., 2002). The development of pluripotent stem cells by
Takahashi and Yamanaka (Takahashi et al., 2007) has paved the way for the future of in vitro
modeling and individualized medicine. Not only are iPSCs expandable and self-renewable cultures
(Kammers et al., 2017; Koch et al., 2009; Papapetrou et al., 2009), they are also able to be
differentiated into a variety of cell types that can be used to model specific CNS regions (Muratore
etal., 2014; Paes et al., 2017; Silva et al., 2021).
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Initial studies have focused more on diseases that have strong underlying genetic factors or more
easily defined biological changes, such as Parkinson’s Disease (PD) (Parmar & Bjorklund, 2020),
AD (Essayan-Perez et al., 2019), Huntington’s disease (Smith-Geater et al., 2020), or autism
spectrum disorders such as Fragile X Syndrome (Lee et al., 2022; Liu et al., 2012). Schizophrenia
and bipolar disorder, which have stronger genetic components than depression, have also been
investigated (O’Shea & Mclnnis, 2015; Rasanen et al., 2022). Similar to the reported results in this
thesis, iPSC-derived neurons from those diagnosed with bipolar disorder respond to therapeutics
differently than controls. In this study, lithium treatment in vitro significantly changed calcium
signaling and electrophysiological signals from bipolar disorder participants but not healthy
controls (Chen et al., 2014). Differences in in vitro lithium response have also been observed
between iPSC-derived neurons from clinical lithium-responders and non-responders (Mertens et
al., 2015), which suggests that iPSC models could provide a valuable model to determine
therapeutic response. The differences in therapeutic response between iPSC-dervied neurons has
also been observed in schizophrenia, where multiple studies have been able to differentiate
between responders and non-responders (Grunwald, 2018; Nakazawa et al., 2017; Paulsen et al.,
2014). Evidently, the translational applicability of iPSC models could be invaluable to the

treatment of various neuropsychiatric disorders, including depression.

However, a recent meta-analysis on iPSC-models for neuropsychiatric disorders was able to
include only 2 studies related to major depressive disorder, in comparison to those for autism
spectrum disorder (n = 6), bipolar disorder (n = 11), and schizophrenia (n = 23) (McNeill et al.,
2020). In these two studies, forebrain neurons were differentiated from iPSCs collected from SSRI-
responders, non-responders, and healthy controls. In vitro application of 5-HT to these neurons
resulted in different responses, where non-responders had a significantly higher calcium response
to responders and healthy controls, as well as dysregulated protocadherin alpha gene expression
(Vadodaria et al., 2019a,b). While demonstrating initial promise in differentiation between
therapeutic response, further characterization and use of iPSC-derived neurons from treatment-

resistant depression patients is desperately needed.

However, there are still challenges related to the use of iPSC models for depression. Early research
has shown that the reprogramming of cells erases epigenetic markers (Hafner et al., 1994). This

erasure presents barriers to fully capturing the complement of markers involved in each
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individual’s depression, which are known to be affected by environmental factors such as stress,
heavily discussed earlier in this thesis. Transdifferentiation, the method that eliminates
intermediary iPSCs to generate neurons directly from fibroblasts, may be a solution to keep
epigenetic markers that are playing a role in disease experience and progression (Mertens et al.,
2018; Pfisterer et al., 2011). Another challenge is the lack of region-specific representation and
representative connectivity in 2D cultures (Duval et al., 2017; Nakazawa et al., 2019). While 2D
cultures are more easily reproduced and allow for higher throughput, these disadvantages cannot
be ignored.

Due to these challenges, the next step in iPSC-derived cell culture research is the use of 3D brain
organoids or spheroids and the development of region-specific cell expression and organization,
which could allow for observations on regional connectivity differences and larger-scale
interactions that are ignored in 2D neuronal cells (Ho et al., 2018). Preliminary work has begun in
both region-specificity and 3D-modeling for various disorders, such as schizophrenia and
substance use disorder (Ho et al., 2022). In fact, protocols now exist for generating nearly 50
different nervous system cell fates, which can be co-cultured in a manner that best represents
different brain regions. Recent research demonstrated disparate single-cell transcriptional
responses to buprenorphine and oxycodone in iPSC-derived brain organoids from participants with
opioid-use disorder (Ho et al., 2022).

3D neural aggregates, made up of neurons, astrocytes, and oligodendroglial cells from human
tissue are also able to create synchronous neuronal activity within 3 weeks, a hallmark of functional
assembly (lzsak et al., 2020). Evidently, the ability to mimic complex circuitry needs to be further
developed, such as the Default Mode Network, which has been shown to play a role in depression
and therapeutic response (Marchetti et al., 2012). In addition, CRISPR/cas9 technology is being
considered to genetically edit various iPSC-derived models (Tian et al., 2020) to provide stronger
models for disorders that are more polygenic as well as the ability to reinstate epigenetic markers
which may have been erased in the reprogramming process (Xie et al., 2018). These exciting new
avenues should be applied to the future of iPSC technology and provide better insight and further

development of in vitro modeling for depression research.
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7.6 Importance of this work and closing remarks

The prevalence rates of depression have been steadily increasing, but current therapeutics have
been unable to keep up. It is estimated that only 2/3 of those with depression will respond to first-
line treatments (Cipriani et al., 2018; Rush et al., 2006; Shinohara et al., 2019), a response rate
which is compounded mainly by placebo effects (Kirsch, 2019). In addition, treatment adherence
to typical antidepressants is fairly low (Rush et al., 2006; Warden et al., 2007), affected by side
effects, patient priorities, and various social and biological factors for patients that are often not

considered in biomedical sciences.

Ketamine has been the first breakthrough in decades, demonstrating fast-acting antidepressant
effects that can treat typically stubborn symptoms in treatment-resistant populations within hours.
However, ketamine can induce psychotomimetic side effects which make it undesirable for certain
patient populations. In addition, its potential for abuse necessitates supervised administration,
which can limit the generalizability of this therapeutic to those who do not have ease of access to

transport, limited time, or other difficulties that can present barriers to effective treatment.

A better understanding of the underlying mechanisms of ketamine has demonstrated the
importance of AMPAR transmission in its antidepressant, but not psychotomimetic effects, has
spurred research to determine novel compounds which can work effectively. While direct
modulation of AMPAR transmission has proven somewhat unsuccessful in clinical trials (Kadriu
et al., 2021), indirect actions to increase this transmission and activate certain downstream
signalers of ketamine’s actions, such as mTORCI, hold great promise. Reelin, as demonstrated
here, may act in a parallel manner to ketamine as demonstrated by both in vitro and in vivo
approaches, including novel approaches such as the development of iPSC-derived neurons from

patients with treatment-resistant depression.

Further research on reelin, and its signaling pathway, provides a promising future approach for
novel fast-acting antidepressants and the treatment of mood disorders. Increasing the translatability
of research, from early stages which include patient partner input to later research which attempts
to encompass the individuality and heterogeneity of depression is essential for the future

development of depression therapeutic research.
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Appendix A (Immunocytochemical analysis of iPSC-derived neurons treated with reelin
and (2R,6R)-HNK)

As described in Chapter 6, immunocytochemical (ICC) analyses of various proteins were
undertaken to ascertain region-specific (soma, neurite, whole cell) protein expression. In addition,
ICC was used to confirm Western blot findings, which ascertained a drug-dependent increase in
protein expression of Synapsin I, GIuA1l, TrkB, PSD-95 after one hour of exposure, but decreased

indicators of protein expression after 24 hours.

As there is significant debate regarding proper characterization of fluorescent markers, | conducted
a preliminary analysis through a modified punctal analysis adapted from the membrane protein
clustering protocol (Romay-Tallon et al., 2017). While this provided a proxy indicator of protein
expression, further research is necessary to determine the best methodological approach to ICC
analyses. This work is presented as a preliminary overview, and results should be interpreted with

caution.
Protocol and analysis

After fixation, cells for ICC analyses were permeabilized by incubating in 0.5% Triton X-100 in
PBS for 5 minutes. To reduce background fluorescence, cells were blocked in 5% BSA for 1 hour,
then incubated overnight in primary antibodies. Cells were then double-labeled with Synapsin |
and NR2B, BDNF and TrkB, and GIuAl and PSD-95 (antibodies used were parallel to those
mentioned above). Appropriate fluorochrome-conjugated secondaries were for 1 hour, then
coverslips were placed onto slides for fluorescent imaging. Fluorescent images were taken using

a confocal microscope at 60x magnification.

For analyses, 5 neurons from each coverslip were traced manually, then analyzed for region-
specific puncta (soma, neurites, whole cell) using an Otsu correction method to first threshold the
image in Fiji to determine changes in protein expression. For an example of punctal analysis,
please see Figure 1. Measures of punctal count (to determine amount of protein expression hot
spots), average punctal area (to estimate amount of protein expression), and percent punctal area
(to ascertain what percent of traced cell was labeled). As discussed in Chapter 6, Western blotting
data demonstrated no significant differences across all measures in the HC cell lines, so these were

not analyzed with ICC.
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Traced Neuron Example: Punctal Analysis:

_‘1 g *Otsu corrections used for image
L-f thresholding, then a modified version
’ of particle analysis (3D)

; *Normalized Count is Count/Length as
f neurons measured will be varying
‘ lengths

ID Count Average Length Normalized
Punctal Analysis Output: Size Count

834-24-B6- | 216 2.183 969 0.22
005-01

Figure 1. Punctal analysis example on ICC stains. Individual neurons were traced (n = 5/sample), then assessed
through a modified particle analysis after Otsu correction. Count was normalized to length of neuron, and divided
into three sections (soma, neurite, and whole cell) for further analysis.

Results

All statistics can be viewed in Table 1. Of note, TrkB puncta count was significantly increased at
1 hour and decreased at 24 hours in neurites at the highest concentration of reelin and (2R,6R)-
HNK. Reelin also significantly changed NR2B puncta count, cluster size, and area in a parallel
manner. Unfortunately, GIuA1 and PSD-95 were not able to be quantified at 24 hours, and were

left out of the analysis.
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significance Against Vehicle Cantral (Whole Cell) Whole Cell Cluster Size Whole Cell Puncta Count Whole Cell % Punctal Area
Reelin 5nM Reelin 10nM _ Reelin 50nM__ HNK 1uM Reelin 5nM Reelin 10nM __ Reelin 5OnM__ HNK 1uM _|Reelin 5nM__ Reelin 10nM___ Reelin 50nM HNK 1uM
BONF 1hour NS NS N5 NS NS NS NS N5 NS NS NS NS
=] 24 hours NS NS NS NS NS p=.029* NS p=.016* [NS NS NS NS
W TrkB 1hour NS NS N5 NS NS NS p<0.001*** p=0.015* [NS NS NS NS
U 24 hours NS NS NS NS NS NS NS p=0.021% [NS NS NS NS
[-F} PSD.05 1hour NS p=0009** NS NS NS NS N5 p=0.002**|NS p=0.001** NS NS
_c' 24 hours NED NED NED NED NED NED NED NED NED NED NED NED
— Glual 1hour NS NS NS NS p=0.031* p=0002** N5 NS NS NS NS NS
g 24 hours NED NED NED NED NED NED NED NED INED NED NED NED
Synapsin | 1hour NS p=0024* N5 p=0.027% NS NS NS N5 NS NS NS NS
24 hours NS NS NS NS NS NS NS NS NS NS NS NS
NAZB 1hour NS NS p<0.001*** NS NS NS p=0.002** NS p=0.038" NS p <0.001*** NS
2hours  |NS NS NS NS NS NS p=0008"* NS |Ns NS p<0.001*** NS
. Neurite Cluster Size Neurite Puncta Count | Neurite Punctal % Area
Significance AgainstVehicle Cantrol (Neurites) - ! - -
Reelin 5nM___ Reelin 10nM__ Reelin 50nM__ HNK luM Reelin SnM Reelin 10nM__ Reelin SOnM Reelin 10nM___ Reelin SOnM___ HNK luM
BONE Lhour NS NS NS NS NS NS p=.002* NS
24 hours NS NS NS NS NS NS NS NS NS NS
% Tka 1hour NS NS NS NS NS NS p<0.001%* NS NS NS
- 24 hours NS NS NS p =0.044* NS NS NS NS NS NS
': PSD-95 1hour NS NS NS NS NS NS NS p=0.004** NS NS
- 24 haurs NED NED NED NED INED NED NED NED NED NED
v GluAl 1hour NS NS NS NS NS NS NS NS NS NS
Z 24 haurs NED NED NED NED NED NED NED NED NED NED
Synapsin | 1hour NS p =003 NS p=0.016* NS NS NS NS NS p=0.005**
24 hours NS NS NS NS NS NS NS NS p =0.047* p=0016"
NRZB 1hour NS NS p=0.024* NS NS NS p=0005** NS p<0.001*** NS
24 hours NS NS p=0.043% NS NS NS p<0.001°** NS p <0.001*** p=0008""
Signi : Soma Cluster Size Soma Puncta Count Soma Punctal % Area
ignificance Against Vehicle Cantrol (Soma)
Reelin 5nM Reelin 10nM__ Reelin 50nM __ HNK 1uM Reelin 5nM Reelin 10nM__ Reelin SOnM__ HNK 1uM [Reelin 5nM__ Reelin 10nM__ Reelin 50nM HNK 1uM
BONF 1hour NS NS NS NS NS NS NS NS NS NS NS NS
24 hours NS NS NS NS NS NS N5 NS NS NS NS NS
TrkB 1hour NS NS N5 NS NS NS NS N5 NS NS NS NS
-1 24 hours NS NS NS NS NS p=0013* NS NS NS p =0.005** NS NS
E PSD.95 1hour NS NS NS NS NS NS p=0.035* p=0.045% |NS p=0.001** NS NS
(=] 24 hours NED NED NED NED NED NED NED NED NED NED NED NED
72] Glual 1hour NS NS N5 NS NS NS N5 NS NS NS NS NS
24 hours NED NED NED NED NED NED NED NED INED NED NED NED
Synapsin | 1hour NS NS N5 NS NS p=0.044" NS N5 NS NS NS NS
24 hours NS NS p=0.038* NS NS NS NS NS NS NS NS NS
NAZB 1hour NS NS NS NS NS NS NS NS NS NS NS NS
24 hours NS NS NS NS NS NS p=001*" p=0.025*% [NS NS NS NS

Table 1. Significant differences in cluster size, puncta count, and % punctal area of various proteins from
iPSC-derived neurons. Whole cell, neurites, and soma were considered in analyses. Significant changes from
vehicle-administered treatment-resistant depression cell lines are highlighted. NS = Not significant, NED = No
Existing Data

Immunocytochemical analyses revealed significant differences in protein expression across
treatment groups in whole cell, soma, and neurite regions. In parallel to Western blotting data, the
highest concentration of Reelin (50 nm) and (2R,6R)-HNK were most likely to upregulate (at 1
hour) or downregulate (at 24 hours) protein expression. Interestingly, significant differences were

found mainly in NR2B expression, which did not parallel Western blot results.

However, a major limitation to this method is that there are no consistent protocols for proper
quantification of protein expression in ICC imaging. In addition, challenges such as uneven cell
populations complicated interpretation of the results. Further development of punctal analysis
should attempt to further validate this method of study in addition to co-localization focused
analyses. Measurements that focus on histology, such as dendrite count and length should also be

considered in future research.
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Appendix B (Comparison of inflammatory markers between diagnosis, treatment, and
timepoint)

With mounting evidence that immune dysregulation plays a role in the pathogenesis and treatment
of major depressive disorder (MDD), there is a growing body of research on measurement of
peripheral pro- and anti-inflammatory cytokines in MDD. While the majority of research has
linked pro-inflammatory cytokines with the severity and progression of MDD, there have been
mixed results about the role they play (reviewed in (Young et al., 2014)). The mixed literature on
the role of cytokines in depression could suggest that inflammatory tone indicates a certain subset
of depression (such as treatment resistant depression (TRD)) patients, or a potential indicator of

treatment responsiveness (Chen et al., 2018; Li et al., 2017).

Ketamine, an N-methyl-d-aspartate receptor antagonist has been a breakthrough treatment for
MDD, with fast-acting effects that reduce depressive symptomology within 24 hours. Though
researchers primarily attribute ketamine’s therapeutic effect to upregulated neuroplasticity induced
via glutamatergic modulation (Duman, Shinohara, et al., 2019b), there is growing evidence that
ketamine may also regulate acute inflammatory reactions and restore immune homeostasis. At
anesthetic doses in healthy patients, ketamine significantly reduces pro-inflammatory cytokine
expression without affecting anti-inflammatory production levels (Chen et al., 2018; Kawasaki et
al., 1999). In animal models, ketamine has dose-dependently blocked inflammatory responses
associated with an antidepressant-like effect (do Vale et al., 2016; Tan et al., 2017). However,
there is a gap in research regarding the effects of ketamine on pro- and anti-inflammatory cytokines
and the immune response in MDD (particularly TRD) patients. This study will analyze the baseline
characteristics of cytokine expression between healthy controls and TRD patients, as well as the
impact of ketamine on these cytokine profiles. This also includes other measures of inflammation
such as TNF-a and other proteins demonstrated to be impacted in depression such as Substance P

and reelin expression.

For the purpose of this study, four major hypotheses were tested: (1) ketamine will affect immune
markers in a disparate manner to placebo, (2) baseline immune markers will affect clinical
response to ketamine (as measured by MADRYS), (3) there will be differences in treatment response
across diagnostic groups, and (4) there will be baseline differences between TRD participants and
healthy controls.
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Methodology

In accordance with NIH ethics, whole blood was collected from participants with treatment-
resistant depression (n = 39) or healthy controls (n = 25) enrolled in a double-blind placebo
crossover design study with a single ketamine infusion (0.5 mg/kg). Blood was collected at four
timepoints: 1 hour before infusion, 230 min after infusion, 1 day after infusion, and 3 days after
infusion. The Bio-Plex Pro Human Cytokine 27-plex assay kit (BioRad, Hercules, CA) was used
to evaluate inflammatory markers in plasma. Inflammation measures included were fibroblast
growth factor (FGF)-basic, Eotaxin, Granulocyte colony-stimulating factor (G-CSF),
Granulocyte-macrophage colony-stimulating factor (GM-CSF), interferon gamma (IFN-y),
Interleukin (IL)-1p, IL-1 receptor antagonist, IL-2, IL-4, IL-5, IL-6, IL-7, IL-8, IL-9, IL-10, IL-
12, IL-13, IL-15, IL-17A, interferon gamma-induced protein (IP)-10, monocyte chemoattractant
protein (MCP)-1, macrophage inflammatory protein (MIP)-1a, MIP-1p, platelet-derived growth
factor (PDGF)-BB, C-C motif chemokine 5 (CCL5), regulated upon activation normal T cell
expressed and presumably secreted (RANTES), tumor necrosis factor (TNF)-o, and vascular
endothelial growth factor (VEGF). In addition, ELISA Kits were used to assay levels of Substance
P (#ab133029, abcam, Cambridge, UK) and reelin expression (#LS-F7023, LifeSpan Biosciences,

Seattle, WA). Linear mixed model analyses were used to assess each hypothesis.
Results

No significant differences were found across any of the four hypotheses for all inflammatory
markers. Figures 1 — 5.
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Appendix B. Figure 1. Effect of diagnosis, treatment, and timepoint, on markers with pro-inflammatory
effects (Part I). (A — H) No significant differences were found across diagnosis, treatment group, or time for
Interleukin (IL)-1B, IL-6, IL-7, IL-8, IL-15, IL-17a, platelet-derived growth factor (PDGF)-bb, or interferon gamma
(IFN-vy). All data is expressed as average pg/ml found in plasma.
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Appendix B. Figure 2. Effect of diagnosis, treatment, and timepoint, on markers with pro-inflammatory
effects (Part I). (A — H) No significant differences were found across diagnosis, treatment group, or time for
interferon gamma-induced protein (IP)-10, monocyte chemoattractant protein (MCP)-1, Granulocyte-macrophage
colony-stimulating factor (GM-CSF), macrophage inflammatory protein (MIP)-1a, MIP-18, regulated upon
activation normal T cell expressed and presumably secreted (RANTES), tumor necrosis factor (TNF)-a, and
vascular endothelial growth factor (VEGF). All data is expressed as average pg/ml found in plasma.
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Appendix B. Figure 3. Effect of diagnosis, treatment, and timepoint, on markers with anti-inflammatory
effects. (A-D) No significant differences were found across diagnosis, treatment group, or time for Interleukin (IL)-
4, IL-9, IL-10, or fibroblast growth factor (FGF)-basic. All data is expressed as average pg/ml found in plasma.
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Appendix B. Figure 4. Effect of diagnosis, treatment, and timepoint, on markers with mixed effects on
inflammation. (A-G) No significant differences were found across diagnosis, treatment group, or time for
Interleukin (IL-1ra), IL-2, IL-5, IL-12, IL-13, Eotaxin, or Granulocyte colony-stimulating factor (G-CSF). All data
is expressed as average pg/ml found in plasma. All data is expressed as average pg/ml found in plasma.
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Appendix B. Figure 5. Effect of diagnosis, treatment, and timepoint, on plasma reelin and Substance P
expression. (A-B) No significant differences were found for either reelin or substance P expression across any
comparison groups. All data is expressed as average ng/ml (reelin) or pg/ml (Substance P) found in plasma.

While the four major hypotheses tested in this study failed to capture any significant differences,
it should be imperative to determine whether there were sex- or age-specific effects that could be
impacting results. Future research should also assess the prophylactic effects of ketamine, which
has shown significant promise in animal models (Camargo et al., 2021; Mastrodonato et al., 2020,
2022; Zhang et al., 2021).
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Appendix C (comparisons between inflammatory markers in CSF and plasma)

Despite the ubiquity of depression, peripheral biomarkers of treatment responsiveness and
diagnostics have been scarce (Gururajan et al., 2016; Schmidt et al., 2011; Strawbridge et al.,
2017). Animal models and various in vitro assays have implicated inflammation in depression,
however there are mixed results when measured in human participants, as demonstrated by
Appendix B. The lack of reliable biomarkers may be due, in part, to disconnect between central

and peripheral levels of response and inflammation.

Generally, most research focuses either on peripheral or central markers, rarely combining or
correlating these measures (Enache et al., 2019). However, knowledge on which peripheral
markers are most reflective of central inflammatory processes could help inform future biomarker
research and clinical studies, particularly since a blood draw is significantly less invasive than

cerebrospinal fluid (CSF) collection.
Methodology

In this study, healthy control adults (n=16) who were enrolled in a double-blind, randomized,
placebo-controlled design study of a single ketamine infusion (0.5 mg/kg) and had samples of both
CSF and plasma collected at baseline, allowing the unique opportunity to measure if central levels
of various pro- and anti-inflammatory markers were correlated with peripheral plasma measures.
The Bio-Plex Pro Human Cytokine 27-plex assay kit (BioRad, Hercules, CA) was used to evaluate
inflammatory markers in plasma and CSF in parallel to the markers measured above.

Results

Significant correlations were found between plasma and CSF for levels of IL-4 (r? = 0.3292,
F(1,13) = 6.379, p = 0.0253), Eotaxin (r* = 0.4082, F(1,14) = 9.658, p = 0.0077), and 1P-10 (r? =
0.2649, F(1,14) =5.046, p = 0.0413) (Figure 1). All other inflammatory markers had no significant

correlations between central and peripheral expression levels (Figure 2-3).
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Appendix C. Figure 1. Significant correlations between inflammatory markers in CSF and plasma. (A-C)
Significant correlations were found between CSF and plasma expression levels for Interleukin (IL)-4, interferon
gamma-induced protein (IP)-10, and Eotaxin. All data is expressed as pg/ml found in plasma or CSF.

270



A IL-1b B IL-1ra C -2
54 400 59
.
4 4 .
4 . 4
3004
. . .
51 % 5
o, . g™ . o, .
oo._'_'_'_‘—r‘—-—-_.____. .
. . . 100 ® . . . 14 o . .
.
0 T T T T 1 0 T T T 1 0 T S8 T 1
[} 1 2 3 4 5 0 200 400 600 800 0 2 4 6 8
Plasma Plasma Plasma
D IL-5 E IL-6 F IL-7
1509 5004 1509
400 *
. .
100+ 100+
- W 300+ w
0 L4 o 7]
o . S 0o o
50 H 50
L ]
. . LI 100 . .
b - m . 0 . . o
(1] 0 0+—= . .
T T T T 1 T T T 1
0 20 40 60 80 100 0 5 10 15 0 10 20 30 40
Plasma Plasma Plasma
G IL-8 H L9 [ IL-10
150 15
L] L]
- L L]
100 . 10 e .
'6 ; e 8 @ []
o o o
50 . 5
R S S
ey . - * .
| L} T T T T T T L 1
o 50 100 150 200 250 0 5 10 15 20
Plasma Plasma
IL-13 IL-15 IL-17a
8 800 80
.
. L]
2 600 €0
L
- . 40
w H . ™ - w
8 4 =__‘_—_._‘—_‘_‘_‘_‘— 8 400 . .. 8 2
.e
o o ° ‘e 20 N S
. 0———p—r= T 1
J 5 10 15
0 T T T T 1 0 T T T 1 20 Plasma
1] 1 2 3 4 5 '] 200 400 600 800
Plasma Plasma

Appendix C. Figure 2. Non-significant correlations between inflammatory markers in CSF and plasma (part
1). (A-L) No significant correlations were found in levels of various pro- and anti-inflammatory markers between
CSF and plasma of participants for Interleukin (IL)-1b, IL-1ra, IL-2, IL-5, IL-6, IL-7, IL-8, IL-9, IL-10, IL-13, IL-
15, or IL-17a. All data is expressed as average pg/ml found in plasma or CSF.
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Appendix C. Figure 3. Non-significant correlations between inflammatory markers in CSF and plasma (part
I1). (A-L) No significant correlations were found in levels of various pro- and anti-inflammatory markers between
CSF and plasma of participants for fibroblast growth factor (FGF)-basic, Eotaxin, Granulocyte colony-stimulating
factor (G-CSF), Granulocyte-macrophage colony-stimulating factor (GM-CSF), interferon gamma (IFN-y),
monocyte chemoattractant protein (MCP)-1, macrophage inflammatory protein (MIP)-1a, MIP-1p, platelet-derived
growth factor (PDGF)-BB, regulated upon activation normal T cell expressed and presumably secreted (RANTES),
tumor necrosis factor (TNF)-a, vascular endothelial growth factor (VEGF), and Substance P. All data is expressed
as average pg/ml found in plasma or CSF.
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Another area of great interest was the central and peripheral expression of reelin after ketamine
administration. For this, we correlated plasma and CSF reelin expression levels over all timepoints,
but also looked at the differences in expression over time after ketamine administration. No
significant correlation was found in CSF and plasma levels or any significant differences between

samples over time (Figure 4).
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Appendix C. Figure 4. Correlation between reelin expression in CSF and plasma. (A) Correlations between
reelin expression in cerebrospinal fluid (CSF) and plasma for all subjects and timepoints. (B) Average reelin
expression in CSF and plasma across timepoints. All data is expressed as average ng/ml found in plasma or CSF.

There is still debate about the ability of certain interleukins to cross the blood-brain barrier (BBB),
and it appears to be highly variable (Banks et al., 1995). However, the central markers shown in
this study to have correlations with plasma Certain markers that demonstrated strong correlations
in this study are known to cross or affect the BBB. Eotaxin, for example, has significant rapid

bidirectional transport across the BBB (Erickson et al., 2014). In addition, IP-10 has been shown
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to damage the BBB through an upregulation of TNF-a signaling (K. Wang et al., 2018). Lastly,
blocking the action of IL-4 has been shown to protect BBB integrity, suggesting that IL-4 signaling
is able to weaken the BBB as well (Bok et al., 2018).

Evidently, the majority of peripheral inflammation measurements do not reliably reflect central
inflammation. This does not discount the utility of peripheral measurements, which can still be an
invaluable tool for determining changes related to depression or treatment-responsiveness.
However, inferences regarding neurochemical changes should be made sparingly. For increased
translatability in depression research, animal models should report peripheral measures in
conjunction with central markers. Future research should also determine if correlations are
strengthened or worsened in participants with a diagnosis of depression, where it is hypothesized
that the blood-brain barrier may be weaker (Dudek et al., 2020; Najjar et al., 2013).
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