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Abstract

Post-stroke depression (PSD) occurs in 30-50% of stroke patients and is associated with poor
recovery, stroke recurrence, and increased death rate. Chronic SSRI treatment can recover the
PSD phenotype in mice, but the mechanism of regrowth remains largely unknown. This study
aimed to uncover the importance of protocadherin-alphaC2 (pcdhaC2), the main protocadherin
isoform found in serotonin neurons, in PSD recovery. Previous studies have shown that knocking
out pcdha in serotonin neurons caused brain-wide tangling of serotonin axons and a depression-
like phenotype. Pcdhac2 knockout mice were used to assess baseline innervation differences,

and then stroke recovery with or without fluoxetine (FLX) treatment.

Naive pcdhac2 knockout mice showed significantly impaired 5-HT innervation in the medial
prefrontal cortex and hippocampus, with heterozygous knockout mice showing intermediate
impairment. Stroke mice all exhibited significant anxiety and depression-like phenotypes post-
stroke. Only wildtype mice properly recovered their depressive-like phenotype following FLX
treatment, with only moderate recovery by heterozygous pcdhac2 knockout mice. Stroke mice
also had decreased 5-HT innervation in the medial prefrontal cortex and basolateral amygdala,

with complete FLX-induced recovery only in the wildtype mice.

Taken together, these results indicate that in PSD mice depleted of pcdhac2, chronic FLX fails to
reverse the PSD behavioural phenotype and recover 5-HT innervation in key brain regions. This
implicates pcdhac?2 in PSD recovery and could elucidate new targets to enhance neuroplasticity

for recovery post-stroke.
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1. Introduction:
1.1 Major Depressive Disorder

1.1.1 General overview

Major Depressive Disorder (MDD) is a pervasive mental health disorder, affecting an estimated
4.36%, or around 350 million people worldwide (GBD, 2021). Lifetime prevalence of the
disease varies, with up to 21% of some populations experiencing MDD in their lifetime
(Gutiérrez-Rojas et al. 2020). Certain subpopulations are particularly vulnerable to depressive
disorders, such as women, younger adults, those with a family history of mental health disorders,

and those living in poverty. (Meng et al., 2017).

MDD is diagnosed according to the Diagnostic and Statistical Manual of Mental Disorders, 5th
Edition (DSM-5). Diagnosis requires a patient to be experiencing five or more persistent
symptoms (present for more than 2 weeks) including depressed mood and/or anhedonia, as well
as weight changes, sleep disturbances, psychomotor agitation/retardation, fatigue, feelings of
worthlessness, poor concentration, and suicidal ideation (American Psychiatric Association,

2013).

A diagnosis of MDD not only entails low mood, anhedonia and other related symptoms, it also
puts patients at elevated risk for comorbid diseases (Berk et al., 2023; Thaipisuttikul et al., 2014).
Perhaps the most severe of these comorbidities is suicide; globally, over 700,000 people die by
suicide annually (World Health Organization, 2021). Women have elevated levels of suicidal

ideation compared to men, though men have higher rates of death by suicide, likely due to their



use of more lethal methods (Varin et al., 2021). Marginalized communities, such as Indigenous
Canadians (Kumar & Tjepkema, 2019) and LGBTQ+ youth are also at elevated suicide risk

(Williams et al., 2021).

In addition to increased suicidality, MDD is comorbid with a variety of conditions including
anxiety disorders and other mental health disorders, type 2 diabetes, sleep disorders, and

cardiovascular disorders, including stroke (Berk et al., 2023; Thaipisuttikul et al., 2014).

1.1.2 Treatment of MDD

MDD is most commonly treated with a combinational approach and is highly specific to the
individual. Due to the heterogeneity of the depressed population, different approaches are taken
for different people. A classical treatment strategy will often involve psychotherapy delivered
concurrently with an antidepressant medication, most often targeting the monoamine system.
Several psychotherapy modules and medication types exist, all with unique benefits and

applications (Simon et al., 2024).

1.1.2.1 Monoaminergic antidepressant medications

Being the first line of treatment for such a pervasive disorder, many antidepressants have been
studied, most of which target monoamines. The most pervasive class of antidepressants used are
selective serotonin reuptake inhibitors (SSRIs). Unfortunately, this class of drugs rarely works on
first attempt, with many patients trying various SSRIs in their lifetime. On top of this, SSRIs are
only effective in around 50% of patients, with only 30% of those achieving remission (Rush et

al., 2006). Nonetheless, they are generally well tolerated drugs with few adverse side effects, and



as such are typically the first antidepressants prescribed (Cipriani et al., 2018). As their name
suggests, they inhibit the reuptake of post-synaptic serotonin by blocking the serotonin
transporter (SERT). This increases synaptic serotonin allowing for enhanced neurotransmission
(Hillhouse & Porter, 2015). SSRIs generally take 3-4 weeks of chronic treatment to achieve
antidepressant effects in patients, and this is hypothesized to be due to 5-HT1A auto receptor
activity (Vahid-Ansari et al., 2019; Mead et al., 2012). Increased extracellular serotonin activates
post-synaptic 5-HT receptors, but also 5-HT1A autoreceptors. Autoreceptor activation triggers
negative feedback by inhibiting neuronal firing, dampening the SSRIs effect. This process is
hypothesized to be desensitized by chronic treatment, disinhibiting serotonin neurons and

enabling the desired enhanced post-synaptic serotonin accumulation (Albert & Lemonde, 2004).

Monoamine oxidase inhibitors (MAOI) were discovered serendipitously in 1954 when
researchers developed isoniazid, and then iproniazid, as a tuberculosis treatment. While effective
for their original condition, researchers also noted the elevated mood of patients taking
iproniazid (Hillhouse & Porter, 2015). Later marketed as Marsilid, this MAOI was the earliest
antidepressant to warrant clinical research. MOAIs inhibit the breakdown of the body’s amines,
notably serotonin, dopamine, epinephrine, and norepinephrine. As a result of this inhibition,
synaptic monoamine concentrations are increased, allowing for more neurotransmission (Meyer
et al., 2022). MAOIs like iproniazid are now rarely used clinically, in part due to their
undesirable hypertensive side effects, and are reserved for patients who have not responded to

other treatments (Meyer et al., 2022; Karrouri et al., 2021).



Tricyclic antidepressants (TCA) were also discovered as a result of targeting another disorder. In
this case, following the discovery of chlorpromazine for the treatment of schizophrenia,
promethazine, another antipsychotic, was developed and later altered into imipramine, the
earliest derived TCA (Laux, 2022). TCAs consist of three benzene rings, and their antidepressant
action is thought to be a result of the inhibition of serotonin and norepinephrine reuptake
transporters; this results in elevated synaptic serotonin and norepinephrine (Hillhouse & Porter,
2015). These drugs are typically prescribed to patients with severe depression who have not
responded to first line treatments, as they have more adverse side effects than SSRIs (Cipriani et

al., 2016).

Another class of antidepressant that enhances monoamine levels is serotonin-norepinephrine
reuptake inhibitors (SNRI). These were first introduced in the 1990s, with the drug venlafaxine.
SNRIs inhibit the reuptake of serotonin and norepinephrine via inhibition of their transporters,
but unlike TCAs they don’t act upon adrenergic, histamine, muscarinic, dopamine, or
postsynaptic serotonin receptors (Hillhouse & Porter, 2015). SNRIs are typically well tolerated

and prescribed to patients who do not respond to SSRIs (Karrouri et al., 2021).

1.1.2.2 Psychotherapies

Psychotherapy plays a crucial role in MDD treatment and is often delivered in conjunction with
pharmacotherapy. A variety of psychotherapy options exist for the treatment of MDD, each with
their individual benefits and drawbacks. When administered alone, or in conjunction with
antidepressant medications, psychotherapy is an effective tool in the treatment of MDD (Munder

et al., 2018; Cuijpers et al., 2020, 2021)



A widely studied and praised psychotherapy modality is cognitive behavioural therapy (CBT).
CBT aids patients in identifying and modifying their thoughts and behaviours. CBT has shown

long-term efficacy and relapse prevention in MDD treatment (Health Quality Ontario, 2017).

Offshoots of CBT, acceptance and commitment therapy (ACT) and mindfulness-based cognitive
therapy (MBCT) are also used in the treatment of mood disorders like MDD. These therapies
share CBT’s emphasis on mindfulness while focussing more on developing flexible thoughts and
emotions, as opposed to changing behaviours. ACT and MBCT have shown effective treatment

and relapse prevention in MDD patients (Tickell et al., 2020; Dindo et al., 2017).

Another psychotherapy technique is interpersonal therapy (IPT), which focusses on addressing
and resolving interpersonal conflicts. IPT has also been shown to reduce major depressive scores

and relapse in MDD patients (Health Quality Ontario, 2017).

Supportive therapy, though not classified as a psychotherapy technique, was also effective at
reducing depressive scores and improving recovery in MDD patients (Health Quality Ontario,
2017). Supportive therapy is an unstructured talk therapy that focusses on current problems and

relies on the support of the therapist (Cuijpers et al., 2012).



1.1.2.3 Other treatments

Beyond the first line treatments, alternative treatments exist for patients who show resistance to
classical monoamine-acting antidepressants. These treatments include novel drugs, like
esketamine and psilocybin, and non-invasive brain stimulation techniques like transcranial direct
current stimulation (tDCS), repetitive transcranial magnetic stimulation (rTMS), deep brain

stimulation (DBS) and electroconvulsive therapy (ECT).

Esketamine, the more potent ketamine S-enantiomer, modulates the glutamatergic system as a
non-selective, non-competitive NMDA receptor antagonist (Vasiliu, 2023). This antagonism
leads to a rapid increase in glutamate release and stimulation of a-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid (AMPA) receptors and enhanced synaptogenesis. Esketamine can also
inhibit dopamine transport, elevating extracellular dopamine, and reducing anhedonia. While
fast-acting and effective in clinical trials, esketamine is only prescribed after other avenues have
been exhausted due to its neurocognitive side effects and potential for dependence (Kawczak et

al., 2024).

Another novel class of drugs gaining recent interest for their antidepressant action are
psychedelics, mainly psilocybin but also Lysergic Acid Diethylamide (LSD) and
Dimethyltryptamine (DMT). Psilocybin, used recreationally as “magic mushrooms”, is a 5-
HT2A receptor agonist that has shown rapid antidepressant action (Nutt et al., 2023). Just a
single dose of psilocybin has been shown to significantly improve depression scores clinically

but was also accompanied by adverse side effects in 77% of patients (Goodwin et al., 2022). This



class of drugs shows promise for patients who do not respond to first line treatments but will

require dose optimization and more expansive clinical trials.

Many non-invasive brain stimulation techniques also exist for patients who do not respond to
classical pharmacological treatments. tDCS utilizes electrodes to deliver electric current to
distinct scalp areas. This stimulation can modulate neuronal activity via depolarizing or
hyperpolarizing stimuli. (Liu et al., 2017). When delivered to the left dorsolateral prefrontal

cortex this technique induces neurostructural changes. (Jog et al., 2023).

rTMS is another non-invasive brain stimulation technique that uses electromagnetic current to
modulate cortical excitability (Liu et al., 2017). rTMS primarily targets the left dorsolateral
prefrontal cortex to improve MDD symptoms, at times in combination with antidepressant drugs

(Wang et al., 2017, Liu et al., 2017).

Lastly, electroconvulsive therapy is a potent treatment modality in a variety of psychiatric
disorders. By inducing a seizure via electrical current to the scull, patients achieve rapid relief in
MDD symptoms. The exact mechanism of action is still inconclusive; however, research reports
changes in neuroplasticity markers such as increased BDNF levels (Brunoni et al., 2014; Pelosof
et al., 2023), alterations in neurotransmission and HPA axis dysregulation (Salik & Marwaha,

2025).



Taken together, MDD is a highly prevalent mental disorder with serious comorbidities, and a
high death rate. Not only that, but treatments often lack efficacy and remittance. This highlights

the need for continued research of the disease and its many facets.

1.2 Stroke

Stroke, much like MDD, is a serious health condition with significant risk of disability and
mortality. As of 2021, the World Health Organization (WHO) ranked stroke as the third leading
cause of both death and disability, following COVID-19 and ischemic heart disease. In fact, for
the past two decades, stroke has been in the top 10 leading causes of death worldwide, often
ranking around 2"¢ or 3" (World Health Organization, 2021; He et al., 2024). Of these strokes,
the vast majority are ischemic, accounting for around two thirds of all stroke cases (Feigin et al.,
2022). An ischemic stroke occurs when there is a blockage of a blood vessel, most commonly an
artery, but in some rare cases a vein, leading to reduced blood flow to the brain (Majumder,
2024). The less common hemorrhagic stroke occurs when there is a tear in a blood vessel of the
brain, leading to blood leakage and excessive pressure on surrounding brain cells (Unnithan et
al., 2025). Within these classifications, there are subclasses defined by the source or location of
the stroke, such as a large artery atherosclerosis, or intracerebral hemorrhage. Despite ischemic
strokes being more common, hemorrhagic strokes are often more severe, and more deadly

(Andersen et al., 2009; Chiu et al., 2010).

Many risk factors are shared between all strokes, such as hypertension, age, and smoking
(Boehme et al., 2017). Ischemic strokes have a strong link to atherosclerosis, the buildup of fatty

deposits on artery walls. This atherosclerosis can be developed through a variety of subsequent



risk factors, such as hypertension, cardiac disease, diabetes, obesity, and so on. Atrial fibrillation
is also a specific risk factor for a subtype of ischemic stroke, cardioembolic stroke. (Boehme et
al., 2017). Unique to hemorrhagic stroke, a low glomerular filtration puts patients at risk (Bos et

al., 2007).

Treatments for stroke vary depending on several factors like stroke type, time since event, age,
and severity of stroke. For hemorrhagic stroke, the primary priority is to stop the bleeding. This
is often done through beta blocker administration to reduce blood pressure, and a clotting agent
to assist the body in stopping the bleed. For severe cases, surgery is also used to relieve the
buildup of blood in or around the brain (Unnithan et al., 2025). For ischemic stroke, treatment
with tissue plasminogen activator (tPA) can break up the blood clot but must be administered
within 4.5 hours of symptom onset, leaving a small treatment window (Hatcher & Starr, 2011).
Surgical thrombectomy can also be performed to remove the responsible clot, though rapid
treatment remains imperative, with outcomes worsening with every hour delayed (Saver et al.,

2016).

Chronic treatments depend on the location of the stroke, and the subsequent presenting
symptoms. Common treatments include speech, physical, occupational, and cognitive therapies.
For patients experiencing a common side effect of stroke — post stroke depression, these
treatments will often be given in tandem with antidepressant medication and psychotherapy.
Antidepressants have also been tested more broadly for stroke recovery. The FLAME study
found a benefit of SSRI treatment for motor recovery, but subsequent studies have found

variable results (Chollet et al., 2011; Mead et al., 2012; Legg et al., 2019).



1.3 Post Stroke Depression

1.3.1 General overview

Post-stroke depression (PSD) is a common co-morbidity of stroke, experienced by approximately
one third of all stroke patients, with some studies citing up to 80% of patients experiencing a
milder depressive episode following their stroke (Ayerbe et al., 2013; Paolucci et al., 2006;
Hackett & Pickles, 2014; Medeiros et al., 2020). This high incidence leads to extensive burden
on the patients, their family and the healthcare system. PSD patients have lower treatment
compliance, worse rehabilitation results, elevated risk of a subsequent stroke, poor functional
outcomes, as well as higher disability and mortality rates (Zhou et al., 2024; Sibolt et al., 2013;

Wijeratne & Sales, 2021).

The DSM-5 classifies PSD under “Depressive Disorder Due to Another Medical Condition”. The
diagnostic criteria are very similar to MDD, requiring a pervasive period of depressed mood or
anhedonia, clinically significant impairment in social/occupational areas of function, the lack of
a better explained mental disorder, and of course, the presence of diagnosed medical condition
(in the case of PSD, stroke). A large variety of diagnostic tools exist for the diagnosis of MDD
and PSD. These include the Center for Epidemiological Studies Depression Scale (CESD) the
Hamilton Depression Scale (HDS), the Hospital Anxiety and Depression Scale (HADS), the
Beck Depression Inventory-11 (BDI-II), the Distress Thermometer (DT), and the Kessler-10 (K-
10) the Patient Health Questionnaire-2 (PHQ-2), and the Patient Health Questionnaire-9 (PHQ-
9), among others. Studies recommend the use of the yes/no version of PHQ-2 and the longer

PHQ-9 for assessment of a PSD population (Lavu et al., 2022; Meader et al., 2014).
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1.3.2 PSD causes

PSD is a complex disorder with many potential causes. No two strokes are the same, and they
impact individuals differently based on a variety of factors such as age, gender, stroke severity,
initial treatment response, etc. (Wijeratne & Sales, 2021). This heterogeneity in the patient
population makes it difficult to establish an exact cause of the disorder; however, studies have
shown various associations. While no one underlying cause of PSD has been identified, several
possible mechanisms have been elucidated. While these mechanisms are presented as distinct
hypotheses, they are all interconnected and likely all contribute, to varying extents, to the

development of post-stroke depression.

The physical and psychological effects of a stroke can greatly impact a patient’s quality of life
and mental wellbeing. Strokes can affect a variety of functions depending on their size and
location, but common effects include motor, cognitive, and speech impairment (Mane et al.,
2022). These impairments may lead to a lack of ability to complete daily tasks unassisted, known
as activities of daily living (ADL), which is correlated with PSD (Li et al., 2022). Additionally,
stroke survivors report fear of future stroke, a loss of self, and a sense of loneliness/isolation
(Crowe et al., 2016). Studies show that a lack of social support is associated with post stroke
depression (Teoh et al., 2009, Northcott et al., 2016; Saadi et al., 2018; Babkair et al., 2022) and
has predictive value (Volz et al., 2016). A study of Egyptian stroke patients also found PSD to be
associated with the severity of post-stroke impairment, finding higher rates among those with
greater impairment (Khedr et al., 2020). These factors all suggest a psychosocial component to

the development of PSD, with strong ties to social support.
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Beyond the psychosocial factors at play, the size and location of the stroke have associations
with PSD incidence. A 2021 review by Wijeratne & Sales identified 15 studies linking lesion
volume and PSD. Four found no effect, but seven found a relationship between larger stroke
volumes, and PSD incidence. Two of these studies found that this association is only evident 3
months post-stroke, which could potentially account for the studies that found no association

(Wijeratne & Sales, 2021).

In addition to lesion volume, the location of the lesion has shown correlations with PSD
incidence, although results vary by study. Many studies have found that PSD is more frequently
associated with left hemispheric lesions (Robinson et al., 1984; Astrom et al., 1993; Narushima
et al., 2003; Barker-Collo, 2007; Grajny et al., 2016; Thomas, 2023), though some studies have
also found a significant correlation with right-hemispheric lesions (Wei et al., 2015; Weaver et
al., 2023). Additional studies cite that damage to the cortico-limbic pathways are associated with
PSD (Weaver et al., 2023; Klein et al., 2010). There is also evidence that damage to the
prefrontal cortex, basal ganglia, and amygdala is associated with PSD (Grajny et al., 2016;

Klingbeil et al., 2022; Terroni et al., 2011; Weaver et al., 2023; Douven et al., 2017).

Another physiological factor involved in PSD onset after stroke is the immediate inflammatory
response. Immediately after vessel occlusion, the inflammatory cascade is activated (Anrather &
Iadecola, 2016). This activation aims to clear dead cells and prepare for repair, but the influx of
inflammatory mediators, such as cytokines, chemokines, and reactive oxygen species (ROS) can
exacerbate the initial damage (Feng et al., 2024). These mediators attract white blood cells which

leads to overexpression of pro-inflammatory genes, further exacerbating the injury. Recruited
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astrocytes contribute to blood brain barrier (BBB) permeability, allowing for an influx of
peripheral immune cells and inflammatory agents, and an efflux of cytokines, triggering a

systemic immune response (Feng et al., 2024).

Neuroinflammatory processes have been suggested to underlie depression, with studies showing
links between inflammatory markers and MDD (Mechawar & Savitz, 2016; Miller et al., 2016).
Studies have shown increased pro-inflammatory cytokines in patients with depression (Wohleb
et al., 2016). Studies also link depression, and death by suicide, with elevated IL-6 and TNF-a
levels in the brain and periphery (Hayley et al., 2020). A 2017 study also reported elevated
TNF-a and IL-1B levels in post-stroke depression patients (Kim et al., 2017). IL-1B plays key
roles in modulating synaptic plasticity and inducing depressive-like behaviour in stress exposed
mice (Koo & Duman, 2008; Abelaira et al., 2014). Notably, proinflammatory cytokines can
stimulate indoleamine-pyrrole 2,3-dioxygenase (IDO), a metabolizer of tryptophan, and reduce
brain serotonin (Hayley et al., 2020). This links inflammation to the monoamine hypothesis of

depression, proposing a potential mechanism to explain these correlations.

1.3.3 Treatment of PSD

There exists little consensus regarding the ideal course of treatment for PSD. Treatments tend to
mirror that of MDD, though they must take into consideration the limitations faced by stroke
patients, as well as the clinical variability of the disorder. While routinely used in the treatment
of MDD, psychotherapy treatments in the specific context of PSD have not been extensively
studied. Early studies of CBT for PSD recovery found varying results, with the therapy having

some positive effect, but not in all patients (Lincoln et al., 1997; Lincoln & Flannaghan, 2003;
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Rasquin et al., 2009). Broomfield, 2011 argues that the variable or null results in these studies
may be due to the short-term treatment and lack of modification to account for the physical
comorbidity of stroke, proposing that an augmented, individually tailored CBT intervention

approach be used.

A 2018 meta-analysis of 23 studies found that CBT alone, and in conjunction with antidepressant
treatment, significantly improved depressive symptoms in PSD patients (Wang et al., 2018). This
recovery included significantly higher remission and response rates, though individual trials still

show high degrees of variability.

There is also promising evidence of psychotherapy for the prevention of PSD. In a group of 104
ischemic stroke patients, those given group acceptance and commitment therapy (G-ACT) had
significantly lower scores on the Hamilton depression scale at 1 and 3 months compared to the

control group receiving only routine stroke treatment (Niu et al., 2022).

Pharmacotherapy treatment research for PSD has shown variability between cohorts, but meta-
analyses find that SSRIs, SNRIs and TCAs can significantly improve PSD symptoms (Deng et
al., 2017; Allida et al., 2023; Xu et al., 2016; Qin et al., 2018). However, due to a limited number

of RCTs, it is difficult to identify a singular superior antidepressant (Towfighi et al., 2017).

In animal models, the benefit of antidepressants is clearer. A 2014 meta-analysis found that

antidepressants, and specifically SSRIs, could significantly improve neurobehavioral outcomes

in animal stroke models (McCann et al., 2014). In a photothrombotic PSD model, fluoxetine was
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able to significantly improve depressive-like behaviour and upregulate hippocampal BDNF
expression (Jin et al., 2017). Our lab’s past research also showed that fluoxetine, but not exercise
via running wheel, was able to recover the behavioural phenotype and serotonergic innervation

of PSD mice (Vahid-Ansari & Albert, 2018).

While antidepressants remain the primary line of treatment for PSD, emerging evidence suggests
positive results from neuro-modulatory treatments, namely transcranial direct current stimulation
(tDCS) and repetitive transcranial magnetic stimulation (rTMS). In a small randomized double-
blind trial, tDCS had significantly higher response and remission rates compared to sham control
(Valiengo et al., 2017). rTMS has been more thoroughly studied and two meta-analyses
concluded an improved PSD recovery in the rTMS treated group compared to control (Shen et
al., 2017; Shao et al., 2021), noting large heterogeneity in the samples and a need for future

research.

1.4 Serotonin

1.4.1 General overview

Serotonin is a monoamine neurotransmitter whose cells originate in the raphe nuclei of the
midbrain and extend widely to innervate a variety of target regions in the brain. Despite only
originating from this small and localized brain region, 5-HT modulates nearly all neural circuits
of the brain (Donovan et al., 2019). First identified in 1964, serotonin cells have been classically
organized into 9 groups, B1-9 (Dahlstrom & Fuxe, 1964). Further studies have shown the caudal

groups (B1-3), extend down to the spine and cerebellum, while the more rostral groups (B4-9)
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extend rostrally to the rest of the brain. Of these cell groups, the dorsal raphe nucleus is

comprised of B6 and B7, and the median raphe groups B8 and B9 (Deneris & Gaspar, 2018).

Once released, serotonin acts both pre- and post-synaptically on serotonin receptors, of which
there are 7 classes (5-HT1-7 receptors) made up of 14 receptors (Vahid-Ansari & Albert, 2021;
Barnes et al., 2021). Most serotonin receptors are post-synaptic receptors; however, two
members of the 5-HT1 receptor class, 5-HT1A and 5-HT1B receptors, are expressed on
serotonin cells as auto receptors (Vahid-Ansari & Albert, 2021; Sari, 2004). Implicated in MDD
pathology, 5-HT1A autoreceptors bind exogenous 5-HT and attenuate neurotransmission via
coupling to Gi/Go proteins. One main hypothesis of SSRI action involves the desensitization of
this autoreceptor over time, leading to upregulated 5-HT neurotransmission (Albert & Lemonde,

2004).

1.4.2 Development of the serotonin system

In early development, around week 5-7 gestation in humans and E9.5-13 in rodents (Deneris &
Gaspar, 2018), the serotonin system begins to differentiate. With its cells located in the
brainstem, the early development of this neurotransmitter system is unsurprising. As such,
serotonin has been linked to many early developmental processes throughout the brain. Some
examples include neurogenesis and neuronal survival, dendritogenesis, axonal projection, and

synapse formation (Shiga et al., 2006).

Regarding 5-HT development, serotonin neurons begin to project out of the raphe in two distinct

bundles: one projecting caudally down to the spinal cord and cerebellum, and the other
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projecting rostrally up through the medial forebrain bundle. This rostral bundle houses the

median and dorsal raphe nuclei (Deneris & Gaspar, 2018).

Serotonin cell bodies emerge around the 12" day of gestation in rats (E12), beginning with the
bilateral rostral group, and closely followed by the bilateral caudal group at E14-16 (Aitken &
Tork, 1988). By E16, the rostral group ascends through the mesencephalon, forming the medial
forebrain bundle. This rostral bundle then splits, to send projections both dorsally and ventrally.
The ascending fibers reach the frontal pole by E17, and by E19 all major divisions and pathways
have been established (Aitken & Tork, 1988; Lidov & Molliver, 1982). Serotonin fibers were not
observed to branch along these main ascending fibers, or in early cerebral cortex areas —
suggesting that this branching occurs at a later stage of development, or postnatally (>E21),

closer to final target regions (Aitken & Tork, 1988).

This early outgrowth of serotonin axons is guided by key axon guidance cues, of which several
have been elucidated. These include broadly expressed growth factors like brain-derived
neurotrophic factor (BDNF), S100B, growth associated protein 43 (GAP43) and stable tubule
only polypeptide (STOP), as well as more specific guidance cues like WNTs, Slit 1/2, Robo 1/2,
Lmx1b, Pet-1, ephrins, pcdha, and even serotonin itself (Vahid-Ansari & Albert, 2021; Deneris

& Gaspar, 2018).

S100B has been found to increase neurite length, as well as neurite number and total field area in
cultures of embryonic rat serotonin neurons (Azmitia et al., 1990; Liu & Lauder, 1992). BDNF, a

key regulator of neuronal plasticity, has also been shown to enhance 5-HT cell differentiation,
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axon outgrowth, length and total arborization (Rumajogee et al., 2002; Leschik et al., 2022), and

even enhanced sprouting of 5-HT axons post-PCA-induced injury (Mamounas et al., 2000).

Further, the cytoskeleton associated protein growth-associated protein 43 (GAP-43), and the
microtubule-associated protein stable tubule only polypeptide (STOP) play roles in 5-HT axonal
outgrowth as well, with knockout mice showing deficient target innervation (Donovan et al.,

2002; Fournet et al., 2010).

The anterio-posterior (A-P) guidance cue family of Wnt proteins provide directional cues for
ascending and descending fibers. Wnt signalling has been shown to be required for proper 5-HT
cell orientation (Fenstermaker et al., 2010). Specific planar cell polarity genes expressed by
raphe neurons were also implicated, with Fzd3, Celsr3, and Vangl2 knockout mice showing A-P
orientation abnormalities (Fenstermaker et al., 2010). A 2002 study summarized the importance
of Slitl and 2 in midline axonal guidance for long range projections (Bagri et al., 2002),
furthered in 2007 by the finding that Robol and 2, which meditate Slit proteins, are also crucial

for proper axon guidance (Lopez-Bendito et al., 2007).

Lmx1b and Pet-1, key transcription factors in the differentiation of 5-HT neurons, have also been
identified as key outgrowth regulators using knockout mice. Lmx1b knockout mice showed
impairment in all stages of 5-HT axon outgrowth, pointing to its intrinsic control of 5-HT system
development (Donovan et al. 2019). Pet-1 knockout mice show depleted serotonergic innervation
in the cortex and hippocampus, linked to a subset of 5-HT neurons (Kiyasova et al., 2011;

Kiyasova & Gaspar, 2011).
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Ephrin signalling has also recently been implicated in serotonergic guidance. Long known to act
as guidance cues, ephrinA signalling has shown importance in 5-HT axon repulsion in a subset
of raphe neurons. EphrinAS5, the most abundantly expressed EphA receptor in the DR, is
dynamically, and differentially expressed amongst raphe neurons during development. Ectopic
expression of ephrinA inhibits axonal growth, whereas loss of function of ephrin 5A causes
increased localized growth in the olfactory bulb, ventromedial hypothalamus and
suprachiasmatic nucleus — regions with high ephrinA5 expression in WT mice (Teng et al.,

2017).

Protocadherins are key cell adhesion molecules implicated in axonal arborization (Chen et al.,
2017; Katori et al., 2009, 2017). In serotonin neurons, protocadherin alpha, and more specifically
protocadherin alpha c2, have shown to be indispensable for proper serotonergic development.
Knockout models display abnormal axonal tangling in target regions, implicating it as a key

regulator of localized arborization. (Chen et al., 2017; Katori et al., 2009, 2017)

Interestingly, serotonin itself has also been shown to act as both an attractive and repulsive
guidance cue for rat sensory neurons, in vitro (Vicenzi et al., 2020). Further, in Tph2 knockout
mice, severe disruption to serotonergic circuitry was observed (Migliarini et al., 2013). A lack of
Tph2, the rate limiting enzyme in serotonin production, led to reduced serotonergic innervation
of the suprachiasmatic and thalamic paraventricular nuclei, and increased innervation in the
nucleus accumbens. Additionally, these knockout mice displayed upregulation of hippocampal
BDNF aligned with hyperinnervation of the hippocampus, pointing to a possible regulatory

mechanism (Migliarini et al., 2013). Taken together, with the knowledge that 5-HT growth cones
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possess high levels of 5-HT at the earliest stages of development (Migliarini et al., 2013), this
suggests that serotonin may be a key factor directing the outgrowth of its own axons in

development.

1.4.3 Role of 5-HT in MDD

Serotonin was first suggested to be implicated in the pathology of depression in the 1960’s, and
since then, a large body of research has examined the role of 5-HT in depressive disorders and

sought to manipulate it for recovery.

The monoamine hypothesis of depression stipulates the involvement of monoamines, namely
serotonin, norepinephrine and/or dopamine in MDD pathology. This hypothesis stemmed from
research in the 1950’s, starting with the findings of Edward D Freis, showing depressive
symptoms after treatment with reserpine (Freis, 1954), which binds monoamine transporters and
reduces 5-HT levels in the brain (Bremshey et al., 2024). In 1958, the tricyclic antidepressant
(TCA) imipramine became the first commercially available antidepressant, introduced by Roland
Kuhn (Bremshey et al., 2024). Imipramine acts by inhibiting serotonin and noradrenaline

reuptake, leading to higher synaptic levels of these monoamines (Hillhouse & Porter, 2015).

Following these findings, the monoamine hypothesis of depression was first proposed in 1965 by
Schildkraut and Bunney & Davis, and then broadened in 1967 by Coppen to emphasize the
potential role of serotonin (Albert et al., 2012). In the 6 decades that have followed, supporting
research has emerged showing effective depression treatment by SSRIs (Karrouri et al., 2021),

the relapse of depression in tryptophan-depleted MDD patients in remission (Young & Leyton,
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2002; Yatham et al., 2012), elevated 5-HT1A binding in antidepressant-naive and not recently
medicated MDD patients (Parsey et al., 2006, 2010) and reduction in 5-HT1A auto receptor
binding with antidepressant treatment (Gray et al., 2013) and reduced 5-HT innervation in post-
mortem tissue (Underwood et al., 2012, 2018; Rajkowska et al., 2017). This ever evolving and
expanding area of research strongly suggests the involvement of serotonin in the complex

disorder MDD.

1.4.4 Axonal regrowth

It has long been held that adult neurons cannot regenerate their damaged soma, and only a
minority regenerate their damaged processes following injury. This is due to the intrinsic and
extrinsic inhibitory mechanisms, resulting in little progress in this field (Fawcett, 2020). Despite
this inhibitory environment, the serotonin system has been shown, in a variety of models, to be
uniquely capable of regrowth following injury. Early evidence of this process came largely from
chemical injury models. Some key examples include the monoaminergic neurotoxins 5,7-
dihydroxytryptamine (5,7-DHT) and amphetamines like MDMA and para-chloroamphetamine

(PCA).

5,6-DHT was first introduced in 1971 as a selective destructor of serotonin neurons and later
optimized in 1972 to use isomer 5,7-DHT for fewer side-effects (Baumgarten & Lachenmayer).
This chemical injury model is quite severe; ten days after intraventricular injection in female
rats, endogenous 5-HT levels were reduced to 13% of the control level in the spinal cord, 81% in
the medulla oblongata and 57% in the hypothalamus (Bjorklund et al., 1973). Interestingly, this

dramatic reduction does gradually recover over 2-3 months, up to 108% in the medulla oblongata

21



and 123% in the hypothalamus. At 10-17 days, axonal sprouting could be observed from the
damaged ends of serotonin axons in the MFB. (Bjorklund et al., 1973). In a later study, using this
model in the dorsolateral hypothalamus of rats, degenerated serotonin axons were observed to
sprout 12-19 days post lesion, and recover fully in the medial forebrain bundle, although

deficiencies remained in medial and periventricular areas (Frankfurt & Azmitia,1984).

Similar effects were observed when using amphetamines to degenerate serotonin neurons. MDA,
MDMA, PCA and fenfluramine all caused acute 5-HT depletion in the rat forebrain, and
subsequent axonal degeneration within 48 hours. 2-8 months after treatment, gradual re-
innervation was observed in the cortex (O’Hearn et al., 1988; Molliver et al., 1990). These
compounds seem most toxic to fine fibers and axon terminals, while sparing preterminal axons
and cell bodies (Wilson & Molliver. 1994). As previously mentioned, BDNF application also
enhanced this post-degeneration sprouting of 5-HT axons in a PCA model (Mamounas et al.,

2000).

These early chemical models laid the groundwork for future research in serotonergic re-
innervation following injury. One such study was conducted in 2016 (Jin et al.) and examined
serotonin axon regrowth following either stab injury to the somatosensory cortex or para-chloro-
amphetamine-induced brain injury. This study used in-vivo imaging to follow the regrowth of
specific serotonergic fibers. What they found was that stab-lesioned serotonin axons were able to
regrow and cross the stab rift, with over 80% of the regrowth originating from the severed axons.
With para-chloro-amphetamine-driven lesion, they also saw robust recovery of the damaged

region; however, most of the re-innervation originated from axons beyond their field of view,
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suggesting long-distance regrowth rather than local sprouting or true regrowth as observed in the
injury model. This study demonstrates the plasticity of the serotonin system, showing

spontaneous recovery in these injury models.

This regrowth research extends even further into alternative injury models, such as traumatic
brain injury (TBI) and stroke. Following TBI, female mice had a reduction in serotonin axonal
density posterior to the lesion site at 1-week post-surgery, most notably at cortical layer 1. By 1-
month post-surgery, this axonal density was significantly recovered. This again speaks to the
capacity of serotonin neurons to re-innervate damaged brain areas, in a variety of mouse models

(Kajstura et al., 2018).

In our lab, we study post-stroke depression and as such, use a stroke model. In this stroke model
(as described in methodology), a 1-mm? lesion to the left medial prefrontal cortex of adult mice
resulted in a significant reduction in serotonin axons in the left cingulate cortex of the mPFC,
and the left basolateral amygdala. 6 weeks post-stroke, when left untreated, serotonin innervation
increased significantly compared to 1-week post-stroke, indicating a partial spontaneous
recovery of these axons. This is consistent with the other previously described injury models of
regrowth. This re-innervation was still incomplete compared to baseline, but treatment with
fluoxetine fully recovered both the innervation and associated behavioural deficits, implicating

this SSRI in serotonergic re-innervation following stroke (Zahrai et al., 2020).

Taken together, the serotonin system is highly plastic, and capable of regrowth following injury

despite the inhibitory microenvironment.
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1.5 Rodent models of PSD

PSD is a complex disorder, and as such, can be a challenge to model. Various animal models
have been developed to replicate the behavioural, cognitive and innervation changes associated

with the disorder, achieving varying levels of success.

1.5.1 MCAO model

The middle cerebral artery occlusion (MCAO) model has long been used to induce stroke in
animal models. This technique involves temporary occlusion of the middle cerebral artery,
restricting blood flow to the brain. The result is a large and variable stroke, particularly in mice,
impacting a variety of brain regions (Carmichael, 2005). This model is mainly designed to test
primary stroke outcomes but has also been adapted for modelling post stroke depression. Most
studies find no consistent, long-term depression-like phenotype when using the MCAO model
alone, so will commonly use a secondary stressor to achieve the desired phenotype (Zhang et al.,
2015). Of these stressors, the MCAO is most commonly paired with a chronic mild stress
paradigm (CMS), though restraint stress and social defeat have also shown success (Zhang et al.,
2015; O’Keefe et al., 2014). These models are used to induce a PSD phenotype, while
mimicking the stress, social isolation and/or immobility experienced by stroke patients. These
combinational approaches may represent the complex nature of human PSD, but the lack of clear
depression phenotype induced by the stroke itself makes it less obvious whether this is a true
PSD model, or rather a stress model. The large and variable lesion also makes behavioural

testing more difficult, limiting the applicability of this model.
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1.5.2 Photothrombotic model

First introduced in 1985 (Watson et al.), the photothrombotic stroke model involves the injection
of a photosensitive dye, such as Rose Bengal, and subsequent activation by light to initiate
thrombosis. This creates a relatively consistent cortical lesion, though variability still exists
primarily based on the location and angle of the light (Zhang et al., 2024). When used to assess
PSD, researchers found a significant anxiety and depression-like phenotype that could be
recovered by fluoxetine treatment (Jin et al., 2017). A study has also shown that neuronal
activation of protein tyrosine phosphatase 1B (PTP1B) contributed to the PSD phenotype in a
photothrombotic stroke to the peri-prefrontal cortex (Cruz et al., 2020). This stroke model
produces a comparatively smaller and more consistent lesion than the MCAO model, with an
intrinsic ability to induce PSD. Despite its advantages over the foundational MCAO model,
photothrombotic lesions lack the ability to produce a very small and reproducible lesion to
deeper cortical regions and lacks the peri infarct penumbra that is highly characteristic of human

stroke (Labat-gest & Tomasi, 2013).

1.5.3 ET-1 model

To avoid motor impairment, the need for an additional stressor, and/or a large stroke impacting
various brain regions, a novel PSD mouse model was developed by our lab (Vahid-Ansari et al.,
2016), adapted from the methods described in Windle et al. (2006). In this model, adult mice are
intracranially injected with 2 x 1 pl of endothelin-1 (ET-1) in the medial prefrontal cortex,
inducing focal ischemia. Endothelin-1 is a potent vasoconstrictor peptide produced by
endothelial cells (Titus & Marappa-Ganeshan, 2025). First demonstrated in 1989 to successfully

induce focal ischemia in rats, ET-1 has become a useful tool in animal models of stroke (Fuxe et

25



al., 1989). Injection of ET-1 at coordinates AP +2, ML +0.5 DV -2.4 and AP +1.5, ML +0.5, DV
-2.6 induces a highly specific and reproducible stroke in the prelimbic and cingulate cortices,
averaging 1mm?. This stroke model also induces anxiety-like, depression-like and cognitive
impairment phenotype that persists for 6 weeks, with no need for additional stressors. By
targeting only the mPFC, this model does not induce motor deficits, allowing for extensive
behavioural testing. By 6 weeks the stroke site is refilled with NeuN+ and FosB+ cells, however
only minorly reinnervated by SERT+ fibers (Vahid-Ansari et al., 2016; Zahrai et al., 2020). This
model is also sensitive to SSRI treatment, with fluoxetine treated mice displaying complete
behavioural recovery and reinnervation of damaged regions (Vahid-Ansari & Albert, 2018;

Zahrai et al., 2020).

1.6 Protocadherins

1.6.1 General overview

Protocadherins (pcdh), the largest subfamily of the cadherin superfamily, are homophilic cell-
adhesion proteins that play a role in the development and maintenance of the brain’s neural
networks (Chen & Maniatis, 2013). Protocadherins exist in both a non-clustered form, spread
throughout the genome, and clustered form organized into the three closely linked gene clusters,
alpha, beta, and gamma. Located on mouse chromosome 18/human chromosome 5q31, the
clustered protocadherins encode over 50 protein isoforms (Wu & Maniatis, 1999). Thought of as
the vertebrate functional counterpart of the invertebrate Dscam1, these proteins are largely
involved in neuronal recognition and repulsion, which is required for proper arborization and

innervation (Chen & Maniatis, 2013; Zipursky & Sanes, 2010).
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1.6.2 Tiling and self-avoidance

Protocadherins play a key role in neuronal arborization, through processes known as self-
avoidance and tiling. Self-avoidance is the process by which neuronal processes on the same cell
repel each other. Tiling is the process by which neuronal processes on different neurons of the
same cell type (eg. the axons of two different serotonin cells) repel each other. Self-avoidance
and tiling are both essential for proper coverage of target brain regions, to prevent crossover and

redundancy in innervation (Grueber & Sagasti, 2010).

Most cell types stochastically express a variety of protocadherin isoforms. This diverse
expression pattern allows for highly controlled repulsion. This repulsion is achieved by contact-
mediated homophilic interaction (Chen & Maniatis, 2013; Mancini et al., 2020). This process has
been shown in a variety of models and cell types. In retinal starburst amacrine cells and
cerebellar Purkinje cells, pcdhg isoform deletion results in dysfunctional self-avoidance, and
dendritic tangling (Lefebvre et al., 2012). In serotonin cells, mediation of tiling is the
responsibility of a specific protocadherin isoform, protocadherin alpha c2 (pcdhac2), which
when knocked out also results in dysfunctional arborization and tangling (Chen et al., 2017;

Katori et al., 2017).

1.6.3 Protocadherin alpha C2

A 2017 study by Chen et al. revealed via single-cell RNA sequencing that protocadherin alpha c2
(pcdhac?) is the only alpha isoform expressed at a significant level in serotonin cells. Other
isoforms, including pcdhacl were either not expressed at all, or barely detectable by their assay.

Lower expression levels of pcdh gamma ¢3 and 4 was detectable, but a further conditional
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knockout of all pcdh gamma isoforms from serotonin cells showed that the entire gamma cluster,
including these isoforms, is dispensable for proper wiring. By contrast, both conditional and
constitutive knockouts of pcdha and pcdhac2 show that this gene cluster, and specific isoform,
are indispensable for proper serotonergic wiring (Chen et al., 2017). These findings are
supported by a similar study from the same year, showing once again that protocadherin alpha c2

is indispensable for serotonergic neurons, using knockout mice (Katori et al., 2017).

In both studies, pcdho/pchdac2 knockout mice exhibit abnormal serotonergic wiring compared
to control. Knockout mice exhibit axonal clumping and improper distribution in the target
region. This was qualitatively reported in the prelimbic cortex, cingulate cortex, entorhinal
cortex, basolateral amygdala, nucleus accumbens, ventral pallidum, anterior hypothalamus and
hippocampus (Chen et al., 2017). This clumping was most prominent in the hippocampus, with a
significantly increased serotonergic innervation of the SLM and significantly decreased
serotonergic innervation of the DG, as quantified by Katori et al. (2017). This is further
supported by the finding that Lmx1b and Petl temporally regulate post-natal pcdhac2
expression, and that their knockout leads to similarly dysregulated 5-HT innervation (Donovan et

al., 2019).

Pcdha knockout mice also show modest behavioural differences, with poorer performance on the
accelerating rotarod and spontaneous alternation test, suggesting deficits in motor coordination
and working memory, respectively. They also showed anxiety-related behaviour in the open field
test, marble burying test and light-dark exploration test, as well as depression-related behaviours

in the tail suspension, forced swim, and contextual fear conditioning tests (Chen et al., 2017).
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1.6.4 Associated Pathologies

Various protocadherin isoform changes are associated with human pathologies. Non-clustered
protocadherin abnormalities have been linked to a variety of human diseases. Some examples
include the role of protocadherin-1 in respiratory infection (Koning et al., 2012; Modak &
Sotomayor, 2019), and the many protocadherins associated with cancers (Hirabayashi & Yagi,

2014).

Non clustered protocadherins have also shown implications in cognitive dysfunction. Deletions
proximal to Pcdh10 and recurrent copy number variations in pcdh9 are associated with autism,
and pcd17 is involved in schizophrenia pathogenesis (Kim et al., 2011). A meta-analysis also
uncovered a previously unidentified single-nucleotide polymorphism (SNP) in pcdh9 gene to be
significantly associated with MDD (Xiao et al., 2018). A meta-analysis also linked SNPs

spanning pcdh17 with mood disorders like MDD (Chang et al., 2018).

Amongst the clustered protocadherins, fewer pathologies are known, and they are mainly
neurodevelopmental in nature. In 2013, an examination of SNPs on the pcdha gene cluster
revealed significant association with autism spectrum disorder (Anitha et al., 2013). A study of
SSRI resistant MDD patients also revealed significantly lower expression of pcdha6 and pcdhas8,
and abnormal axonal projections, in iPSC-generated serotonin neurons of non-remitting patients
(Vadodaria et al., 2019). Further, a recent epigenome-wide analysis of early-onset major
depression also identified differential methylations in the human protocadherin alpha gene
cluster (Roberson-Nay et al., 2020). Additional genetic and epigenetic dysregulations of

clustered protocadherins are outlined in 2020 reviews by Wu & Jia, and Flaherty & Maniatis.
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2. Rationale

This research project aimed to uncover the importance of pcdhac?2 in recovery from post-stroke

depression.

Past research has shown that lesioning the left mPFC led to a significant PSD phenotype in mice
(Vahid-Ansari et al., 2016). When treated with fluoxetine the behavioural phenotype was
recovered, as was the serotonergic innervation (Zahrai et al., 2020). These findings, along with
results from previous injury models, point to the plasticity of the serotonin system in injury
recovery (Jin et al., 2016, Kajstura et al., 2018). While the exact process of this re-innervation

remains unknown, it could be in part due to guidance cues like pcdhac?2.

Pcdhac2 was previously discovered to be the predominant clustered protocadherin in serotonin
neurons (Chen et al., 2017). When knocked out, mice lacking pcdhac2 exhibited unusual
serotonergic wiring patterns. Serotonin fibers clumped and tangled throughout the brain,
predominantly in the hippocampus, but also in the prefrontal cortex, amygdala, and other areas
(Chen et al., 2017; Katori et al., 2017). This abnormal 5-HT innervation profile was also coupled

with cognitive and behavioural deficits (Chen et al., 2017).

Due to its evident role in the development of the serotonin system, I sought to investigate the role
of pcdhac? in re-innervation post stroke. Based on the incomplete re-innervation previously
observed in the absence of fluoxetine treatment, I also sought to analyze the effect of fluoxetine
on this process (Zahrai et al., 2020). This was completed using pcdhoc2 knockout mice, and the

previously described surgically induced PSD phenotype.
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3. Hypothesis & Aims

I hypothesize that mice partially deficient in pcdhac2 will display incomplete PSD behavioural
recovery in response to fluoxetine treatment compared to wildtype mice. I also hypothesize that
pcdhac2 knockout mice will exhibit abnormal serotonergic wiring at baseline and deficits in
serotonergic innervation post stroke, that will not be recovered with fluoxetine treatment,

compared to wildtype mice.

Aim 1: Quantify the serotonergic innervation profile of naive wild type, heterozygous and
homozygous knockout mice

Aim 2: Assess the behavioural phenotype and post-stroke recovery in protocadherin alpha C2
(pcdhoc2/AC2) heterozygous knockout mice

Aim 3: Quantify the serotonergic re-innervation of PSD AC2 heterozygous mice with/without

FLX treatment

4. Materials and Methods

4.1 Animals

All animal procedures were approved by The University of Ottawa Animal Care Committee and
were performed in accordance with guidelines established by the Canadian Council of Animal
Care. Mice were housed on a 12/12h light/dark cycle with ad libitum access to food and water.
Animals were group housed up to 1-week prior to behavioural testing and single-housed
thereafter to maintain consistency for behavioural testing and monitor individual FLX

consumption post-stroke.
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Mice were provided by the Tom Maniatis lab and bred in house thereafter. AC2 knockout mice
were generated by CRISPR-Cas9 genome editing as described in Chen et al. (2017) and
subsequently crossed into C57BL/6J mice. Single guide RNAs were designed using the CRISPR
Design Portal (crispr.mit.edu) to target the following regions:

>aC2-up-gRNA1 TGAGACGCGTTAAGCCTGCT

>aC2-up-gRNA2 AGTCACTTTGCACTTTGACC

>aC2-dwn-gRNA1 TGAGAAGTGAGGATTAGTCC

>aC2-dwn-gRNA2 GGAATAAGAGTTCTATTACT

4.2 Genotyping

At 3 weeks of age, ear punches were obtained from all mice, and DNA was extracted using the
REDExtract-N-Amp Tissue PCR kit (Millipore Sigma). PCR was performed using the following
primers and conditions:

Wildtype: ac2F_wt 408bp: 5'-TTG TAG TGC GTG AGA GGT GAA G-3' and

ac2R_wt 408bp: 5'-CAT TGG TCA AGT CCA GTT CCA G-3'. The PCR conditions were as
follows: 94°C, 3 min; 34 cycles at 94°C, 15 s, 64.4°C, 30 s, and 68°C, 30 s; 68°C, 5 min; and
12°C. This protocol results in a 408 bp (WT) product detected using a green dye master mix
(New England Biolabs).

Knockout: ac2 deletion F1: 5'-CTG GGC AGA CCG AGA GTA AC -3’ and ac2_deletion R5:
5'-AGG CTA TCA CAT TAG CCC TG-3'. The PCR conditions were as follows: 94°C, 3 min;
10 cycles at 94°C, 30 s; 64°C, 30 s -0.5°C per cycle and 68°C, 1 min; 24 cycles at 94°C, 30 s;

59°C, 30 s, and 68°C, 1 min °C; 68°C, 5 min; and 12°C. This protocol results in > 1kb (mutant)
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product detected using a ONE-Taq Hot start master mix with standard buffer (New England

Biolabs).

4.3 Experimental Groups

This study consisted of two main cohorts of mice, stroke mice and naive mice. The stroke mice
were behaviourally tested, given a stroke, and received either vehicle or fluoxetine treatment
post-stroke. Wildtype mice were used as a control group (n= 42 for behavioural testing, n=
S/group for histology), and heterozygous mice were used as the experimental group (n=34 for

behavioural testing, n= 5/group for histology).

The naive mice did not undergo behavioural testing, were not given a stroke, and were kept in
the same single housing condition for the duration of the experimental timeline. For histology,
naive mice consisted of WT (n=5-6), heterozygous knockout mice (n=5-6) and full knockout

mice (n=5).

4.4 Behavioural Testing

Mice were single housed one week prior to behavioural testing to allow for acclimatization to

housing conditions. Mice needed to be single housed for proper assessment of fluoxetine/vehicle

intake via drinking water.

33



4.4.1 EPM

An elevated plus maze (EPM) was conducted to assess anxiety-like behaviour. Mice were
habituated for a minimum of 30 minutes prior to testing in the same light condition as their
housing room (bright white light). Mice were placed in the center of an elevated plus maze with
75cm x 6¢cm arms, sitting 74cm off the ground. The test was performed at 100 lux for 10
minutes. The closed arms have 20 cm high black walls, which provide a shaded enclosed space,
while the open arms possess no walls. Mice were filmed and tracked by their centre point, and

videos were analyzed using Ethovision software (Noldus).

4.42 FST

A forced swim test (FST) was conducted to assess depression-like behaviour. Mice were
habituated for a minimum of 30 minutes prior to testing in the same light condition as their
housing room (bright white light). A maximum of two mice at a time (same sex, all males first)
were each placed into an inescapable clear plastic cylinder (22cm diameter, 37cm height) filled
with 24°C water for 6 minutes under red light. Mice were filmed and videos were analyzed using
Ethovision software (Noldus) for activity duration and inactivity duration. Activity duration
assesses what percentage of the field of view is changing. Activity duration was chosen over

mobility duration to mitigate any detection setting inconsistencies or tracking errors.

4.5 Stroke Surgery

10—12-week-old male and female mice were intracranially injected with the vasoconstrictor

endothelin-1 (ET-1) to surgically induce a stroke. Mice were anesthetized by inhalation of 4%
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isoflurane with 1.5 mL/min oxygen. Once anesthetized, mice were subcutaneously injected with
a sterile saline solution (1mL), and buprenorphine (0.03mg/kg) for pain control. The heads were
shaved, eye lubricant was applied, and 2% lidocaine hydrochloride jelly was inserted in the ears
prior to mounting. Mice were then mounted on a stereotaxic frame and maintained at 2%
isoflurane and 1.5 mL/min oxygen, with breathing monitored and a heating pad set to 37°C.
Using forceps and small scissors, a small incision was made along the scalp, and measurements
were taken using the stereotaxic frame. Two small holes were drilled at AP +2mm, ML +0.5mm,
DV -2.4mm, and AP +1.5mm, ML +0.5mm, DV -2.6mm. Two injections of ET-1 (2 pg/uL =
800 pmol/uL), 1 ul each, were delivered at the mPFC coordinates at a rate of 0.1 pl/minute for a
total of 10 minutes. After each injection the needle was left inside the brain for 5 minutes and the
removed slowly, to prevent backflow of the ET-1. The incision was glued shut and 2%
transdermal bupivacaine was applied. Mice were placed in an incubator set to 37°C to recover

from anesthesia. Post-op buprenorphine was injected again 4-6 hours later for pain management.

4.6 MRI

At 4 days post-stroke, a small subset of mice underwent magnetic resonance imaging (MRI) via
7T GE/Agilent MRI (Milwaukie, WI, USA) at the University of Ottawa Preclinical Imaging
Core to verify the presence of a lesion (Figure 1). Animals were anesthetized with 3% isoflurane
in O2 and maintained at 1.5%. 300 pm thick serial scans focussed on the mPFC were acquired
using a fast spin echo pulse sequence with repetition time = 4500ms, effective echo time = 13
ms, field-of-view = 3 cm, matrix size = 256 x 256, slice thickness = 300 um, number of averages
= 2, axial (transverse) image orientation and scan time = 6 min. Following the MRI, mice were

placed back into their home cage on a heating pad and monitored for recovery from anesthesia.
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Figure 1. MRI images of ET-1 lesion site. Representative 7-Tesla MRI image done on an
anaesthetized female HET mouse at 4 days post-stroke. 300-pum MRI sections in which the lesion
site is visualized and limited to the left mPFC. Arrows highlight stroke site.

4.7 Treatment

Mice were treated with either Fluoxetine (80 mg/mL) prepared from powder and dissolved in
system water, or system water alone as a vehicle control. Fluoxetine was delivered via drinking
water to prevent excess stress by other administration methods (ie. oral gavage or IP injection).
Fluoxetine was prepared fresh every 3-4 days and delivered to the mice in 50 mL light-protected
amber tubes. Vehicle water was similarly delivered in 50mL clear tubes and also replaced every

3-4 days.

4.8 Tissue collection and processing

At the time of sacrifice, mice were injected interperitoneally with Euthanyl (149.5 mg/kg). Once
confirmed unresponsive via limb pinching, mice were pericardially infused with ice cold pH 7.4
1X phosphate buffered saline (PBS) for approximately 4 minutes/25mL or until liquid ran clear.
Mice were then infused with pH 7.4 4% paraformaldehyde (PFA) in PBS for 4 mins/25mL or

until the body was fully rigid.
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Following perfusion, brains were placed in a tube of pH 7.4 4% PFA for 1-2 hours at 4°C. Brains
were then transferred to a 30% sucrose solution and kept at 4°C for 3+ days until the brains sank.
The brains were then frozen rapidly in dry ice-cooled 2-methylbutane and stored at -80°C until

cut. One day prior to cutting, brains were transferred to -20°C.

Brains were sectioned using a Thermo Shandon HM 525 NX cryostat set to -20 - -25°C. 25um

coronal sections were cut and thaw-mounted onto Superfrost slides (Fisher Scientfic).

4.9 Immunofluorescence staining

Slides were removed from freezer to thaw 1 hour prior to staining. Slides were washed with 1X
PBS (3x5 mins) and then incubated with ~200 pl of blocking solution (10% NDS, Triton 0.1% in
1X PBS) and incubated for one hour at room temperature. Blocking solution was tapped off and
slides were incubated at 4°C overnight with ~200 pl of the primary antibody solution (rabbit anti

SERT (1:1000, MilliporeSigma Calbiochem) in Triton 0.1% 1X PBS).

The following day the slides were washed 3x5 mins in 1X PBS and placed back into the slide
chamber. ~200 pl of the secondary antibody solution was applied (AlexaFluor donkey anti rabbit
488 (1:1000, Invitrogen) in Triton 0.1% 1X PBS) and slides were incubated in the dark for 1
hour at room temperature. Slides were then washed with 1X PBS, cover slipped with Immu-

Mount glue (Epredia) and left to dry.
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4.10 Confocal Microscopy

Confocal images (2048x2048 pixels) were acquired using the Zeiss LSM 880 AxioObserver Z1
microscope. Regions of interest (Figure 2) were located using the ocular lens and images were
taken at 63x magnification using an oil immersed lens using an Argon laser (480 nm line, and
emission band path: 493—604 nm). Images were the compilation of 53 z-stacks with a spacing of

0.3um, taken using the ZenBlack 2.3 software.

A B

AP +1.7 AP -1.7

Figure 2. Representative images of brain regions imaged and analyzed. A) Representative
image showing two levels of the mouse brain, depicting ROIs in the mPFC, hippocampus and
amygdala. B) ROI imaged in the dorsal dorsal raphe. Adapted from Paxinos, George, and Keith
B.J. Franklin, 2001. “The mouse brain in stereotaxic coordinates: hard cover edition”.

4.11 Quantification using IMARIS

Confocal SERT-stained images were quantified using Imaris x64 10.2. SERT+ fibers were
reconstructed using the surfacing tool to generate volume measurement. Minimum axon diameter
was set to 0.6 pum, with surface detail set to 0.0732 pm. The final volume output was then
divided by the total tissue volume of the image, 89372.8 um?, to give the density of SERT+

axons (um?/um?). Number of varicosities per um?® was calculated using the spotting tool.
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Detection settings were set to >0.6 um to ensure each spot was present in at least two z stacks
(0.3 um apart) to limit artifact. Number of spots was divided by the total tissue volume to give

varicosity density, represented as number of varicosities per pm? of tissue.

4.12 Statistical Analysis

All statistical analyses were completed using GraphPad Prism 9.5.1 (GraphPad Software, La

Jolla, CA, USA; www.graphpad.com). All data is expressed as mean + SEM with the threshold

of significance set at p < 0.05. All data was tested for normality using the Shapiro-Wilk test.
Behavioural results and naive innervation results were analyzed using one-way ANOVA with
Tukey’s multiple comparison test for normally distributed data, or Kruskal Wallis test with
Dunn’s multiple comparison test for data that was not normally distributed. Stroke innervation
data was analyzed using two-way ANOVAs with Tukey’s multiple comparisons tests for primary
analysis and using paired t-test or Wilcoxon test in supplementary. A Brown-Forsyth test was
used to assess the equality of variances, and a Welch’s ANOVA with Dunnett’s T3 multiple
comparisons test was used in cases that failed the equal variance assumption. Each behaviour
data point represents one mouse. Each data point on the SERT+ axonal and varicosity density
graphs represent one quantified image of the given ROI. Naive innervation data was pooled for
both left (ipsilesional) and right (contralesional) brain region images, meaning two data points
were plotted per brain, per region (one from each hemisphere). Images with unsuccessful

staining and values deemed to be significant outliers were excluded from the analyses.

39


http://www.graphpad.com/

5. Results

5.1 Naive AC2 5-HT innervation profiles

Naive AC2 WT, HET and KO mice were analyzed, in the absence of stroke or behavioural
testing, to quantify 5-HT innervation at baseline in mice lacking pcdhac2. Previous studies have
quantified hippocampal bunching and have shown qualitative differences across the brain in

protocadherin alpha c2/alpha knockout mice, but none have quantified other brain regions.

5.1.1 Medial prefrontal cortex

In the medial prefrontal cortex (mPFC), significant differences between naive wildtype (WT),
heterozygous knockout (HET), and full knockout (KO) AC2 mice were seen for both SERT+

axonal and varicosity density.

In the cingulate cortex (CG), both HET and KO mice showed significantly less SERT+ axonal
density (Figure 3A) and SERT+ varicosity density (Figure 3D) compared to WT control mice.
HET mice also differed significantly from KO mice in axonal density, representing an
intermediate innervation profile between WT and KO (Figure 3A). The density of SERT+

varicosities in AC2 HET mice did not differ significantly from KO but showed a trend increase.

In the prelimbic cortex (PL), the same trends largely remained. KO had significantly less SERT+
axonal density (Figure 3B) and density of SERT+ varicosities (Figure 3E) compared WT mice.
HET mice also had significantly reduced SERT+ varicosity density compared to WT mice and

significantly increased varicosity density compared to KO mice, again, representing an
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intermediate state. However, HET and WT mice did not differ in SERT+ axonal density, with
only a slight trend decrease in HET mice (Figure 3B). This suggests the prelimbic cortex may be

less affected by the partial loss of pcdhoc?2.

The infralimbic cortex (IL) showed no significant differences between any of the groups (Figure

3C, F), suggesting it is properly innervated regardless of pcdhac2 partial or full knockout.
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Figure 3. SERT+ axonal and varicosity density in medial prefrontal cortical subregions.
A-C shows axonal density in the A) cingulate cortex (CG), B) prelimbic cortex (PL) and C)
infralimbic cortex (IL), D-F shows number of varicosities per um? in the D) cingulate cortex
(CGQG), E) prelimbic cortex (PL) and F) infralimbic cortex (IL). G) Representative 63X confocal
images of SERT immunostaining in the CG and PL. One-way ANOVAs with Tukey’s multiple
comparisons tests (A, B, C, E, F) and Kruskal Wallis test with Dunn’s multiple comparisons test
(D) were performed. Mean + SEM. *p < 0.05, **p<0.01, ***p<0.001, ****p <(.0001.
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5.1.2 Hippocampus

Three hippocampal regions were analyzed, the stratum radiatum (SR), stratum lacunosum
moleculare (SLM) and the dentate gyrus (DG) (Figure 2A). The SR, also known as the
suprapyramidal region, contains inputs from the basolateral amygdala, septum, CA3 to CA1
Schaffer collaterals and commissural fibers. The SLM is located just below the SR and receives
inputs from the entorhinal cortex and thalamus. The DG, composed primarily of granule cells,
receives its major input from the entorhinal cortex via the perforant pathway and projecting via
mossy fibers to the CA3 (David & Pierre, 2006). These three regions were analyzed individually
due to previously observed differences in SERT+ innervation in similar knockout models (Katori

et al., 2009, 2017; Chen et al., 2017).

In the SR, HET and KO mice differed significantly from WT in both SERT+ axonal and
varicosity density (Figure 4B, E). HET mice did not differ significantly from KO mice in SERT+
axonal or varicosity density. This may indicate that the innervation of the SR is partially

disrupted even when lacking only one copy of pcdhac2.

In the SLM, KO mice showed a 2-fold increase in both SERT+ axonal density and density of
SERT+ varicosities (Figure 4C, F). HET mice differed significantly from WT and KO in axonal
density (Figure 4C), but only from KO in varicosity density (Figure 4F). This suggests a single
copy of pcdhac2 may be partially protective and prevent the extreme phenotype observed in KO

mice.
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In the DG, SERT+ innervation was 10-fold lower than the SR and SLLM across groups. Only KO
mice differed significantly from WT mice, possessing nearly no innervation or varicosities in this
region (Figure 4D, G). HET mice did not differ significantly from HET or KO mice, presenting

an intermediate innervation profile.
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Figure 4. SERT+ axonal and varicosity density in hippocampal subregions.

A) Representative 63X confocal images of SERT immunostaining, and 20x tiled fluorescent
microscopy images of WT and KO hippocampi with red boxes indicating ROIs. Axonal density
in the B) stratum radiatum (SR), C) stratum lacunosum moleculare (SLM) and D) dentate gyrus
(DG), and Number of varicosities per pm? in the E) SR, F) SLM and G) DG. Scales vary by
region. Kruskal Wallis test with Dunn’s multiple comparisons test (A), Welch’s ANOVA with
Dunnett’s T3 multiple comparisons test (C, D, G), and one-way ANOVA with Tukey’s multiple
comparisons tests (E, F) were performed. Mean + SEM. *p < 0.05, **p<0.01, ****p < 0.0001.
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5.1.3 Basolateral amygdala

No significant differences in SERT+ axonal or varicosity density were observed between groups

in the basolateral amygdala (BLA). HET and KO mice showed slight trend increases (Figure 5);

however, KO mice show strong variation in axonal and varicosity density, potentially due to the

heterogenous innervation profile of these mice.
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Figure 5. SERT+ axonal and varicosity density in the basolateral amygdala of naive mice.

BLA

Number of SERT+ varicosities per um?®

Varicosity Density
0.025 -
. [ ]
0.020 e %
a® -—|—.
L ]
0.015 -
[T
[ ]
0.0104 | =
. 3 -
0.005- H
0.000 ) T T
WT HET KO

A) Welch’s ANOVA with Dunnett’s T3 multiple comparisons test, and B) One-way ANOV As
with Tukey’s multiple comparisons tests were performed. Mean = SEM. ***p< 0.001.
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5.1.4 Dorsal dorsal raphe
No significant differences were observed in SERT+ axonal or varicosity density between any

groups in the dorsal dorsal raphe (DDR) (Figure 6).
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Figure 6. SERT+ axonal and varicosity density in the dorsal dorsal raphe of naive mice.
One-way ANOVAs with Tukey’s multiple comparisons tests were performed. Mean + SEM.

In summary, deficiencies in pcdhoc2 in naive mice were associated with abnormal serotonergic
innervation patterns compared to wildtype mice. AC2 knockout mice showed significantly
decreased SERT+ axonal and varicosity density in the CG, PL, SR and DG, and heterozygous

mice showed intermediately decreased SERT+ axonal and varicosity density in these regions. In
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contrast, full knockout and heterozygous mice showed significantly increased SERT+ axonal and
varicosity density in the SLM. No significant differences were observed in the BLA or DDR of
these mice; however, the BLA of full knockout mice a had quite heterogenous innervation

profile between mice.

5.2 Behavioural Results

Behavioural testing was conducted to assess the anxiety-like and depressive-like phenotypes of
mice post-stroke, using the elevated plus maze (EPM) and forced swim test (FST) respectively.
This was done in both wildtype (WT) and heterozygous AC2 knockout mice (HET) to test the
effect of a partial loss in pcdhac2 on behavioural recovery. An EPM was conducted pre-stroke,
at 1-week post-stroke to check the stroke-induced phenotype, and at 6-weeks post-stroke
following 5 weeks of chronic vehicle or FLX treatment. An FST was conducted 2 days after the

EPM at each time point (Figure 7A)

5.2.1. Elevated Plus Maze

The elevated plus maze test (EPM) was used to assess the anxiety-like phenotype of AC2 WT
and HET mice before and after surgery, with or without fluoxetine (FLX) treatment.
Heterozygous knockout mice spent significantly less time in the open arm than they did pre-
stroke, in all post-stroke conditions (Figure 7C). This suggests an anxiety-like phenotype at all
post-stroke timepoints, regardless of FLX treatment. Wildtype mice also spent significantly less
time in the open arm when untreated at 1-week and 6-weeks post stroke, but unexpectedly
showed no recovery in this test even when treated with FLX (Figure 7B). This is consistent with

their decrease in total distanced moved, representing increased freezing (Figure S15).
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5.2.2 Forced Swim Test

The forced swim test (FST) was used to assess the depressive-like phenotype of WT and HET
mice before and after surgery, with or without fluoxetine (FLX) treatment. In the FST,
heterozygous knockout mice had significantly increased inactivity duration compared to pre-
stroke at both untreated timepoints, 1-week and 6-weeks post-stroke. Heterozygous knockout
mice treated with FLX no longer significantly differed from the pre-stroke inactivity duration;
however, they also did not significantly differ from the untreated post-stroke groups, suggesting
the possibility of a partial, though incomplete, recovery (Figure 7E). Wildtype mice also had
significantly increased inactivity time compared to baseline at both untreated timepoints, 1-week
and 6-weeks post-stroke. When treated with FLX, wildtype mice showed a significant reduction
in inactivity duration compared to 1-week post-stroke and vehicle 6-weeks post-stroke mice
(Figure 7D). This indicates a significant improvement in the stroke-induced depression-like
phenotype in FLX treated AC2 WT mice, but an incomplete response in heterozygous AC2

knockout mice.

Overall, all mice exhibited a persistent anxiety like-phenotype post-stroke, and a significant
depression-like phenotype at 1-week post-stroke and 6-weeks post-stroke in vehicle treated mice.
When treated with FLX, wildtype mice showed a recovery of their depression-like phenotype

back to baseline, while heterozygous mice showed a partial recovery.
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Figure 7. Behavioural test results for AC2 wildtype and heterozygous knockout mice.

A) Experimental timeline expressed in days post-stroke. Grey shaded area represents 5-week
chronic treatment window, B) Elevated plus maze test (EPM) open arm duration of WT mice, C)
EPM open arm duration of HET mice, D) Forced swim test (FST) immobility duration of WT
mice, E) FST immobility duration of HET mice. Data analyzed using Kruskal Wallis test with
Dunn’s multiple comparison test. Data expressed as mean + SEM. *p < 0.05, **p<0.01, ****p <
0.0001.
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5.3 Post-stroke innervation changes

At 6 weeks post-stroke, WT and HET mice were analyzed for post-stroke changes in 5-HT
innervation, to understand the effect of pcdhac2 knockout and FLX/vehicle treatment on

reinnervation.

5.3.1 Medial prefrontal cortex

The left (ipsilesional) cingulate cortex (CG) of the medial prefrontal cortex (mPFC) was the
primary area affected by this stroke model. As such, the left CG of vehicle treated WT mice
showed significantly less SERT+ axonal density and fewer SERT+ varicosities when compared
to the right (contralesional) CG in these mice (Figure 8A, C). This trend was present in
heterozygous mice but lacked significance in the 2-way ANOV A analysis (Figure 8B, D). When
analyzed via paired t-test to account for inter-animal variability, heterozygous mice showed a
significant decrease in SERT+ axonal density (Figure S1C). In WT mice treated with FLX, there
was no longer a significant difference in SERT+ axonal or varicosity density between the left
and right hemispheres, suggesting proper re-innervation/recovery (Figure 8A, C). In
heterozygous mice treated with FLX, the trend decrease in the left CG remained for SERT+
axonal density (Figure 8B), showing significance when analyzed via paired t-test (Fig S1D);

however, the varicosity density showed no difference compared to the right CG.
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Figure 8. SERT+ axonal and varicosity density in the cingulate cortex (CG) of stroke mice.
Ipsilesional (L) vs contralesional (R) sides of the brains are compared. Top row shows axonal
density for A) wildtype mice given vehicle or FLX treatment, B) heterozygous knockout mice
given vehicle or FLX treatment, bottom row shows varicosity density for C) wildtype mice given
vehicle or FLX treatment, D) heterozygous mice given vehicle or FLX treatment. E)
Representative 63X confocal images of SERT immunostaining. Two-way ANOV As with
Tukey’s multiple comparisons tests, with mean + SEM. *p < 0.05, **p<0.01.
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The left prelimbic cortex (PL) of vehicle treated WT mice showed trend decreases in axonal
density compared to the right PL, and a significantly lower density of SERT+ varicosities
compared to the L PL of FLX treated mice (Figure 9A, C). A similar trend existed for
heterozygous mice, although it was discrete. When analyzed via paired t-test, the L PL of WT
vehicle treated mice had significantly lower axonal density and fewer varicosities than the right
PL (Figure S3A, S4A), likely due to the tests ability to match the brain regions from the same
animal, thus controlling for inter-mouse variability in innervation levels. The paired t-tests for
HET vehicle treated mice showed a strong trend of reduced axonal density (p= 0.0611) (Figure
S3C) and varicosity density (p=0.0576) (Figure S4C) in the left vs right PL. Following FLX
treatment, both wildtype and heterozygous knockout mice no longer had a significant or trend
decrease in the innervation of the L PL, suggesting the ability of FLX to promote the

reinnervation of this region.
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Figure 9. SERT+ axonal and varicosity density in the prelimbic cortex (PL) of stroke mice.
Ipsilesional (L) vs contralesional (R) sides of the brains are compared. Top row shows axonal
density for A) wildtype mice given vehicle or FLX treatment, B) heterozygous knockout mice
given vehicle or FLX treatment, bottom row shows varicosity density for C) wildtype mice given
vehicle or FLX treatment, D) heterozygous mice given vehicle or FLX treatment. E)
Representative 63X confocal images of SERT immunostaining. Two-way ANOV As with
Tukey’s multiple comparisons tests, with mean + SEM. *p < 0.05.
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The infralimbic cortex (IL) showed no significant differences in SERT+ axonal or varicosity
density between any of the experimental groups. When analyzed with a paired t-test,
heterozygous mice did show a significant difference in SERT+ axonal density between the L and
R IL in vehicle treated mice which was recovered by FLX treatment (Fig S5C, D). This stoke
model only minimally impacts the IL, as it is the most ventral region and is not directly targeted

via ET-1 injection.
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Figure 10. SERT+ axonal and varicosity density in the infralimbic cortex (IL) of stroke
mice. Ipsilesional (L) vs contralesional (R) sides of the brains are compared. Top row shows
axonal density for A) wildtype mice given vehicle or FLX treatment, B) heterozygous knockout
mice given vehicle or FLX treatment, bottom row shows varicosity density for C) wildtype mice
given vehicle or FLX treatment, D) heterozygous mice given vehicle or FLX treatment. Two-
way ANOVAs with Tukey’s multiple comparisons tests, with mean + SEM.
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5.3.2 Hippocampus

When analyzed via two-way ANOVA, there were no significant differences in the innervation of
the SR between any experimental groups (Figure 11); however, when analyzed via paired t-test,
the L SR of vehicle treated HET mice showed significantly less SERT+ axonal and varicosity
density compared to the R SR (Fig S7C, S8C). In HET mice treated with FLX there was no

significant difference between the L and R SR (Fig S7D. S8D).

There were no significant differences in SERT+ axonal or varicosity density in the SLM or DG

of stroke mice (Figure 12, 13).
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Figure 11. SERT+ axonal and varicosity density in the stratum radiatum (SR) of stroke
mice. Ipsilesional (L) vs contralesional (R) sides of the brains are compared. Top row shows
axonal density for A) wildtype mice given vehicle or FLX treatment, B) heterozygous knockout
mice given vehicle or FLX treatment, bottom row shows varicosity density for C) wildtype mice
given vehicle or FLX treatment, D) heterozygous mice given vehicle or FLX treatment. Two-
way ANOVAs with Tukey’s multiple comparisons tests, with mean + SEM.
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Figure 12. SERT+ axonal and varicosity density in the stratum lacunosum moleculare
(SLM) of stroke mice. Ipsilesional (L) vs contralesional (R) sides of the brains are compared.
Top row shows axonal density for A) wildtype mice given vehicle or FLX treatment, B)
heterozygous knockout mice given vehicle or FLX treatment, bottom row shows varicosity
density for C) wildtype mice given vehicle or FLX treatment, D) heterozygous mice given
vehicle or FLX treatment. Two-way ANOV As with Tukey’s multiple comparisons tests, with
mean + SEM.

59



Axonal Density - DG

O

HET

HET

WT B
0.005 0.005 -
] T
% 0004+ T 0.004-
- & B
§ 0.003- . 5 0.003-
- . v
5 0.002 E 00024 o &
- b
B B
£ 0.001- £ 0.001- b
& g
0.000 | 0.000 —
R L
Veh Veh
Varicosity Density - DG
WT D
. 0.005- . 0.005-
5 5
& 0.004- ° £ 0.004-
] ]
B . L B .
£ 0.003- ¢ T §o0003{ 3
E - E
% 0.002 - % 0.002 - _I
® . ® d
% 0.001 - % 0.0014 P
< 0.000 . < 0.000 .
L R L
Veh Veh

Figure 13. SERT+ axonal and varicosity density in the dentate gyrus (DG) of stroke mice.
Ipsilesional (L) vs contralesional (R) sides of the brains are compared. Top row shows axonal
density for A) wildtype mice given vehicle or FLX treatment, B) heterozygous knockout mice
given vehicle or FLX treatment, bottom row shows varicosity density for C) wildtype mice given
vehicle or FLX treatment, D) heterozygous mice given vehicle or FLX treatment. Two-way

ANOVAs with Tukey’s multiple comparisons tests, with mean + SEM.
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5.3.3 Basolateral amygdala

In the basolateral amygdala (BLA), WT vehicle treated mice showed a nonsignificant decrease in
SERT+ axonal and varicosity density on the left side (Figure 14A, C). This difference was
significant both for SERT+ axonal and varicosity density when analyzed via paired t-test (Figure
S13A, S14A). When treated with chronic FLX, the left BLA recovered its innervation to be on

par, or even slightly above that of the right BLA.

In HET mice, vehicle treated mice had a significant reduction in L BLA axonal and varicosity
density compared to the R BLA (Figure 14B, D). When treated with FLX, this difference was no
longer significant, but the L BLA did not recover to the same extent as in WT mice, with a trend

decrease still present.
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Figure 14. SERT+ axonal and varicosity density in the basolateral amygdala (BLA) of
stroke mice. Ipsilesional (L) vs contralesional (R) sides of the brains are compared. Top row
shows axonal density for A) wildtype mice given vehicle or FLX treatment, B) heterozygous
knockout mice given vehicle or FLX treatment, bottom row shows varicosity density for C)
wildtype mice given vehicle or FLX treatment, D) heterozygous mice given vehicle or FLX
treatment. E) Representative 63X confocal images of SERT immunostaining. Two-way
ANOVAs with Tukey’s multiple comparisons tests, with mean = SEM. *p < 0.05, **p<0.01.
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5.3.4. Dorsal dorsal raphe
In the dorsal dorsal raphe (DDR), there were no significant differences in density of SERT+

axons or varicosities between any experimental groups (Figure 15). In both WT and HET mice
treated with FLX, there was a trend increase in SERT+ varicosity density in the DDR. This trend
appeared larger in the heterozygous mice, although the data points were highly variable, and the
trend remained non-significant. These brains were not analyzed via paired t-test, as only one

image was taken in the DDR, so there was no pairing to be done between these mice.
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Figure 15. SERT+ axonal and varicosity density in the dorsal dorsal raphe (DDR) of stroke
mice. A) SERT+ axonal density B) number of SERT+ varicosities per um?. Two-way ANOVAs
with Tukey's multiple comparisons tests are shown, with mean = SEM.

In summary, wildtype mice displayed a significant decrease in innervation of the L CG when
vehicle treated post-stroke, and a recovery of innervation in FLX treated mice. A similar trend

was shown in the PL but lacked statistical significance. Heterozygous mice showed trends of

63



decreased innervation in the left CG and PL regardless of FLX treatment. In the left BLA,
heterozygous mice had significantly reduced SERT+ axonal and varicosity density, with an
impaired recovery in FLX treated mice. WT mice showed a trend decrease in SERT+ axonal and
varicosity density in the left BLA post-stroke which was reversed in FLX treated mice. No
significant differences were observed for any group in the IL, any hippocampal regions or the
DDR. Overall, AC2 WT and HET mice demonstrated region-specific deficits in left-side SERT+
innervation post-stroke, especially in the mPFC and BLA. The response to FLX treatment was

impaired in AC2 HET mice compared to AC2 WT mice.

6. Discussion

Post stroke depression is a devastating comorbidity of stroke, impacting 30-50% of stroke
survivors (Ayerbe et al., 2013; Hackett & Pickles, 2014; Medeiros et al., 2020). To date, SSRIs
and psychotherapy are the primary treatments for this complex disease, but little is understood
about the underlying mechanisms of recovery. Past work has shown that the serotonin system is
capable of recovery following brain injury, including stroke, and this is amplified when
supplemented with FLX treatment (Jin et al., 2016, Zahrai et al., 2020). With this knowledge,
and the previous identification of pcdhac2 as the primary protocadherin in the serotonin system
(Chen et al., 2017), this study sought to investigate the role of pcdhac2 in PSD recovery using a
knockout mouse model. Analysis of naive mice in my study showed significant differences in
serotonergic innervation in a variety of brains regions in mice lacking both one or both copies of
pcdhac2, with more marked changed in AC2 KO mice. This investigation also revealed that
mice with a partial reduction in pcdhac2 display incomplete behavioural recovery post-stroke,

regardless of FLX treatment. Additionally, these mice display incomplete recovery of SERT+
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innervation post-stroke when treated with FLX, compared to WT mice, particularly at the stroke
site (CG, PL) and basolateral amygdala. Taken together these results suggest that pcdhoc2 is

essential for proper serotonergic innervation and for recovery post-stroke.

6.1 SERT+ innervation differences in pcdhac? deficient naive mice

Previous studies have reported axonal tangling and bunching in pcdha and pedhac2 knockout
mice. Chen et al. (2017) presented a qualitative analysis of the affected brain areas, and Katori et
al. (2017) quantified these changes in the hippocampus. The present study quantified the
serotonergic innervation a variety of brain regions to establish a baseline phenotype for pcdhac2

HET and KO mice.

The cingulate and prelimbic cortices of the medial prefrontal cortex (mPFC) had significantly
altered SERT+ innervation profiles in mice deficient in one or both copies of pcdhac?. In the
CG, SERT+ axonal and varicosity density were reduced in both heterozygous knockout mice and
full knockout mice, compared to wildtype mice. This is consistent with previous work reporting
reduced SERT+ innervation throughout the CG in pcdha constant exon region (CR) mutant mice
(Katori et al. 2009). This is also consistent with the findings of Chen et al. (2017), who
qualitatively observed bunching along the midline in the CG, primarily cortical layer 1, with
sparse innervation of more lateral layers. The ROI of our mPFC images were taken in layers 2/3
which supports the finding of reduced innervation. If the photo were to be taken in layer 1 or 2,
the findings may be reversed, capturing the increased bunching observed by Chen et al. (2017).
The PL followed largely the same trend as the CG, with KO mice exhibiting significantly

decreased axonal and varicosity density, with HET mice showing intermediate decreases. The
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decrease in innervation of the PL in mice deficient in pcdhoc?2 is consistent with the findings
from the CG, as well as the images published by Chen et al. in 2017, which suggest that like the
CG, 5-HT fibers bunch along the midline in the PL, with very little projection to more lateral

areas, where our images were taken.

The infralimbic cortex exhibited no differences in innervation regardless of phenotype. This is
consistent with the lack of previous reports on differences in this region. It may be that the
infralimbic, a relatively small subregion of the medial prefrontal cortex, is innervated more
completely as the developing axons ascend the medial forebrain bundle. Being a small region, it
is possible that terminal field arborization impairments are less apparent. It is also possible that
other protocadherin isoforms, such as protocadherin acl, compensated for the loss of pcdhac2 in
some regions. Although single cell sequencing has shown limited expression of alternate

isoforms in wildtype serotonin cells, no analysis has been conducted in knockout mice (Chen et

al., 2017).

Early studies of serotonin outgrowth suggest that 5-HT axons extend first into the marginal zone
of the cortex, which later arises into layer 1 of the cortex. Axons then project from the more
superficial layers to deeper layers. This pattern of development, along with my findings, suggests
that 5-HT axonal guidance is not disrupted in early stages when lacking pcdhac2, but rather in
later stages of target innervation. This is supported Katori et al. (2009), who found distribution of
serotonergic fibers to be largely the same across brain regions in WT and pcdha-CR mutant mice

at PO and P7, but by P21 notable differences were observed. This once again suggests that it is
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the terminal field arborization, but not the primary outgrowth, or serotonin axons that is

dependent on pcdhac?.

Beyond the cortex, the hippocampus has been shown to have severe disturbances in 5-HT
innervation in a variety of protocadherin alpha knockout models (Katori et al. 2009, 2017; Chen
et al., 2017). In this study, KO mice, and HET mice to a lesser extent, showed significantly
decreased SERT+ axonal and varicosity density in the SR and DG of the hippocampus. In
contrast, these mice had a significant increase in SERT+ axonal and varicosity density in the
SLM, suggestive of a clumping of hippocampal axons away from the SR and DG into the SLM.
These findings are highly consistent with previous studies. Katori et al. (2017) calculated SERT+
density in the stratum oriens (SO), SR, SLM and DG and found a significant increase in the SLM
and decrease in the DG in their serotonin specific ac2 knockout mice. In their whole brain ac2
knockout mice, they also saw significant increase in density of SERT+ fibers in the SLM, and
significant decrease in the DG for their heterozygous and full knockout mice. The SO of full
knockout mice also had significantly lower SERT+ fiber density compared to heterozygous
knockouts. Katori et al. (2017) also used an AAV to label and trace a subset of 5-HT projections
and found that 5-HT axons in protocadherin alpha c2 knockout mice were more suppressed in
crossing the SLM/SR boundary than wildtype mice. Chen et al. (2017) also investigated
protocadherin alpha knockout mice and described increased SERT+ fiber density in the SLM and
decreased density in the DG. Taken together, this supports my hippocampal results, which
displayed significantly increased SERT+ fiber density in the SLM of heterozygous and full
knockout mice, and significantly decreased density in the DG. My data also showed a significant

decrease in the SERT+ fiber density of the SR, which is not represented in the data by Katori et
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al. (2017) or Chen et al. (2017) but appears consistent with the representative images published
in Chen et al. (2017). My study was the first to use fiber reconstruction software (IMARIS) to
qualify the SERT+ axonal and varicosity density in pcdhac2 knockout mice, which could explain

its ability to reveal such differences.

My findings, as well as previous findings in similar knockout mice, suggest once again that
terminal field arborization, rather than primary 5-HT innervation is inhibited by a lack of
pcdhac?2. Analysis of developing brains by Katori et al. (2009) and Chen et al. (2017) further
support this claim based on their findings of relatively normal hippocampal innervation up until
P7, at which point the KO mice begin to differ more from WT mice, up to P21 when the extreme
bunching along the SLM is observed. This is also even further supported by the finding that
overall density of hippocampal 5-HT innervation is not changed between WT and pcdha-CR
mutant mice, rather only the organization of these axons is changed (Katori et al., 2009). All
together this suggests a loss of homophilic repulsion because of pcdhac2 knockout results in an
imbalance of cell extrinsic and intrinsic forces, resulting in improper tiling and subsequently

abnormal arborization.

The BLA showed a significant increase in SERT+ innervation in HET mice compares to WT, but
not in KO mice. While the difference was not statistically significant, KO mice showed distinct
heterogeneity in their innervation profiles. Previous studies have not quantified SERT+ axonal or
varicosity density in pcdhac2 knockout mice, but Chen et al. (2017) saw qualitative differences
in their pcdha constitutive and conditional knockout mice. The BLA of their KO mice appears to

have increased tangling and bunching, although it was not quantified. They also mention a
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randomness in the tangling observed, primarily in the ventral pallidum, which may also extend to
the BLA based on my results. The BLA, being a region with more diffuse projections than the
highly organized hippocampus, may experience increased randomness in tangling when lacking
pcdhac2. Changes in the SERT+ innervation of this region could contribute to a baseline
depressive-like phenotype as observed in a previous pcdha knockout model, as the BLA is an

important region for mood regulation (Chen et al., 2017).

No significant differences were observed in SERT+ axonal or varicosity density in the DDR.
This is consistent with previous studies that found no change in the number of 5-HT cells or
primary projections in knockout mice (Katori et al., 2009, Chen et al., 2017). Cell differentiation
and early outgrowth appear to be primarily driven by non-protocadherin guidance cues such as:
BDNF, S100B, WNTs, Slit 1/2, Robo 1/2, Lmx1B, Pet-1, and ephrins (Vahid-Ansari & Albert,

2021; Deneris & Gaspar, 2018).

6.2 Recovery of PSD behavioural phenotype

In the elevated plus maze test, heterozygous knockout mice were first tested and found to have a
complete lack of response to FLX at 6 weeks. Due to breeding limitations, wildtype mice were
bred and tested at a later date. When tested, wildtype mice did not recover as expected following
FLX treatment, with the anxiety-like phenotype persisting. Previous work with this stroke model
has shown recovery at 6 weeks when treated with chronic FLX (Vahid-Ansari & Albert, 2018).
This unexpected lack of recovery by the wildtype group could potentially be associated with an
additional external stressor. At the time of breeding and testing, construction had begun adjacent

to the mouse housing facility. Vibrations were regularly felt by researchers and staff in the
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facility. Previous studies have found that mice are highly sensitive to noise and vibrations, and
that construction noise can lead to breeding difficulties such as decreased birth rates and increase
still births (Rasmussen et al., 2009). At a greater extreme, mice who had experienced an
earthquake also displayed increased anxiety and fear conditioning (Yanai et al., 2012). It is
possible that the persistent noise and vibrations caused by the construction, present from birth for
this group of wildtype mice, could explain their lack of recovery in this test of anxiety-like

behaviour.

In the FST, both wildtype and heterozygous knockout AC2 mice had an increased inactivity
duration at 1-week-post-stroke and at 6-weeks post-stroke timepoints when treated with vehicle.
When treated with chronic FLX, wildtype mice showed reduced inactivity duration, comparable
to pre-stroke control levels. This is consistent with the recovery observed in this test using this
stroke model in C57BL/6 male mice (Vahid-Ansari & Albert, 2018). Unlike wildtype mice, the
increased inactivity duration seen in heterozygous knockout mice did not recover to pre-stroke
control levels when treated with chronic FLX. The 6-week FLX timepoint did not differ
significantly from the 1-week post-stroke or 6-week post stroke vehicle treated groups. However,
the 6-week FLX treated group is also the only post-stroke group that does not differ significantly
from the pre-stroke control. This suggests that heterozygous knockout mice, possessing one copy
of pcdhac2, show a partial behavioural recovery in the FST when treated with FLX. Chen et al.,
(2017) found a significant increase in immobility time in their pcdha knockout mice compared to
WT mice. HET mice were chosen for this study to mitigate the baseline phenotype, but the

impaired behavioural recovery post-stroke could be due to the partial knockout of pcdhac2. The
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lack of behavioural recovery in both tests is also consistent with the incomplete recovery of 5-HT

innervation in the mPFC and BLA in HET mice.

6.3 SERT+ innervation changes in PSD mice

Unilateral stroke to the left mPFC resulted in a reduction of SERT+ axonal and varicosity density
at stroke-specific brain regions. In wildtype mice, these reductions were reversed when treated
with chronic FLX. I hypothesized that pcdhac2 deficient mice would exhibit deficits in
serotonergic innervation post stroke, with or without fluoxetine treatment. This hypothesis was
based on the indispensability of pcdhac2 for proper wiring in development (Katori et al., 2009,
2017; Chen et al., 2017). Analysis revealed that HET mice largely lacked proper SERT+

recovery post-stroke, with variability in the degree of recovery by region.

In the left prefrontal cortex, at the site of the stroke, WT mice showed significant decreases
compared to the right mPFC, while HET mice showed strong trend decreases in the SERT+
axonal and varicosity density in the left CG, and more minor decreases in the left PL. In the CG,
FLX treated mice showed no innervation difference between the L and R CG or PL, suggesting
that FLX was able to reverse this loss of innervation post-stroke. In HET mice however, chronic
FLX treatment was unable to fully reverse the left-right difference in SERT+ axonal density,
with a strong trend still present in the CG and PL. This difference in axonal density between the
L and R CG of FLX treated HET mice reached statistical significance when analyzed in a paired
manner to account for individual variance, via paired t-test. Interestingly, the density of SERT+
varicosities in the CG and PL of heterozygous mice, which trended lower on the left side

following stroke with vehicle treatment, leveled out in the FLX treated group. This could suggest
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the ability of FLX to enhance recovery of varicosities, but not the re-innervation of SERT+ fibers
in the AC2 HET mice. This could indicate a compensatory mechanism employed by these partial
knockout mice, to recovery 5-HT release capacity in the absence of an ability to re-innervate.

Future work would be needed to probe the functionality of these varicosities.

When analyzed via two-way ANOVA, there are no significant differences in the innervation of
any hippocampal subregions between any experimental groups. This is consistent with the lack
of stroke effect on the hippocampus previously observed in this model using C57BL/6 and Pet-
ChR2 mice (Zahrai et al., 2020). However, when analyzed via paired t-test, the L SR of vehicle
treated AC2 HET mice show significantly reduced SERT+ axonal and varicosity density
compared to the R SR. This finding could suggest that heterozygous mice, who in the naive
analysis were shown to possess a baseline reduction in SR innervation compared to WT, may
reveal a stroke effect on the hippocampus more prominently than WT mice which have proper
baseline innervation in this region. In AC2 HET mice treated with FLX there was no longer a
significant difference between the L and R SR which also suggests possible recovery. Although
the 5-HT innervation of the cortex and hippocampus is thought to arise from distinct cell
populations, there is evidence of mPFC projecting 5-HT neurons having collaterals extending
into the hippocampus (Gagnon & Parent, 2014). A loss in these collaterals may explain the

observed decrease.

The other notable brain area impacted post-stroke was the BLA. When analyzed via two-way

ANOVA, only HET mice displayed a statistically significant reduction in SERT+ axonal and

varicosity density in the left vs. right BLA of vehicle treated mice; however, WT mice showed
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the same trend, and this trend was statistically significant when analyzed via paired t-test.
Following chronic FLX treatment, the trend in WT mice was reversed. This post-stroke
reduction and subsequent FLX-induced recovery is consistent with past work in this stroke
model where the BLA was prominently affected by the stroke and FLX treatment compared to
most other brain regions (Zahrai et al., 2020). Although 5-HT projections to the mPFC and BLA
largely originate from distinct cells, a small number have been recorded to project back to the
same cells (Fernandez et al., 2016). The observed reduction in innervation of the L BLA

following lesion to the L mPFC in this model suggests a connection between the two.

7. Conclusion

In conclusion, this study revealed that pcdhac?2 is indispensable for proper 5-HT innervation and
PSD recovery. Naive pcdhac2 HET and KO mice show significant differences in 5-HT
innervation compared to WT, with significant decreases in innervation of the CG, PL, SR and
DG, and a significant increase in innervation of the SLM. This furthers previous findings and

provides a baseline innervation profile for future work.

When given a stroke at the left mPFC, WT and HET mice display significant anxiety and
depressive-like phenotypes that persist up to 6 weeks untreated. Only WT mice experienced
FLX-induced behavioural recovery in the FST, while HET mice experienced incomplete

recovery. This finding implicates pcdaac2 in behavioural response to FLX post-stroke.

Finally, mice given a stroke exhibited reduced SERT+ axonal and varicosity density in the left

CG, PL and BLA. WT mice treated with FLX recovered their innervation back to right
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hemispheric levels; however, AC2 HET mice displayed incomplete recovery even when treated
with FLX. This is in line with the impaired behavioural recovery of these mice, and further
implicated pcdhac?2 in post-stroke recovery. Taken together these results suggest that pcdhac? is
indispensable for proper baseline serotonergic innervation, behavioural recovery and re-

innervation recovery post-stroke.

8. Future Directions

Various future studies could build upon and further validate the findings from this work.

Future work should investigate the potential cognitive deficits of these pcdhoac2 knockout mice.
Using tests such to assess the learning and memory differences in mice lacking pcdhac2 and
build upon the findings of cognitive impairment in pcdha conditional knockout mice by Chen et

al. (2017) could link the innervation differences in the hippocampus with functional outcomes.

Future work could also investigate the connectivity changes of serotonergic fibers in pcdhac2
knockout mice. Given the changes in fiber distribution and density, region specific activity and
connectivity changes may be expected. Investigating the number of synaptic connections in these
regions of interest, compared to wildtype mice, could highlight the functional changes
underpinning some baseline cognitive and depressive phenotypes seen in a previous study (Chen
et al., 2017). Investigating the impact of our stroke model on these connectivity changes could
add to this future work. Previous work in our lab has shown changes in excitatory and inhibitory
synaptic connections to serotonergic neurons post-stroke (Zahrai et al., 2020). If any pre-existing

deficits in synaptic connections existed in pcdhac2 knockout mice, the stroke may exacerbate
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these effects. Based on my results of incomplete FLX induced post-stroke recovery of SERT+
axonal and varicosity density in these mice, any connectivity related effects may also

insufficiently recover.

Another interesting future direction that could be considered is in-vivo imaging of recovering
axons post-stroke. A previous study has used this imaging technique to trace regrowth following
other injury models, but not stroke (Jin et al., 2016). In-vivo imaging post-stroke in HET or KO
mice could reveal if damaged axons regrow at all in the absence of pcdhac2, if they regrow
locally at the site of die-back, and if tangling is increased if the axons attempt to reinnervate. My
data provides region-wide re-innervation information but lacks the specificity that could be

achieved by following individual axons.

Additionally, to validate the above data, and address a limitation of the study, future work should
consider imaging/analysis changes. To avoid heterogeneity in the sample confounding the
results, as [ observed in analysis of the BLA of naive mice, larger scale images or various
averaged images should be considered. Another consideration could be singling out areas of

bunching and adjacent areas of sparseness, to achieve a more homogeneous data set.

Lastly, future work should seek to amplify pcdhac2 post-stroke to investigate its potential as a
promoter of regrowth. This could be achieved through a variety of inducible genetic mouse
models, or viral delivery, to either first induce or further upregulate pcdhac2 post-stroke.
Investigating the potential of pcdhac?2 as a promoter of stroke-recovery is a promising future

direction of this study.
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Supplemental Figures

Below I have included paired t-tests comparing L vs R sides of the brain in stroke mice to
account for variability between mice. This approach allowed for comparison of the stroke side
(left) brain regions, to the intact contralateral regions (right) in each mouse. This revealed
deficiencies in SERT+ axons and/or varicosities on the stroke side in WT mice (CG, PL, BLA)

that were recovered by FLX, whereas in HET mice these recoveries were incomplete.
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Figure S1. SERT+ axonal density of the cingulate cortex (CG) of stroke mice. Left vs right
sides of the brains are compared in the 4 groups: A) wildtype mice given vehicle treatment, B)
wildtype mice given FLX treatment, C) heterozygous mice given vehicle treatment and D)
heterozygous mice given FLX treatment. Paired t-tests, with mean £ SEM. *p < 0.05.
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Figure S2. Density of SERT+ varicosities per pm? in the cingulate cortex (CG) of stroke
mice. Left vs right sides of the brains are compared in the 4 groups: A) wildtype mice given
vehicle treatment, B) wildtype mice given FLX treatment, C) heterozygous mice given vehicle
treatment and D) heterozygous mice given FLX treatment. Paired t-tests, with mean = SEM.
**p<0.01.
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Figure S3. SERT+ axonal density of the prelimbic cortex (PL) of stroke mice. Left vs right
sides of the brains are compared in the 4 groups: A) wildtype mice given vehicle treatment, B)
wildtype mice given FLX treatment, C) heterozygous mice given vehicle treatment and D)
heterozygous mice given FLX treatment. Paired t-tests, with mean £ SEM. *p < 0.05.
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Figure S4. Density of SERT+ varicosities per pm? in the prelimbic cortex (PL) of stroke
mice. Left vs right sides of the brains are compared in the 4 groups: A) wildtype mice given
vehicle treatment, B) wildtype mice given FLX treatment, C) heterozygous mice given vehicle
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*p < 0.05.
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Figure SS. SERT+ axonal density of the infralimbic cortex (IL) of stroke mice. Left vs right
sides of the brains are compared in the 4 groups: A) wildtype mice given vehicle treatment, B)
wildtype mice given FLX treatment, C) heterozygous mice given vehicle treatment and D)
heterozygous mice given FLX treatment. Paired t-tests, with the mean + SEM. *p < 0.05.
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Figure S6. Density of SERT+ varicosities per pm? in the infralimbic cortex (IL) of stroke
mice. Left vs right sides of the brains are compared in the 4 groups: A) wildtype mice given
vehicle treatment, B) wildtype mice given FLX treatment, C) heterozygous mice given vehicle
treatment and D) heterozygous mice given FLX treatment. Paired t-tests, with mean = SEM.
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Figure S7. SERT+ axonal density of the stratum radiatum (SR) of stroke mice. Left vs right
sides of the brains are compared in the 4 groups: A) wildtype mice given vehicle treatment, B)
wildtype mice given FLX treatment, C) heterozygous mice given vehicle treatment and D)
heterozygous mice given FLX treatment. Paired t-tests, with the mean + SEM. *p < 0.05.
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Figure S8. Density of SERT+ varicosities per pm? in the stratum radiatum (SR) of stroke
mice. Left vs right sides of the brains are compared in the 4 groups: A) wildtype mice given
vehicle treatment, B) wildtype mice given FLX treatment, C) heterozygous mice given vehicle
treatment and D) heterozygous mice given FLX treatment. Wilcoxon tests (A,B) and paired t-
tests (C, D), with mean + SEM. **p<0.01.
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Figure S9. SERT + axonal density of the stratum lacunosum moleculare (SLM) of stroke
mice. Left vs right sides of the brains are compared in the 4 groups: A) wildtype mice given
vehicle treatment, B) wildtype mice given FLX treatment, C) heterozygous mice given vehicle
treatment and D) heterozygous mice given FLX treatment. Paired t-tests, with the mean + SEM.
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Figure S10. Density of SERT+ varicosities per pm3 in the stratum lacunosum moleculare

(SLM) of stroke mice. Left vs right sides of the brains are compared in the 4 groups: A)
wildtype mice given vehicle treatment, B) wildtype mice given FLX treatment, C) heterozygous
mice given vehicle treatment and D) heterozygous mice given FLX treatment. Wilcoxon tests
(A, C) and paired t-tests (B, D), with mean = SEM.
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Figure S11. SERT + axonal density of the dentate gyrus (DG) of stroke mice. Left vs right
sides of the brains are compared in the 4 groups: A) wildtype mice given vehicle treatment, B)
wildtype mice given FLX treatment, C) heterozygous mice given vehicle treatment and D)
heterozygous mice given FLX treatment. Paired t-tests, with mean + SEM.
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Figure S12. Density of SERT+ varicosities per pm? in the dentate gyrus (DG) of stroke
mice. Left vs right sides of the brains are compared in the 4 groups: A) wildtype mice given
vehicle treatment, B) wildtype mice given FLX treatment, C) heterozygous mice given vehicle
treatment and D) heterozygous mice given FLX treatment. Paired t-tests, with mean = SEM.
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Figure S13. SERT + axonal density in the basolateral amygdala (BLA) of stroke mice. Left
vs right sides of the brains are compared in the 4 groups: A) wildtype mice given vehicle
treatment, B) wildtype mice given FLX treatment, C) heterozygous mice given vehicle treatment
and D) heterozygous mice given FLX treatment. Paired t-tests (A, C, D) and Wilcoxon test (B),

with mean £ SEM. *p < 0.05.
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Figure S14. Density of SERT+ varicosities per pm3 in the basolateral amygdala (BLA) of
stroke mice. Left vs right sides of the brains are compared in the 4 groups: A) wildtype mice
given vehicle treatment, B) wildtype mice given FLX treatment, C) heterozygous mice given
vehicle treatment and D) heterozygous mice given FLX treatment. Paired t-tests, with mean +
SEM. *p < 0.05.
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Figure S15. Distance moved in the elevated plus maze test. Distance moved measured in cm,
recorded from the centre point of the body. Wildtype (WT), heterozygous AC2 knockout (HET),
pre-stroke control (pre), 1-week post-stroke (1wk), 6-weeks post-stroke vehicle (veh) and
fluoxetine (FLX) treated mice are shown. Data analyzed using Kruskal Wallis test with Dunn’s
multiple comparison test. Significance floating above bars represents comparison to respective
control groups (WT pre, HET pre), and additional significant bars are as shown. Data expressed
as mean = SEM. *p < 0.05, **p<0.01, ****p <0.0001.
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