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Abstract
Direct in vivo cellular reprogramming offers the potential for local neural replacement
to promote post-stroke neural regeneration and recovery. Pericytes are perivascular cells
involved in blood-brain barrier maintenance under physiological conditions but are
reprogrammed into multipotent induced neural progenitor cells (i-NPCs) in response to
ischemia. The atypical protein kinase C (aPKC)-CREB binding protein (CBP) pathway
regulates ischemia-activated pericyte (a-pericyte) reprogramming and neuronal differentiation.
Our previous work showed that the pathway inhibitor compound C (CpdC) facilitated a-
pericyte reprogramming into i-NPCs in culture, and that monoacylglycerol lipase (Mgll)
inhibitor JZL184 was able to promote NPC differentiation to generate newborn neurons by
mimicking pathway activation. In this regard, we propose to use acute CpdC treatment
followed by chronic JZL184 treatment to enhance reprogramming of a-pericytes into i-NPCs
and subsequently promote their neuronal differentiation, ultimately improving post-stroke
functional recovery. Using the endothelin-1 (ET-1)/L-NAME ischemic stroke model in a
pericyte lineage tracing transgenic mouse line, I characterized the ability of a-pericytes in the
ischemic lesion site to generate neural (i-NPC, newborn neurons) and non-neural (microglia
and fibroblasts) cell types. The CpdC+JZL184 treatment had early effects on enhancing a-
pericyte reprogramming efficiency to produce i-NPCs at 7 days post-stroke and promoting their
differentiation to generate neuroblasts at 14 days post-stroke. However, it did not affect stroke
volume and produced minimal alterations to the pattern of post-stroke motor function recovery.
Interestingly, I discovered a novel role of tamoxifen treatment prior to stroke in regulating
reprogramming of a-pericytes and efficacy of compound C treatment. These studies inform the
necessity of optimization of drug delivery for better control over the timing and duration to
directly target in vivo i-NPC reprogramming and reveal a novel pharmacological paradigm to

control the aPKC-CBP pathway.
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1.0 Introduction
1.1 Ischemic Stroke and its Impact

An ischemic stroke is caused by a blockage in cerebral blood flow, leading to the
deprivation of oxygen and nutrients to the supplied tissue and eventually causing necrotic and
apoptotic cell death in the affected area.!” The cell death sets off excitotoxicity, oxidative
stress, and inflammatory immune responses.!> The stroke injury produces the classic stroke
symptoms of face drooping, arm weakness, and slurred speech included in the F.A.S.T.
warning signs, as well as a variety of other potential symptoms including sudden numbness,
confusion, severe headache, vomiting, and trouble with vision or coordination. These
symptoms are dependent on the extent and area of the brain that is impacted by ischemia.? The
initial blockage can be caused by a locally derived thrombus or an embolus that travels through
larger diameter vessels and gets lodged in a smaller vessel.> Once blood flow is cut off, the
damage within the ischemic core, where blood flow is severely compromised, is irreversible.
However, the tissues surrounding the core form an ischemic penumbra which is hypo-perfused
but potentially rescuable due to the collateral blood flow that provides alternate routes for
nutrient and oxygen supply.® The primary goal of stroke treatment is therefore to minimize the
duration of ischemia to limit the severity of the injury.?

The only treatment that is currently approved for ischemic stroke is intravenous
administration of tissue plasminogen activator (tPA).!> However, its use is restricted to the first
3-4.5 hours following the onset of ischemia. After this time window, it may increase the risk
of hemorrhage and greater complications and more invasive direct revascularization techniques
are then needed.'? Only a small percentage of stroke victims ever receive the tPA treatment
and it is not always successful in many cases.!> A majority of stroke victims survive but are
left with disabilities such as loss of motor or sensory functions, chronic pain, problems

producing or understanding language, cognitive impairments, and emotional disturbances.*



These can greatly reduce the quality of life for survivors. Although post-stroke rehabilitation
is available, it requires that patients have a certain level of remaining ability and access to
suitable resources and services.’ It also depends highly on self-motivation to continue with the
long-term treatment program.’

The combination of difficult treatment and recovery with a high incidence rate (1 in 4
individuals over a lifetime) has bolstered stroke as one of the leading causes of disability around
the world and constitutes a significant financial burden on the healthcare system.* As both the
general population ages and stroke prevalence increases in younger and healthier individuals
who are traditionally considered to be at lower risk,* the urgent need to develop effective

alternative therapeutic strategies for stroke recovery has become apparent over time.

1.2 Mouse Models of Ischemic Stroke

To gain a greater understanding of stroke processes and develop potential treatments,
researchers have created several procedures to mimic ischemic stroke in rodents. Mouse
ischemic stroke models are a particularly useful tool for their application in transgenic mouse
lines to better understand the cellular and molecular basis of ischemic injury and repair. Ideally,
a good animal stroke model replicates the relatively small infarct size, reperfusion of the injured
area, and behavioural deficits followed by recovery of functions to a certain degree.® These
Ifeatures are typically exhibited in clinical cases of ischemic stroke. Currently, the most
employed rodent stroke models are the middle cerebral artery occlusion (MCAo),
photothrombosis, and endothelin-1 (ET-1) models.

The middle cerebral artery occlusion model involves suturing of the carotid artery to
block blood flow to the middle cerebral artery, the most frequently impacted vessel in cases of
human ischemic stroke.”® The MCAo has also been modified to distal or embolic MCA

occlusion procedures and the duration of occlusion can range from transient to permanent. This



model successfully recreates the ischemic core and penumbra with a relatively short surgery
time, control over reperfusion timing, and no physical damage to brain tissue.® However,
MCAo causes overly large infarcts that cover most of the targeted hemisphere, including the
striatum, thalamus, subventricular zone, hippocampus, and cortex.®® These sizes of stroke are
typically malignant in humans and therefore reduce its clinical relevance.® MCAo also
produces complications such as hypothermia.® Hypothermia regulates the ischemic injury
itself,” making interpretation of stroke studies using this model more complex.

In the photothrombosis method, a light-sensitive dye, such as Rose Bengal, is injected
and circulated through the body.!® The dye is then activated by light at a stereotactically
determined location to cause photo-oxidation. The photo-oxidation generates reactive oxygen
species to damage local blood vessels and leads to the formation of thrombi that interrupt blood
flow into the area.!® This procedure creates small reproducible infarcts at a targeted functional
subregion while being minimally invasive and requiring less surgical skill to accomplish.!? Its
primary drawback stems from its mode of injury. The photo-oxidation-induced vascular insult
causes edema which is not observed in human stroke.!’»!? In addition, little to no penumbra
region due to lack of collateral blood flow and reperfusion in the photothrombosis model limits
the clinical translatability of this model.®

The endothelin-1 stroke model uses an intracerebral injection of the vasoconstrictive
peptide ET-1 that acts on endothelin receptors on endothelial cells.'*!* It can be administered
in combination with the endothelial nitric oxide synthase inhibitor L-NS-Nitroarginine methyl
ester (L-NAME) to increase the potency of vasoconstriction.'>!'* Stereotactic injection of
vasoconstrictive peptides not only allows for control over the location of ET-1 stroke but also
allows targeting of diverse areas of the brain from superficial cortical regions to deeper
subcortical regions.!3!13 The extent of the injury can be controlled by the dosage of ET-1. The

ET-1 stroke exhibits the key characteristic of ischemia upon administration with gradual



reperfusion as the peptide breaks down over several hours.!'® Important limitations of the ET-1
model are the physical injury that is produced by the needle insertion and the activation of
endothelial receptor-expressing neurons and astrocytes by ET-1 which promote axonal
sprouting!” and astrocyte proliferation'® respectively. This complicates studies of innate neural
repair involving these cells.

Together, these models of ischemia form the essential basis of animal stroke research.
Since different stroke models feature their own strengths and weaknesses, every stroke study
must begin with careful consideration of the characteristics of these experimental models that

may affect the interpretation of results.

1.3 Neuroregenerative Strategies for Stroke Recovery

Following stroke, spontaneous recovery of function can occur. This has been attributed
to neuroplasticity and neurogenesis.!® Neuroplasticity refers to the reorganization of neural
networks and is most closely associated with learning and memory, as well as adaptation and
compensation in natural aging and neurological conditions.?’ In stroke, neuroplasticity is
evident in changes to the activation of peri-infarct regions and attributed to molecular changes
triggered by ischemia to induce axonal sprouting and synapse formation.'®?° These are the
processes that can be promoted by non-invasive stroke recovery strategies, such as task-based
rehabilitation exercises and transcranial stimulation.?’ In comparison to these large-scale
changes to connections between neurons, neurogenesis refers to the processes that give rise to
new neurons from the pools of endogenous neural progenitor cells (NPCs) in the subventricular
zone (SVZ) of the lateral ventricles and subgranular zone (SGZ) in the hippocampus.
Following ischemia, adult NPCs in the SVZ are stimulated by ischemia, causing proliferation
and differentiation into neuroblasts and migration towards the infarct region that is supported

by an association with blood vessels.?! However, most of these cells died off sooner after they



arrive at the injury site and cells that survive must then find across a barrier of glial scarring to
integrate into local neural circuits.??> Therefore, although many molecular pathways have been
identified to regulate post-stroke neurogenesis, potential therapies to replace lost neurons are
still in the early stages since many obstacles need to be overcome.

In addition to the promotion of neurogenesis from endogenous NPCs for stroke therapy,
newer strategies have focused on cellular reprogramming, either through transplantation of
exogenous reprogrammed NPCs or modulating direct in vivo cellular reprogramming. Cell
transplantation involves the grafting of neural stem cells which can be derived from various
sources, such as bone marrow, umbilical cord, and fetal brain tissues.?* The development of
induced pluripotent stem cells (iPSCs) that are reprogrammed from somatic cells, such as skin
fibroblasts, in the last decade represented a revolutionary technology to produce autologous
cells for transplantation.?* Currently, a lot of effort has been made to study the effects of
transplantation of human neural stem cells (NSC) derived from iPSCs on post-stroke
regeneration and recovery in animal stroke models.?> Once in place, the human iPSC-derived
NSCs can differentiate into neurons as well as secrete factors that help to reduce inflammation
and promote angiogenesis and endogenous neurogenesis in a phenomenon known as the
bystander effect.?®?” The major limiting factor for the use of this approach is that it requires
direct access to the injured tissue, making it highly invasive and a less optimal approach for
use in stroke patients.

In contrast to transplantation of reprogrammed NPCs made in the dish, in vivo cellular
reprogramming directly converts non-neuronal cells into induced neural progenitor cells (i-
NPCs) and induced neurons (i-neurons) in situ. In vivo cellular reprogramming is most
commonly achieved through viral injections of key transcription factors involved in neuronal
fate into the target brain region.?®3? In particular, Sox2 expression alone reliably induces

reprogramming whereas expression of other transcription factors, such as Ascll, is not able to



drive this process on its own in vivo.?®?° The generated i-neurons have been categorized into
different neuronal subtypes and can become functionally integrated into local tissues, repairing
damaged brain tissue and rescuing stroke.>*3273¢ Therefore, in vivo cellular reprogramming
offers an ideal alternative to promoting endogenous neurogenesis and cell transplantation,

providing a method for direct local neuronal replacement.

1.4 Pericytes and Ischemic Stroke

Pericytes are part of a group of contractile mural cells, along with vascular smooth
muscle cells (VSMCs), that wrap around blood vessels and control vascular contraction and
relaxation.?”3® Pericytes are embedded in the basement membrane of microvessels such as
arterioles, venules, and capillaries while VSMCs cover larger diameter arteries and veins.?®
Pericytes are morphologically diverse, taking the form of larger ensheathing pericytes or
smaller mesh and thin-strand pericytes depending on their locations in the vascular system.3°
They are found throughout the body, including the heart, skeletal muscle, and brain.?
However, the study of these cells is complicated by a lack of exclusive markers for pericytes,
with most pericyte markers being expressed by multiple cell types. For example, neural glial
antigen 2 (NG2) is expressed by both pericytes and oligodendrocyte precursors.**4? Alpha
smooth muscle actin (aSMA),*** vimentin,** and desmin® are found in pericytes as well as
cells with contractile functions. Platelet-derived growth factor receptor beta (PDGFRB)**47 and
CD146%4 are more specifically associated with pericytes as they are important for pericyte
recruitment and function at microvessels but are still found in other cell types. As a result,
optimal identification of pericytes is based on a combination of morphology, localization, and
expression of multiple markers.>” A recently established marker, Tbx18, was shown to be
selectively expressed by pericytes during development and throughout adulthood,*® offering

broader potential as a specific marker in pericyte studies.



Brain pericytes have been the subject of renewed interest in recent years due to their
variety of functions within the neural environment. The main role of pericytes in the brain is to
function as part of the neurovascular unit (NVU) that consists of vascular endothelial cells
(ECs), pericytes, astrocytes, neurons, and basement membrane.3®°! Proper function of the brain
depends on proper blood flow through the nervous tissue to supply neurons and astrocytes with
sufficient oxygen and nutrients to meet the high energetic demands on these cells.?® Pericytes
act as the bridge between the vascular and nervous systems, occupying a position between
endothelial cells and neurons to control local cerebral blood flow in response to neuronal
activity.’> They are also directly involved in the proper development, function, and
maintenance of vascular networks by regulating the cell cycle of ECs, releasing angiogenic
factors, aiding in the formation of the basement membrane, and supporting healthy blood-brain
barrier function.>*¢ Additionally, pericytes are sensitive to immune system signaling and
facilitate immune cell entry into the brain.>’-8

Perhaps the most unique trait of brain pericytes is their plasticity. Due to this feature,
pericytes have often been compared to mesenchymal stromal cells (MSCs), a pool of adult stem
cells found in several organs, including the brain, heart, liver, spleen, and bone marrow, which
typically give rise to osteoblasts, adipocytes, and chondrocytes in sifu.>>%" Asides from their
widespread presence throughout the body, the two cell types also share a developmental origin
from the neural crest and localization beside blood vessels.®! The exact distinction between
pericytes and MSCs is debatable due to these commonalities but MSCs are typically identified
by a different set of markers from pericytes®® and pericytes are distinct in their vascular roles
of angiogenic regulation and support.®%* MSCs and brain pericytes can both give rise to a
variety of cell types, including mesenchymal cells (osteoblasts, adipocytes, and

chondrocytes),®>%¢ endothelial cells,®7 and fibroblasts.®®*7° However, brain pericytes stand



apart from MSCs in their greater propensity toward differentiation into CNS-specific cells like

66,71 66,7274

microglia®®’" and neural lineage cells.

Specifically, pericytes in the brain are readily reprogrammed into induced neural
progenitor cells in response to ischemia. A study by Nakagomi et al. (2009) first described a
substantial group of locally derived cells expressing Nestin, Nanog, Pax6, and Sox2, markers
of neural progenitor cells, exclusively in the ischemic core in the cortex of adult mice 7 days
after a permanent MCAo procedure. These cells, when isolated and cultured, formed
neurosphere-like clusters that later generated electrically active neurons.” In a follow-up study,
they observed that between 1 and 3 days after ischemia, these i-NPCs expressed PDGFRf and
increasingly populated the pia mater, migrating into layer I of the cortex along local vasculature
with close association with CD3 1+ endothelial cells of blood vessels.”® By 7 days post-stroke,
the i-NPC population was significantly decreased.”® They also co-expressed Sox10, a marker
for neural crest cells, implying that these i-NPCs are derived from brain pericytes.”®
Additionally, expression of doublecortin (DCX), a neuroblast/immature neuron marker, in the
i-NPCs by day 3 post-stroke was found, providing evidence for the beginnings of i-NPC
differentiation occurring in vivo. Subsequent research by other groups, including us, has
produced similar findings that i-NPCs derived from ischemia-activated pericytes (a-pericytes)
are capable of differentiation in the ischemic core in both transient MCAo and ET-1 stroke
models that mimic clinically relevant conditions of ischemia with reperfusion.®®’”-7® Evidence
of these i-NPCs is highly valuable as they show neurogenic potential in the area of tissue that
suffers the greatest degree of cell loss due to ischemic injury. Further, ischemia-activated
pericytes can form microvessels that provide nutrient support to i-NPCs and their progeny to
enhance cell survival and regeneration of lost tissue at the lesion site.”” With the recent

identification of pericyte-derived i-NPCs in the ischemic core following stroke in humans,®



pericytes increasingly appear to be ideal candidates in the development of therapeutic strategies

in neural regeneration.

1.5 The aPKC-CPB Pathway in Reprogramming and Differentiation

Epigenetic regulation has increasingly been discovered to be involved in several
neurological conditions, including stroke.’#! Studies have also uncovered the particular
importance of epigenetic mechanisms for controlling both neuronal differentiation and cellular
reprogramming,®>%3 setting them up to be promising targets in regenerative therapies. The
aPKC-CBP pathway is one such mechanism that has been characterized to impact both
neuronal differentiation and NPC reprogramming.

The role of aPKC (atypical protein kinase C)-CBP (CREB binding protein) pathway in
neurogenesis was first explored when it was discovered that loss of CBP impairs the
differentiation of cortical NPCs during brain development in a mouse model of Rubinstein-
Taybi syndrome, a neurodevelopmental disorder associated with the deletion or mutation of
one allele of CBP.3* CBP is a transcriptional coactivator that promotes neurogenesis through
its function as a histone acetyltransferase (HAT) at the promoters for neuronal differentiation
genes.3* Further investigation revealed that the neurogenic actions of CBP depended on aPKC-
mediated phosphorylation at its serine (S) 436 site.®* AMP-dependent kinase (AMPK) was then
identified as an upstream regulator of the aPKC-CBP pathway in NPCs,® establishing a
cascade of molecular events where AMPK activates aPKC to phosphorylate CBP and trigger
neuronal differentiation. Activation of the aPKC-CBP pathway via AMPK activation has been
shown to promote NPC differentiation and improve functional recovery following
hypoxia/ischemia in neonatal mouse pups, showing great therapeutic potential. %

Conversely, the lack of a functional aPKC-CBP pathway causes a deficit in

neurogenesis with the accumulation of NPCs in the brain. In aged mice possessing a ChpS436A
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phosphomutant that lacks the aPKC-mediated CBP phosphorylation site due to a replacement
of serine with alanine (A), the population of NPCs in the hippocampus was significantly
increased compared to wildtype mice.?”-3® Interestingly, this CBP phosphomutant mouse line
also exhibits greater reprogramming of ischemia-activated pericytes into i-NPCs following
stroke.”® Unpublished work from our lab has investigated the mechanisms underlying this
reprogramming facilitated by aPKC-CBP inhibition. CBP is known to acetylate Sox2,%0 a
key transcription factor for stemness and NPC fate”! and powerful reprogramming agent,>-%2
and facilitate its nuclear export and degradation.®® We found that this phosphomutant CBP
resulted in decreased Sox2 acetylation and increased Sox2 nuclearization, enhancing the
production of NPCs. Altogether, this dynamic function of the aPKC-CBP pathway presents a
signaling-directed epigenetic pathway featuring multiple molecules that can be potentially
targeted to induce reprogramming of a-pericytes into i-NPCs via inhibition of the pathway

while promoting neuronal differentiation via activation of the pathway.

1.6 Pharmacological Regulators of the aPKC-CBP Pathway
1.6.1 Compound C

Compound C (CpdC) is a pharmacological inhibitor of AMPK that is commonly used
across many disciplines, from basic research to clinical applications. Within the body of stroke
research, it has been investigated for its neuroprotective properties due to AMPK’s function as
a critical energy sensor in the cell, responding to ischemia by rapidly upregulating its activity
to increase metabolic processes and gene expression.” Studies have shown that treatment with
compound C (10 mg/kg) between onset and up to 2 hours following a 2-hour transient MCAo
procedure in mice resulted in decreased stroke volume and improved scores on neurological
function measured 24°*+%° and 72 hours®® later following stroke. These beneficial effects

following compound C treatment are associated with a transient decrease in AMPK
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phosphorylation (reflective of decreased AMPK activity) at 4 hours post-stroke compared to
control stroke mice.’* In addition, the beneficial effects were time-dependent, losing efficacy
with more delayed compound C administration.”® Similarly, in Sprague Dawley rats that
underwent a 60-minute MCAo procedure, treatment with compound C 1 hour after stroke
reduced infarct size and neurological deficits measured at 24 hours post-stroke. In contrast,
treatment with an AMPK activator, AICAR, significantly exacerbated ischemic injury,?
highlighting the role of early AMPK activation in determining stroke outcomes.

Since inactivation of the aPKC-CBP pathway facilitated i-NPC reprogramming
following stroke,”® our group asked whether inhibition of its upstream signalling molecule,
AMPK, using compound C could produce the same reprogramming effect. Treatment with
compound C in vitro successfully enhanced the production of i-NPCs from ischemia-activated
pericyte in comparison to control DMSO treatment, similar to the enhanced i-NPC
reprogramming observed in CpbS436A mice.”® Additional unpublished work showed that this
increased i-NPC reprogramming in compound C treated a-pericytes was likewise associated
with decreased Sox2 acetylation and increased Sox2 nuclearization. Thus, it is important to
evaluate whether compound C treatment in vivo following ischemia confers the same
enhancement in a-pericyte to i-NPC reprogramming, which will help in understanding this

novel role of compound C as a post-stroke therapy.

1.6.2J7Z1184

JZ1.184 is a selective inhibitor of monoacylglycerol lipase (Mgll) that interacts directly
with the enzyme via irreversible covalent bonds.”” Mgll is the primary hydrolyzer of the
endogenous endocannabinoid 2-arachidonoyl glycerol (2-AG), producing arachidonic acid
(ARA).”® Mgll inhibitors have been considered powerful potential therapeutic agents since 2-

AG is involved in several key biological processes, including metabolism, neurogenesis,
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inflammation, and analgesia, through cannabinoid receptor 1 (CB1R) and 2 (CB2R)
signaling.”® JZ1.184 has recently been investigated as a treatment for ischemic stroke due to its
ability to block 2-AG hydrolysis, preventing the generation of ARA, a precursor in the
biosynthesis of inflammatory compounds, such as prostaglandins.®®!% A single treatment with
JZ1.184 administered intraperitoneally across a range of dosages (4, 8, and 16 mg/kg JZ1.184)
immediately following permanent MCAo in mice decreased brain infarct size, edema, and
severity of functional deficits at 48 hours post-stroke compared to non-treated mice who

underwent the same stroke procedure.'?!

These effects were accompanied by lower levels of
inflammation and oxidative stress.!?! In an experiment with adult spontaneously hypertensive
rats and normal Wistar Kyoto rats using transient MCAo and ET-1 stroke models,
intraperitoneal (I.P.) treatment with JZL184 one hour following stroke induction produced
similar reductions in stroke volume and neuroinflammatory markers by 24 hours post-stroke
and better improvements in functional recovery up to 28 days post-stroke compared to
untreated animals.”

In our lab, JZL.184 has been shown to promote neuronal differentiation by inhibiting
the activity of Mgll whose expression is repressed by activation of the aPKC-CBP pathway.
In ChpS436A mice where the aPKC-CBP pathway is defective, deficits in hippocampal
neurogenesis and hippocampal-dependent memory are associated with increased
hippocampal Mgll expression. Interestingly, daily I.P administration with JZL184 at 8 mg/kg
restored impaired neuronal differentiation and spatial memory to levels comparable to wild-
type mice.® It was then determined that in addition to promoting neural gene expression,
activation of the aPKC-CBP pathway enhances neuronal differential of NPCs through the
repression of Mgll expression, increasing 2-AG-CB2R signalling to facilitate neuronal
differentiation.®® Therefore, Mgll inhibition presents a new therapeutic approach for

promoting post-stroke neurogenesis by inducing NPC differentiation.
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Diagram 1: AMPK-mediated activation of the aPKC-CBP pathway causes phosphorylation
of CBP at S436 to promote neuronal differentiation by inhibiting Mgll-mediated hydrolysis

of 2-AG and acetylating Sox2.
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Diagram 2: Inhibition of the aPKC-CBP pathway promotes Mgll-mediated hydrolysis of 2-

AG and Sox2 nuclearization for NPC maintenance.
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1.6.3 Combination Treatment for Reprogramming and Differentiation

Compound C and JZL184 have been demonstrated to confer neuroprotection when
administered immediately after ischemia, manifesting its effects in the acute phase of post-
stroke. However, they both have been shown to mediate aPKC-CBP pathway activity, where
compound C enhances reprogramming of a-pericytes into i-NPCs by inhibiting the pathway
and JZL184 enhances neuronal differentiation in a manner analogous to the pathway activation.
In this regard, I propose to determine whether sequential treatment with compound C followed

by JZL.184 can facilitate the production of i-neurons from a-pericytes via the i-NPC stage.

Hypothesis and Objectives
2.1 Hypothesis

Initial transient inactivation of the aPKC-CBP pathway by compound C followed by
chronic treatment with JZL184 to mimic pathway activation will increase a-pericyte
reprogramming into i-NPCs and subsequent i-NPC differentiation into i-neurons, ultimately
promoting local neural regeneration and functional recovery. To test the hypothesis, I

conducted the following three objective studies:

2.2 Objectives

Objective 1: Lineage trace a-pericyte reprogramming potential following ischemic stroke.

Objective 2: Evaluate the effect of combination drug treatment targeting the aPKC-CBP

pathway on a-pericyte reprogramming and differentiation following ischemic stroke.

Objective 3: Assess the effects of the combination drug treatment on stroke volume and

motor function recovery following ischemic stroke.
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3.0 Materials and Methods
3.1 Animal Care and Housing

All animal use was approved by the Animal Care Committees of the University of
Ottawa in accordance with the Canadian Council of Animal Care policies. The conditional
transgenic mouse line Tbx18-CreERT2/YFP-flx was used to enable the timed labelling of
Tbx 18+ pericytes with yellow fluorescent protein for lineage tracing through the post-stroke
period. The mice were maintained on a 12-hour light, 12-hour dark cycle with ad libitum access
to food and water. Heterozygous Tbx18-CreERT2 (purchased from JAX, strain #031520) mice
were crossed with homozygous YFP-flx mice (a gift from Dr. Diane Lagace) to produce

offspring for the experiments. Only offspring that were heterozygous for both genes were used.

3.2 Tamoxifen Treatment

Animals (2-3 months) were treated with tamoxifen (TAM) to induce genetic
recombination and enable YFP expression in Tbx18+ cells specifically. Tamoxifen solution
was prepared at a concentration of 30 mg/mL (Sigma-Aldrich, T5648) in a solution of 10%
anhydrous ethyl alcohol and 90% sunflower seed oil (Sigma-Aldrich, S5007). The solution was
vortexed and then sonicated in a 4°C water bath for 15 minutes before use.

Mice initially received I.P. injections of tamoxifen at a dosage of 160 mg/kg daily for
5 days. Due to the increased mortality of these animals during treatment, the dosage was
subsequently reduced to 120 mg/kg daily for 4 days for later cohorts. A one-week washout

period was allowed before the animals underwent the ET-1/L-NAME surgery.

3.3 ET-1/L-NAME Preparation and Stereotaxic Surgery
To prepare the ET-1/L-NAME solution, L-NAME (Sigma-Aldrich, N5751) was first

dissolved in sterile 1X phosphate-buffered saline (PBS) at 2.7 ug/uL. ET-1 (Abcam,
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AB120471) was then dissolved in the L-NAME solution at 2.0 pg/uL. The ET-1/L-NAME
solution was sonicated in a 4°C water bath for 15 minutes and kept on ice during the surgery.
Mice were anesthetized using 4% isoflurane and 1.5% oxygen in an induction chamber
and maintained at 1-2% isoflurane and 1.5% oxygen when mounted to the stereotaxic frame.
Surgical preparation included administration of 1 mL of warmed saline subcutaneously,
xylocaine gel into each ear canal, and ophthalmic gel to each eye. Body temperature was
monitored and maintained at 37°C throughout surgery using a rectal thermometer and heating
pad. Intracranial injections of ET-1/L-NAME were performed using a 10 ul gastight glass
syringe (Hamilton, 7653-01) with a 26G cemented needle (Hamilton, 80366) at the following
two coordinates targeting the sensorimotor cortex: +0.0 mm anterior-posterior (AP), +2.0 mm
medial-lateral (ML), -1.6 mm dorsal-ventral (DV); +0.2 mm AP, +2.0 mm ML, -1.4 mm DV.
One bur hole was opened at the first coordinate using a microdrill to accommodate both
injections. A one-minute-long delay before injection upon insertion of the needle was allowed
for the tissue to settle. The solution was injected at a rate of 0.2 pL per minute with a target
volume of 1 pL, containing 2.0 ng ET-1 and 2.7 ug L-NAME per injection site. A three-
minute-long delay following injection was allowed to reduce backflow upon withdrawal of the
needle. Bupivacaine was applied to the sealed incision site and 0.1 mL of buprenorphine was
administered subcutaneously immediately following surgery. Buprenorphine was administered
again at 4-hours post-operation as required. The approximate surgery time per mouse was 30

minutes.

3.4 Compound C and JZ1.184 Drug Treatments
Compound C (dorsomorphin dihydrochloride) (Abcam, 144821) was prepared in sterile
1X PBS at a concentration of 1 mg/mL. JZL184 (Cayman Chemical Compound, 13158-5) was

prepared in DMSO at 40 mg/mL, then mixed with 2.5% Tween™ 80 in sterile 1X PBS to 0.8
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mg/mL. 24 hours following the ET-1/L-NAME surgery, mice received I.P. injections of either
compound C (10 mg/kg) or vehicle 1X PBS daily for 5 days. A two-day washout period
occurred before mice that were treated with compound C received I.P. injections of JZL184 (8
mg/kg) every two days for 4 weeks. Likewise, mice that had been treated with sterile 1X PBS
continued to receive I.P. injections of vehicle solution (2% DMSO, 2.5% Tween™ 80 in sterile

1X PBS) every two days for 4 weeks.

3.5 Tissue Preparation

At 3, 7, 14 or 35 days post-surgery, mice were anesthetized with 0.1 mL of sodium
pentobarbital (65 mg/mL, I.P.). The animals were transcardially perfused with 35 mL of ice-
cold 1X PBS (7 mL/minute for 5 minutes), followed by 35 mL of ice-cold 4%
paraformaldehyde (PFA) (Sigma-Aldrich, 158127) in 1X PBS. The brains were dissected out
and transferred to 4% PFA overnight at 4°C, then dehydrated in 30% sucrose solution with
0.1% sodium azide (Fisher, 19038-1000) for 2 days at 4°C. Samples were embedded in optimal
cutting temperature compound (VWR, 95057-838) in a plastic molding tray (Fisher, 22-363-
554) and flash-frozen on dry ice. Serial 20 pm-thick sections of the ischemic lesion were
obtained using a cryostat (Leica Biosystems, CM1850) and sequentially collected on 10
Superfrost™ Plus glass microscope slides (Fisher, 12-550-15). Slides were stored at -80°C until

needed.

3.6 Immunohistochemistry

Frozen sections were defrosted at 37°C for 10 minutes and washed three times with 1X
PBS for 5 minutes each. The sections were blocked and permeabilized using 10% normal goat
serum (NGS) (Invitrogen, Thermo Fisher Scientific, 10000C) if using non-goat primary

antibodies, or 3% bovine serum albumin (BSA) (New England BioLabs, 9998S) if using a goat
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primary antibody, in a 0.3% Triton™ X-100 (Fisher, BP151-100) in 1X PBS solution (PBS-T)
for at least one hour at room temperature. Primary antibodies were incubated overnight at 4°C
in their respective blocking/permeabilizing solutions. The antibodies used were chicken anti-
GFP (1:1000) (Abcam, ab13970), rabbit anti-Sox2 (1:200) (Millipore, AB5603MI), goat anti-
DCX (1:200) (Santa Crus, sc-8066), guinea pig anti-NeuN (1:1000) (Millipore, ABN90), rat
anti-CD31 (1:200) (BD Biosciences, 550274), rabbit anti-COL1A1 (1:500) (OriGene
Technologies, R1038), rabbit anti-Ibal (1:1000) (Wake Chemicals, 019-19741).

Following the primary antibody incubation, the sections were washed three times with
1X PBS for 5 minutes each and incubated for one hour at room temperature with the following
Alexa Fluor-conjugated secondary antibodies in 0.3% PBS-T at a 1:500 concentration: goat
anti-chicken Alexa Fluor 488 (Invitrogen, Thermo Fisher Scientific, A-11039), donkey anti-
rabbit Alexa Fluor 647 (Invitrogen, Thermo Fisher Scientific, A21206), donkey anti-goat
Alexa Fluor 555 (Invitrogen, Thermo Fisher Scientific, A-21432), goat anti-guinea pig Alexa
Fluor 647 (Invitrogen, Thermo Fisher Scientific, A21450), goat anti-rat Alexa Fluor 555
(Invitrogen, Thermo Fisher Scientific, A-21434), donkey anti-rabbit Alexa Fluor 555
(Invitrogen, Thermo Fisher Scientific, A-31572). After secondary antibody incubation,
sections were counterstained with Hoechst 33342 (Cell Signaling Technology, 4082) at 1:1000
in 0.3% PBS-T for 5 minutes and then washed three times with 1X PBS for 5 minutes each.
Slides were mounted with glass coverslips using PermaFluor™ mounting medium (Thermo

Fisher Scientific, TA-030-FM) and dried overnight at room temperature.

3.7. Imaging and Quantification
Fluorescent images were taken on a Zeiss Imager M1 fluorescent microscope with Zeiss
Axiovision software, a Zeiss Image M2 fluorescent microscope with Zeiss Zen Blue software,

or a Zeiss LSM 800 confocal microscope using Zeiss Zen Pro software, all containing z-axis
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capability. Images were captured at 20X magnification with the z-axis per section set at 1 pm
apart and processed as an optical stack of 10-15 scanned slices for quantification. Images were
taken from left to right of the infarct region, adhering to the pia surface border to maintain
comparable areas of quantification within the lesion between animals. One to five images per
section were taken for two to nine sections of a sample, depending on the time point post-stroke
and the extent of ischemic damage. The total number of YFP+ cells and the number of YFP+

cells that co-expressed another cell type marker were quantified in FIJI software.

3.8 Ladder Rung Test

Mice were placed at one end of a horizontal ladder made of plexiglass walls with
irregularly placed metal rungs set on top of two cages. The home cage was placed at the
opposite end of the ladder. The animals were videotaped crossing the ladder with footage shot
from slightly below so that all four limbs are visible for analysis. Mice underwent one day of
training and one day of pre-surgery baseline performance measurement, then retested at 7, 14,
and 35 days post-surgery. Between each testing time point, the orientation of the ladder and
cages was flipped so the mouse would have to traverse the ladder starting from the opposite
side of the room to minimize improvement from learning memory. A maximum of five trials
per day were filmed for each mouse and the three best trials (no interruptions in movement
across ladder) were scored for the total number of steps and the total number of errors made in
each limb. An error was considered as a miss, a slip, or a cheat (use of the wall to support
weight). The trial footage was analyzed in VLC media player at 0.06x speed. The difference in

percentage error for each limb from baseline performance at each time point was calculated as:

total misses + slips + cheats baseline total misses + slips + cheats

difference in % error from baseline = ( ) *100%- ( ) *100%

total limb steps baseline total limb steps

3.9 Cylinder Test
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Mice were placed in a clear cylinder container under moderate lighting and videotaped
from above for the duration of 20 rears. A pre-surgery baseline performance measurement was
taken and mice were retested at 7, 14, and 35 days post-surgery. The videos were analyzed in
VLC media player at 0.06x speed and the number of ipsilateral, contralateral, and both paw
touches to the cylinder wall was counted. The percentage ipsilateral preference at each time

point was calculated as:

total ipsilateral paw touches - total contralateral paw touches

% ipsilateral preference = ( ) *100%

total ipsilateral, contralateral, and both paw touches

3.10 Grid Walk Test

Mice were placed on an approximately 1 ft. x 1 ft. square metal grid with 1 cm spacing
that was elevated 1 ft. above the surface of a table and videotaped from below for three minutes
while the animals roamed freely. A pre-surgery baseline performance measurement was taken
and mice were retested at 7, 14, and 35 days post-surgery. The total number of steps in each
forelimb and the number of errors in the form of slips and misses made by each forelimb were
counted in VLC media player at 0.06x speed. The percentage error for each forelimb at each

time point was calculated as:

total forelimb slips + misses

% steps with error = ( ) *100%

total forelimb steps
3.11 Cresyl Violet Staining

Frozen sections were defrosted at 37°C for 10 minutes. The slides were loaded into a
vertical slide staining rack and immersed in cresyl violet working solution consisting of 0.2%
cresyl violet (Sigma-Aldrich, C5042) dissolved in 0.5% acetic acid buffer solution, pH 3.5, for
30 minutes. The racked slides were then sequentially dehydrated in 70%, 95%, and 100%

anhydrous ethyl alcohol and cleared in CitriSolv™ (Fisher, 04-355-121). Slides were mounted
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with glass coverslips using Permount™ mounting medium (Fisher, SP15-100) solution and

dried overnight at room temperature.

3.12 Infarct Volume Measurement

Brightfield images of cresyl violet-stained whole tissue sections were captured using a
Zeiss AxioScan slide scanner at 10X magnification. Images were analyzed using QuPath
software. The infarct area was measured on every section on the slide and edema-adjusted

infarct volume in mm?3

was calculated using the following equation:
E a-infarct volume in mm? =

contralateral hemisphere area in mm

ipsilateral hemisphere area in mm

> (infarct area in mm( )) *0.02 (section thickness in mm) * 10 (serial collection factor)

3.13 Statistical Analysis

All data analysis was conducted using GraphPad Prism 9 software. Statistical analyses
were performed using a two-tailed student t-test or one-way or two-way ANOV A with Tukey’s
post hoc test. All values are expressed as mean + standard error of the mean. All comparisons

were analyzed using o = 0.05.
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4.0 Results
4.1 Pericytes are reprogrammed into neural and non-neural cell types following ischemic
stroke.

To lineage trace pericytes before stroke, Tbx18-Cre-ERT2/YFP-flx mice were treated
with tamoxifen at a dosage of 160 mg/kg daily for 5 days, followed by a one-week washout
period before ET-1/L-NAME surgery. Characterization of cell identities of Tbx18-YFP+
pericytes following stroke was performed at 3, 7, and 14 days post-stroke (Figure 1A, B). At3
days post-stroke, 85.19% of total Tbx18-YFP+ cells were adjacent to CD31+ blood vessels.
This association decreased over time across the 7 day (67.44%) and 14 day (61.22%) time
points, suggesting a gradual loss in their typical perivascular support function (Figure 1C). On
the other hand, the Tbx18-YFP+ cells expressed markers of both neural and non-neural cell
types following stroke injury. Collagen type 1 (COL1A1), a marker for fibroblasts, was co-
expressed in a consistent proportion of Tbx18-YFP+ cells, making up 28.04% of YFP+ cells
at 3 days, 22.72% at 7 days, and 27.45% at 14 days post-stroke (Figure 1D). Ibal, a marker for
microglia, had its highest expression in Tbx18-YFP+ cells early on at 3 days post-stroke,
making up 24.66% of YFP+ cells, and decreased in the later tested time points (13.11% at 7

days and 9.26 at 14 days) (Figure 1E).
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Figure 1: Ischemia-activated pericytes in the stroke lesion are reprogrammed into
fibroblasts and microglia, reducing vascular association over time. (A) Experimental
timeline of TAM pre-treatment, ET-1/L-NAME surgery, and tissue collection for analysis at 3,
7, and 14 days post-stroke. (B) Cresyl violet image of representative area for identification of
cells in the stroke lesion at 3, 7, and 14 days post-stroke. (C-E) Quantification and images of
the proportion of Tbx18-YFP+ (green) cells that were (C) CD31 adjacent, (D) COL1A1+, and
(E) Ibal+ (red) at 3, 7, and 14 days post-stroke. Arrows denote co-labelled cells, arrowheads
in (A) denote adjacent CD31+ cells. Scale bars = 20 um. Data analyzed by one way ANOVA
(F2,0 =4.381, p = 0.0469 for CD31, F29 =4.2078, p = 0.8162 for COL1A1, F29 =10.16, p =
0.0049 for Ibal) with Tukey’s post-hoc test between time points (n=3-6 animals per time point,
*p <0.05, ** p<0.01).
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Approximately half of the Tbx18-YFP+ cells stably expressed the pluripotency and
NPC marker, Sox2, in either the cytoplasm or nucleus across all time points (46.08% at 3 days,
48.41% at 7 days, and 48.24% at 14 days post-stroke) (Figure 2A, B). To examine the
population of ischemia-activated pericytes that have been fully reprogrammed into i-NPCs in
the stroke lesion, the proportion of nuclearized Sox2 fluorescent signal in the Sox2+/YFP+
cells was quantified. The highest proportion of nuclearized Sox2 was at 3-day post-stroke,
making up 6.09% of this subpopulation. This proportion decreased over time to 3.19% at 7
days and 0.35% at 14 days (Figure 2C). The neuroblast marker, DCX, was modestly expressed
in Tbx18-YFP+ cells at 3 and 7 days post-stroke (5.94% and 4.75% respectively) and was
greatly increased at day 14 following stroke injury (12.67% of YFP+ cells) (Figure 3A). Lastly,
the mature neuron marker, NeuN, was only found in Tbx18-YFP+ cells on day 14 after stroke

injury, representing 3.32% of the total Tbx18-YFP+ population (Figure 3B).
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Figure 2: Ischemia-activated pericytes in the stroke lesion are reprogrammed into
multipotent i-NPCs. (A-C) Images and quantifications of the proportion of Tbx18-YFP+
(green) cells that were (A, B) Sox2+ (red) and (C) the proportion of Sox2+/YFP+ cells with
nuclearized Sox2 at 3, 7, and 14 days post-stroke. Arrows denote co-labelled cells. Scale bars
= 50 um. Data analyzed by one way ANOVA (F2,9=0.7934, p = 0.4816 for Sox2, F29 =3.434,
p =0.0779 for nuclearized Sox2) (n=3-6 animals per time point).
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Figure 3: Ischemia-activated pericytes give rise to newborn neurons in the stroke lesion
over time. (A-B) Images and quantifications of the proportion of Tbx18-YFP+ (green) cells
that were (A) DCX+ and (B) NeuN+ (red) at 3, 7, and 14 days post-stroke. Arrows denote co-
labelled cells. Scale bars = 20 um. Data analyzed by one way ANOVA (F29=7.075,p=0.0142
for DCX, F2,0 =22.01, p = 0.0003 for NeuN) with Tukey’s post-hoc test between time points
(n=3-6 animals per time point, * p < 0.05, *** p <0.001).
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4.2 Compound C improves the efficiency of neural reprogramming of ischemia-activated
pericytes

To evaluate the effect of compound C on pericyte reprogramming during the acute
phase of stroke, Tbx18-YFP mice were treated with saline or compound C (10 mg/kg) daily
for 5 days starting 24 hours following ET-1/L-NAME injections (Figure 4A). These mice were
sacrificed at 7 days post-stroke to profile cell phenotypes. To determine whether compound C
can facilitate the reprogramming of a-pericytes to i-NPCs, the proportion of Sox2+/YFP+ cells
with nuclearized Sox2 in the stroke lesion was compared between treatment groups. At 7 days
post-stroke in the compound C-treated animals, 16.97% of Sox2+/YFP+ cells had nuclearized
Sox2 compared to only 4.48% in saline-treated animals (n=3, 6 respectively, p=0.003) (Figure
4B, C). There was no difference in the proportion of Tbx18-YFP+ cells expressing total Sox2
regardless of its signals in the nucleus or cytoplasm between groups (Figure 4D). The
proportions of Tbx18-YFP+ cells expressing DCX (Figure 4E), adjacent to CD31+ blood
vessels (Figure 4F), or expressing COL1A1 (Figure 4G) or Ibal (Figure 4H) all remained
similar between the compound C and vehicle treatment groups, indicating that compound C
specifically enhanced the reprogramming efficiency of ischemia-activated pericytes into i-

NPCs by facilitating Sox2 protein translocation from cytoplasm to nucleus.
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Figure 4: Compound C enhances reprogramming efficiency of ischemia-activated
pericytes. (A) Experimental timeline of TAM pre-treatment, ET-1/L-NAME surgery, and
compound C administration schedule. (B) Images of Tbx18-YFP+ cell expressing Sox2.
Arrows denote co-labelled cells with nuclearized Sox2, and arrowheads denote co-labelled
cells with Sox2 mostly expressed in the cytoplasm. Scale bars = 20 um. (C) Quantification of
the proportion of Sox2+YFP+ cells with nuclearized Sox2 at 7 days post-stroke following
vehicle or compound C treatment. (D-H) Quantifications of the proportion of Tbx18-YFP+
cells that were (D) Sox2+, (E) DCX+, (F) CD31 adjacent, (G) COL1A1+, and (H) Ibal+ at 7
days post-stroke following vehicle or compound C treatment. Data analyzed by Student’s t-test
(n=6 animals for vehicle, n=3 animals for compound C, ** p <0.01).
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4.3 Treatment with compound C followed by JZ1.184 does not increase neuron generation
from ischemia-activated pericytes

Due to the relatively high mortality rate of mice during treatment with 160 mg/kg
tamoxifen daily for 5 days (high dose tamoxifen) (Figure 5A), the dosage and treatment
duration of tamoxifen was decreased to 120 mg/kg for 4 days (low dose tamoxifen) to maintain
a sufficient number of animals to perform long-term post-stroke motor function recovery tests
between treatment groups in each experimental cohort. The low dose tamoxifen treatment
yielded minimal mortality amongst the treated animals. However, the total number of Tbx18-
YFP+ cells per section was decreased at each time point as expected due to the decrease in

tamoxifen to initiate recombination for YFP expression in Tbx18+ cells (Figure 5B, C).
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Figure 5: Lower tamoxifen dosage decreases mortality during treatment and
recombination rate in Tbx18+ cells. (A) Comparison of animal mortality during treatment
with high and low dose TAM. Quantifications of the average number of YFP+ cells per
section across time points under (B) high dose (n=3 animals per time point) and (C) low dose
(n=4-13 animals per time point) TAM treatments.
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To determine whether acute treatment of compound C followed by chronic treatment
of JZL184 post-stroke can facilitate the genesis of newborn neurons from a-pericytes, I used
low dose tamoxifen (120mg/kg daily for 4 days) before stroke to lineage trace pericytes over
35 days post-stroke since the high mortality rate following high dose tamoxifen treatment was
not suitable for long term tracing experiments. Mice were treated with compound C or vehicle
as done previously. Compound C-treated mice were then administered with JZL184 every two
days for the next four weeks (Figure 6A). Mice treated with vehicle in the acute phase (the first
7 days after stroke) continued with vehicle treatment for four weeks. By 14 days post-stroke,
the combination drug-treated group showed a trend towards an increase in the proportion of
DCX+ cells generated from Tbx18-YFP+ cells relative to the vehicle-treated group (10.52%
versus 5.88%, n=9, 11 respectively, p=0.0905) (Figure 6C). All other cell types were found in

similar proportions in vehicle- and combination drug-treated animals (Figure 6D-I).
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Figure 6: Compound C+JZL184 treatment has a minimal effect on increasing
neurogenesis from Tbx18-YFP+ pericytes at 14 days post-stroke. (A) Experimental
timeline of low dose TAM pre-treatment, ET-1/L-NAME surgery, and drug administration
schedule. (B) Cresyl violet staining image of a representative area for identification of cells in
the stroke lesion at 14 days post-stroke. (C) Quantification of the proportion of DCX+ (red)
out of total Tbx18-YFP+ (green) cells and orthogonal image of a co-labelled DCX+/YFP+ cell
at 14 days post-stroke. Scale bars = 20 um in (C). (D-I) Quantifications of the proportion of
Tbx18-YFP+ cells that were (D) Sox2+, (E) nuclearized Sox2 in total Sox2+/YFP+, (F)
NeuN+, (G) CD31 adjacent, (H) COL1A1+, and (I) Ibal+ in vehicle or compound C+JZ1.184-
treated mice 14 days post-stroke. Data analyzed by Student’s t-test (n=9 animals for vehicle,
n=11 animals for CpdC+JZL).
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By 35 days following stroke, the proportion of NeuN+ neurons derived from Tbx18-
YFP+ pericytes was similar between the two treatment groups (0.54% in vehicle-treated group,
0.81% in drug-treated group, n=13, 12 respectively, p=0.56) (Figure 7B). In addition, the
proportions of CD31 adjacent, COL1A1+ fibroblasts, and Ibal+ microglia were comparable
between groups as well (Figure 7C-E). Therefore, although some early effects of JZLL184 on
boosting neuronal differentiation in ischemia-activated pericytes had been found, there were
no consistently increased neuron populations generated from Tbx18-YFP+ pericytes at the

lesion site during the chronic phase following stroke.
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Figure 7: Compound C+JZL184 treatment has no effect on Thx18+ pericyte-derived
mature neuron production at 35 days post-stroke. (A) Cresyl violet image of a
representative area for identification of cells in the stroke lesion at 35 days post-stroke. (B)
Quantification of the proportion of NeuN+ (red) cells out of total Tbx18-YFP+ (green) cells
and orthogonal image of a co-labelled NeuN+/YFP+ cell at 35 days post-stroke.
Quantifications of the proportion of Tbx18-YFP+ cells that were (C) CD31 adjacent, (D)
COLI1A1+, and (E) Ibal+ in vehicle or compound C+JZL184-treated mice 35 days post-stroke.
Arrows denote co-labelled cells, arrowheads in (C) denote adjacent CD31+ cells. Scale bars =
20 um in (B), (D), and (E), = 50 pum in (C). Data analyzed by Student’s t-test (n=13 animals
for vehicle, n=12 animals for CpdC+JZL).
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4.4 Combination drug treatment does not affect stroke volume

To determine if the combination drug treatment had any effect on the extent of injury
to the brain tissue, infarct volume was measured using cresyl violet staining. At 7 days post-
stroke, there was no difference in stroke volume between vehicle and compound C+JZL184-
treated groups (1.33 mm? in the vehicle treatment group, 1.18 mm? in the drug treatment group)
(Figure 8A, B). Stroke volume was also comparable at 14 days (1.43 mm? for both groups)
(Figure 8A, C) and 35 days (1.00 mm? in the vehicle-treated group, 0.92 mm? in the drug-
treated group) (Figure 8A, D). Therefore, compound C+JZL184 treatment did not have any

effect on stroke volume.
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Figure 8: Compound C+JZL184 treatment has no effect on infarct volume. (A) Cresyl
violet staining images and quantification of infarct volume at (B) 7, (C) 14, and (D) 35 days
post-stroke with quantifications in vehicle versus drug-treated mice. Scale bars = 1 mm. Data
analyzed with Student’s t-test (n=3-4 animals per group at 7 days, n=11 animals per group at
14 days, n=13-14 animals per group at 35 days).
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4.5 Combination drug treatment has a minimal effect on the pattern of post-stroke motor
function recovery

Mice were tested on a battery of motor function tests, including the ladder rung test,
cylinder test, and grid walk test, to compare post-stroke recovery between vehicle-treated and
combination drug-treated animals. On the ladder rung test, coordinated sensorimotor function
was assessed in the forelimbs and hindlimbs. Both groups showed a similar deficit in their
contralateral forelimbs at 7 days after stroke, manifested by significantly increased percentages
of error steps that the contralateral forelimbs took when compared to their respective pre-stroke
baseline performance (Figure 9A). Compound C+JZL184 and vehicle treatment mice showed
similar patterns of recovery relative to their own group pre-stroke baseline performance at all
post-stroke time points. At 35 days post-stroke, both groups of mice can cross the ladder with
minimal errors, similar to their pre-stroke baseline accuracy. No significant impairment to the
ipsilateral forelimb (Figure 9B) or either side hindlimb (data not shown) was detected at any

time point.
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Figure 9: Compound C+JZ1.184 treatment does not affect ladder rung test performance.
(A) Percentage of contralateral forelimb error steps relative to pre-stroke baseline (subtracting
pre-stroke % error steps) on the ladder rung test at 7-, 14-, and 35-days post-stroke with vehicle
or compound C+JZL184 treatment. Data was analyzed by two-way ANOVA (Treatment x
Time Point F,112) = 0.02591, p = 0.9943; Time Point F3,112) = 18.46, p < 0.0001; Treatment
F.,112) = 0.02039, p = 0.8852, n = 8-19 animals for CpdC+JZL group, n = 7-16 animals for
vehicle group) with Tukey’s post-hoc test in comparison to their own pre-stroke baseline data
(* p <0.05, **** p < 0.0001 relative to CpdC+JZL baseline; # p < 0.05, #### p < 0.0001
relative to vehicle baseline). (B) Percentage of ipsilateral forelimb error steps relative to pre-
stroke baseline (subtracting pre-stroke % error steps) on the ladder rung test at 7, 14, and 35
days post-stroke with vehicle or compound C+JZL184 treatment. Data was analyzed by two-
way ANOVA (Treatment x Time Point F3112) = 0.7118, p = 0.5469; Time Point F3112) =
0.7816, p = 0.5067; Treatment F1,112) = 4.954, p = 0.0280, n = 8-19 animals for CpdC+JZL
group, n = 7-16 animals for vehicle group) with Tukey’s post-hoc test in comparison to own
group baseline data. (C) Sample frame of ladder rung test performance video used for analysis.
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The cylinder test is used as a measure of spontaneous forepaw motor function and
locomotor asymmetry. At baseline, neither group displayed a particular preference for use of
either the ipsilateral or contralateral forepaw. Both groups exhibited deficits at 7 days post-
stroke, represented by an increase in preference for usage of their ipsilateral, uninjured
forepaws relative to their respective pre-stroke baseline. The vehicle-treated group displayed a
significant increase in the use of the ipsilateral forepaw at 7 and 14 days post-stroke while the
compound C+JZL184-treated group only showed an increase in the use of the ipsilateral
forepaw at 7 days post-stroke (Figure 10A). By 35 days following ischemia, neither group

showed a significant ipsilateral preference compared to baseline.
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Figure 10: Compound C+JZ1.184 treatment modestly accelerates post-stroke forepaw
recovery in the cylinder test. (A) Percentage ipsilateral preference on the cylinder test at
baseline, 7-, 14-, and 35-days post-stroke with vehicle or compound C+JZL184 treatment.
Data was analyzed by two-way ANOVA (Treatment x Time Point F3,112) = 1.125,p =
0.3421; Time Point F3,112) = 10.84, p < 0.0001; Treatment F(1,112) = 0.2155, p = 0.6434, n = 8-
19 animals for CpdC+JZL group, n = 7-16 animals for vehicle group) with Tukey’s post-hoc
test in comparison to their own pre-stroke baseline data (* p < 0.05, ## p < 0.01 relative to
own pre-stroke baseline). (B) Sample frame of cylinder test performance video used for
analysis.
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The grid walk test assesses spontaneous motor coordination and sensorimotor function.
Both vehicle and combination drug-treated groups showed a significant increase in the
percentage of error in the contralateral forelimb at day 7 post-stroke relative to their respective
pre-stroke baselines, with the vehicle-treated group exhibiting a less significant change relative
to their baseline performance (Figure 11A). By 14 days post-stroke, both groups performed at
a similar level compared to baseline. No significant difference in the number of error steps was
observed in either group by day 35 post-stroke. No significant impairment to the ipsilateral
forelimb (Figure 11B) was detected at any time point. Collectively, these behavioural results
indicate that mice treated with compound C followed by JZL.184 only had minimal changes to

their pattern of recovery compared to vehicle-treated mice.
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Figure 11: Compound C+JZ1.184 treatment has no effect on grid walk test performance.
(A) Percentage of contralateral forelimb error steps on the grid walk test at 7-, 14-, and 35-days
post-stroke with vehicle or compound C+JZL184 treatment. Data was analyzed by two-way
ANOVA (Treatment x Time Point F3,112) = 0.5733, p = 0.6338; Time Point F(,112) = 20.40, p
<0.0001; Treatment F1,112) = 0.2596, p = 0.6114, n = 8-19 animals for CpdC+JZL group, n =
7-16 animals for vehicle group) with Tukey’s post-hoc test in comparison to their own pre-
stroke baseline (* p < 0.05, **** p <0.0001 relative to CpdC+JZL baseline; # p < 0.05, ### p
< 0.001 relative to vehicle baseline). (B) Percentage of ipsilateral forelimb error steps on the
grid walk test at 7-, 14-, and 35-days post-stroke with vehicle or compound C+JZL184
treatment. Data was analyzed by two-way ANOVA (Treatment x Time Point F(3,112) = 0.1156,
p =0.9508 Time Point F3,112) = 2.445, p = 0.0677; Treatment F1,112) = 0.2712, p = 0.6035, n =
8-19 animals for CpdC+JZL group, n = 7-16 animals for vehicle group) (C) Sample frame of
grid walk test performance video used for analysis.
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4.6 Tamoxifen treatment dosage affects the rate of reprogramming of ischemia-activated
pericytes

To determine if decreasing the tamoxifen treatment dosage impacted reprogramming
of a-pericytes, cellular analysis in the stroke lesion was performed using the new low dose
tamoxifen treatment at the same time points as I did for high dose tamoxifen treatment. While
the trends in the association of Tbx18-YFP+ cells with CD31+ blood vessels remained the
same between low and high dose tamoxifen treatments (Figure 12A, B), all quantifications
from other cell type markers following low dose tamoxifen treatment were different from those
receiving high dose tamoxifen treatment. Across the 3, 7, and 14 day post-stroke time points,
the proportions of both COL1A1+/YFP+ cells (6.98%, 6.28%, and 5.12% respectively) (Figure
12C, D) and Ibal+/YFP+ cells (5.54%, 4.19%, 2.98% respectively) (Figure 12E, F) were

significantly smaller in the low dose tamoxifen group than in the high dose tamoxifen group.
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Figure 12: Low dose tamoxifen decreases reprogramming of pericytes to fibroblasts and
microglia without altering vascular association. Quantifications of the proportion of Tbx18-
YFP+ cells that were (A) CD31 adjacent, (C) COL1A1+, and (E) Ibal+ at 3, 7, and 14 days
post-stroke in low dose TAM treated animals. Data analyzed by one way ANOVA (F2,15 =
4.512, p=0.0292 for CD31 adjacent; F2,15 = 0.1472, p = 0.8644 for COL1A1; F2,15=1.270, p
=0.3094 for Ibal) with Tukey’s post-hoc test between time points (n=4, 5, 9 animals at 3, 7,
14 days post-stroke respectively, * p < 0.05 ). Comparison of quantifications of the proportion
of Tbx18-YFP+ cells that were (B) CD31 adjacent, (D) COL1A1+, and (F) Ibal+ at 3, 7, and
14 days post-stroke with high dose or low dose TAM treatments. Data analyzed by Student’s
t-test (n=3-6 animals for high dose TAM, n=4-9 animals for low dose TAM, # p < 0.05).
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In addition, the percentage of Sox2+/YFP+ cells gradually decreased over time after
stroke in the low dose tamoxifen group (29.32% at 3 days, 14.22% at 7 days, 15.92% at 14
days) (Figure 13A). When compared to those in the high dose tamoxifen group, the proportions
of Sox2+/YFP+ cells were decreased in the low dose tamoxifen group across all three time
points (Figure 13B). However, the rate of Sox2 nuclearization in Sox2+/Y FP+ cells was stable
over time in the low dose tamoxifen group (6.53% at 3 days, 4.96% at 7 days, 2.74% at 14
days) (Figure 13C). Interestingly, a higher proportion of nuclearized Sox2 was found in the
low TAM treatment group at 14 days post-stroke compared to the high dose TAM group
(Figure 13D). The proportion of DCX+ neuroblasts over total Tbx18-YFP+ cells still increased
significantly over time (from 0.62% at 3 days post-stroke to 5.88% at 14 days post-stroke) in
the low dose tamoxifen group (Figure14A). However, DCX+ neuroblasts were found to make
up a smaller proportion of Tbx18-YFP+ cells in the low dose tamoxifen group relative to the
high dose tamoxifen group (Figure 14B). Finally, consistent with the initial results in the high
dose tamoxifen group, no NeuN+/YFP+ cells were detected before day 14 in the low dose
tamoxifen group (Figure 14C). However, the proportion of NeuN+ mature neurons produced
from YFP+ cells was significantly reduced in the low dose tamoxifen group at day 14 post-

stroke (0.31%) when compared to that in the high dose tamoxifen group (Figure 14D).
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Figure 13: Low dose tamoxifen reduces the proportion of i-NPCs derived from Thx18-
YFP+ pericytes. (A, C) Quantification of (A) the proportion of Tbx18-YFP+ cells that were
Sox2+ and (C) the proportion of Sox2+/YFP+ cells with nuclearized Sox2 at 3, 7, and 14 days
post-stroke in low dose TAM treated animals. Data analyzed by one way ANOVA (F2,15 =
7.923, p =0.0045 for Sox2; F2,15 =2.362, p = 0.1283 for nuclear Sox2) with Tukey’s post-hoc
test between time points (n=4, 5, 9 animals at 3, 7, 14 days post-stroke respectively, ** p <
0.01). (B, D) Comparison of quantifications of (B) the proportion of Tbx18-YFP+ cells that
were Sox2+ and (D) the proportion of Sox2+/YFP+ cells with nuclearized Sox2 at 3-, 7-, and
14-days post-stroke between high dose and low dose TAM treatment groups. Data analyzed by
Student’s t-test (n=3-6 animal per time point for high dose TAM, n=4-9 animals per time point
for low dose TAM, # p < 0.05, ## p < 0.01, #### p < 0.0001).
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Figure 14: Low dose tamoxifen reduces the proportion of newborn and mature neurons
derived from Tbx18-YFP+ pericytes. (A, C) Quantification of the proportion of Tbx18-
YFP+ cells that were (A) DCX+ and (C) NeuN+ at 3, 7, and 14 days post-stroke in low dose
TAM group. Data analyzed by one way ANOVA (F2,15 = 3.892, p = 0.0435 for DCX; F2,15 =
0.8201, p = 0.4592 for NeuN) with Tukey’s post-hoc test between time points (n=4, 5, 9
animals at 3, 7, 14 days post-stroke respectively, * p < 0.05). (B, D) Comparison of
quantifications of the proportion of Tbx18-YFP+ cells that were (B) DCX+ and (D) NeuN+ at
3, 7, and 14 days post-stroke between high dose and low dose TAM treatment groups. Data
analyzed by Student’s t-test (n=3-6 animals per time point for high dose TAM, n=4-9 animals
per time point for low dose TAM, # p < 0.05, ### p <0.001 ).
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4.7 Tamoxifen treatment dosage interacts with compound C to influence ischemia-
activated pericyte neural reprogramming

Given the differences found in reprogramming of a-pericytes between high and low
dose tamoxifen treatments, I re-evaluated the effects of compound C on boosting a-pericyte to
1-NPC reprogramming efficiency with low dose tamoxifen treatment. Compound C no longer
produced a significant increase in Sox2 nuclearization when compared to the vehicle treatment
group (7.46% of Sox2+/YFP+ cells in compound C-treated mice versus 4.96% of Sox2+/YFP+
cells in vehicle-treated mice, n=4-5 animals, p=0.8129) (Figure 15A). Low dose tamoxifen did
not change the proportion of Sox2+, DCX+, CD31 adjacent, COLA1A1+, and Ibal+ cells over
total YFP+ cells in the compound C-treated group (Figure 15B-F). Interestingly, the
nuclearized Sox2+/YFP+ subpopulation was smaller in low dose tamoxifen groups receiving
compound C treatment than that previously characterized in high dose tamoxifen group
receiving compound C treatment (16.97% in high dose tamoxifen group versus 7.46% in low
dose tamoxifen group all receiving compound C treatment, n=3-4 animals, p=0.0464) (Figure
15A). These findings suggest that high dose tamoxifen treatment prior to ischemic stroke may

facilitate compound C’s effect of enhancing reprogramming of a-pericyte into i-NPCs.
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Figure 15: Tamoxifen interacts with compound C to influence reprogramming efficiency
of ischemia-activated pericyte into i-NPCs. Comparison of (A) the proportion of
Sox2+/YFP+ cells with nuclearized Sox2 and (B-F) the proportion of Tbx18-YFP+ cells that
were (B) Sox2+, (C) DCX+, (D) CD31 adjacent, (E) COL1A1+, and (F) Ibal+ at 7 days post-
stroke under high dose or low dose TAM treatment and vehicle or compound C treatment. Data
analyzed by two-way ANOVA (Treatment x TAM Dosage F(,14) = 5.885, p = 0.0294;
Treatment F(1,14)=13.27, p=0.0027; TAM Dosage F(1,14)=4.811, p=0.0457 for nuclear Sox2)
followed by Tukey’s post-hoc test (n=6 high dose TAM/vehicle, n=5 low dose TAM/vehicle,
n=3 high dose TAM/compound C, n=4 low dose TAM/compound C, # p < 0.05).
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5.0 Discussion

Using the ET-1/L-NAME focal cortical stroke model, together with the pericyte lineage
tracing Tbx18-CreERT2/YFP-flx mouse line, I demonstrated that Tbx18+ pericytes can be
reprogrammed into both neural and non-neural cell types in response to ischemic injury. In
addition, pharmacological intervention with acute compound C treatment followed by chronic
JZL184 treatment after stroke showed a trend to transiently enhance the newborn neuron
population derived from Tbx18+ pericytes without altering the size of stroke volume and
minimally affecting motor function recovery. Finally, I discovered that tamoxifen facilitates

reprogramming of Tbx 18+ pericytes in a dose-dependent manner.

5.1 Tbx18+ pericytes are reprogrammed into neural and non-neural cell types in response
to ischemic injury

The present results uphold and build upon previous research reporting the existence of
multipotent cells located adjacent to vascular endothelial cells and expressing pericyte markers
exclusively in the ipsilateral lesion site in the brain.%7678102 Using the Tbx18-CreERT2/YFP-
flx mouse line in the current study, I identified Tbx18-YFP+ pericytes as one group of cells
from which these multipotent cells originate after stroke. This lineage tracing tool allowed me
to examine pericyte reprogramming across multiple time points, from the acute phase (3 days
after stroke) to chronic phase (35 days after stroke) following ischemic injury, whereas
Nakagomi et al. (2011)’s early work focused on the acute phase (3 and 7 days post-stroke)
following ischemic injury to identify locally induced-NPCs (i-NPCs) that are possibly derived
from pericytes using immunohistochemical approaches. Intriguingly, both studies found that
pericyte-derived i-NPCs were most abundant at day 3 post-stroke and decreased by day 7 post-
stroke. In this regard, it will be important to sustain these i-NPC populations in the stroke lesion

site to maximize the local neural regenerative potential, which was one of the aims of my
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current study. My lineage tracing results also revealed that newborn immature and mature
neurons can be generated from Tbx18-YFP+ pericytes at later time points (14 and 35 days post-
stroke). This was supported by previous work showing that neurons can be produced from i-
NPCs derived from ischemia-activated pericytes in culture.”®!192 Although the Tbx18+
pericyte-derived i-neurons following stroke are only generated sporadically, a potential
pharmacological strategy that maximizes the genesis of these i-neurons will provide the
regenerative potential to repair the stroke-damaged brain. In addition to neural cell types, 1
found that Tbx18+ a-pericytes can be reprogrammed into non-neural cell types, such as
COLI1A1+ fibroblasts and Ibal+ microglia. These findings were consistent with previous
studies regarding the cellular plasticity of pericytes following ischemia, where these cells could
express markers of fibroblasts®®!% and microglia.®®”! Although the role of these reprogrammed
pericytes in fibrotic and inflammatory processes has not been explicitly studied yet, a more in-
depth study of these reprogrammed cells would provide a holistic view of how ischemia-
activated pericytes are involved in brain repair apart from their neurogenic potential.

The Tbx18-CreERT2 mouse line was created specifically for optimizing pericyte
lineage tracing and was used to examine the plasticity of Tbx18+ brain pericytes following
cortical stab injury.’® Interestingly, Tbx 18+ brain pericytes did not behave as multipotent stem
cells to produce neural cells or produce collagen in response to a cortical stab injury.>
However, in my study, Tbx18-YFP+ brain pericytes are capable of being reprogrammed into
a variety of neural and non-neural cell phenotypes, including neural progenitors (Sox2+/YFP+)
and fibroblasts (COL1A1+/YFP+) in response to ischemic stroke injury. This difference in
response of Tbx18+ pericytes to physical injury (cortical stab injury) versus ischemic injury
(vasoconstrictor action) as shown by these contrasting results reinforces the specific and unique

ability of ischemia to naturally trigger brain pericyte plasticity in situ.
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As pericytes are heterogeneous and can be identified by a variety of markers,*” I had
also examined ischemia-induced pericyte reprogramming using another pericyte lineage
tracing mouse line, NG2-CreERT2/Y FP-flx, %4197 with the same approach. Approximately half
of the NG2-YFP+ cells were closely associated with CD3 1+ blood vessels at 3 days post-stroke
within the stroke lesion site, with only a small proportion of NG2-YFP+ cells co-expressing
Tbx18 (Appendix Figure 16A, B). This suggests that Tbx18 and NG2 label distinct
subpopulations of pericytes. Surprisingly, a high proportion of NG2-YFP+ cells expressed
nuclearized Sox2, suggesting a stronger predisposition towards neural cell fate in
reprogramming NG2-YFP+ cells than Tbx18+ pericytes (Appendix Figure 17A, B).
Reprogrammed NG2-YFP+ NPCs expressed nuclearized Sox2 exclusively in the lesioned
cortex and were not present in the uninjured contralateral cortex (Appendix Figure 17C).
Additionally, NG2-YFP+ cells co-expressed COL1A1 and Ibal (Appendix Figure 18A, B),
arguing that different subpopulations of brain pericytes share the common characteristic of
multipotency to produce neural and non-neural cell types in response to ischemic injury.
However, one caveat of using NG2-YFP to trace pericytes is that NG2 is considered less
specific to pericytes in the brain than Tbx18 since NG2 is also expressed in oligodendrocyte
precursors. To reconcile the difference in specificity, future work with single-cell RNA
sequencing analysis of NG2-YFP+ cells isolated from injured stroke tissues will be performed

to examine specific cell trajectory changes.

5.2 Compound C+JZ1.184 combination drug treatment minimally enhances neurogenesis
derived from Tbhx18+ pericytes

In the current drug treatment paradigm, compound C, an inhibitor of AMPK, was used
to enhance reprogramming of a-pericytes into i-NPCs immediately following stroke to expand

the limited pool of i-NPCs. The subsequent treatment with JZL184, an inhibitor of Mgll, was
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applied to further differentiate the i-NPCs into i-neurons. This paradigm has been successfully
employed in an a-pericyte culture model by other lab members. However, in the current study,
I only observed a trend towards higher DCX+/Tbx18-YFP+ immature neurons in the
combination drug treatment group at 14 days post-stroke. This increase in DCX+/Tbx18-YFP+
immature neurons did not translate to increased numbers of NeuN+/Tbx18-YFP+ mature
neurons at 35 days post-stroke in the combination drug treatment group. One earlier study has
used a GFP lentivirus to trace i-NPCs at the ischemic lesion site in the MCAo stroke model
and reported that none of the GFP labelled cells expressed neuronal markers by 21 days post-
stroke.” My results similarly showed that Tbx18-YFP+ only sporadically expressed the mature
neuron marker NeuN after 14 days post-stroke. These findings are in contrast with culture work
showing that pericyte-derived 1-NPCs in vitro can readily produce electrically active mature

neurons. 02

Interestingly, Magnussen et al. (2020) performed an experiment comparing the
neurogenic ability of endogenous adult NPCs when transplanted into either mouse striatum or
cortex. The NPCs transplanted into the striatum generated more DCX+ neuroblasts and NeuN+

neurons than did the NPCs transplanted into the cortex.!%®

Furthermore, they found that when
both cortical astrocytes and striatal astrocytes are reprogrammed into i-NPCs via Rbpj gene
deletion, i-NPCs derived from cortical astrocytes were less responsive to a locally injected EGF

treatment to enhance neurogenesis than those derived from striatal astrocytes.'%®

Along with
the observation of a gradual decrease in the a-pericyte-derived i-NPC population within the
ischemic lesion, lack of substantial neurogenesis in both vehicle and combination drug-treated
mice in vivo may be due to the cortical location of ischemic tissue, which could present an
innately unsupportive environment to neurogenesis.

Another possible factor in the lack of effectiveness of the combination drug treatments

on local neural regeneration is that systemic administrations of drugs via intraperitoneal

injection may dilute the drugs that would require a direct and fast delivery system for efficacy.
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To address the issue, future work in the lab will focus on developing a novel and clinically
applicable biomaterial that can be directly applied to the injured cortex to deliver targeted,
sustained, and sequential release of compound C and JZL.184. This new method would provide
more confidence that the drugs will be delivered directly in a timely manner for the optimized
duration of administration to maximize the local neural regenerative potential naturally
triggered by ischemic insult.

I did not observe any consistent trends in patterns of recovery between the compound
C+ZL184-treated groups and the vehicle-treated groups in the three motor behaviour tests. No
difference between the groups was found on the ladder rung test and grid walk test. In contrast,
drug treatment modestly accelerated motor functional recovery as measured on the cylinder
test. The different results obtained from different tests could partially stem from the type of
movement they assess. The ladder rung and grid walk tests involve all four limbs while the
cylinder test primarily involves the forelimbs. The cylinder test may be more sensitive in these
mice as ET-1/L-NAME stroke produced no persistent deficit in the hindlimbs as measured on
the ladder rung test, which may have allowed for some compensatory function on tests

involving all limbs.

5.3 Tamoxifen affects cellular reprogramming of ischemia-activated pericytes,
interacting with compound C to regulate its efficacy

In the current study, I have employed two different dosages of tamoxifen for lineaging
tracing. Interestingly, I discovered that tamoxifen impacts pericyte reprogramming in a dose-
dependent manner, manifested by the low dose tamoxifen treatment group exhibiting decreased
proportions of pericytes being reprogrammed into neural and non-neural cell types compared
to the high dose tamoxifen group. One common feature between low dose and high dose

tamoxifen was the proportion of vasculature (CD31)-associated Tbx18+ cells remaining
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comparable at all time points with the same decreasing trend over time. Pericytes have been
known to migrate away from vasculature in response to injury, remaining viable in the local
parenchyma while non-migrating pericytes are more prone to exhibiting structural signs of
degeneration.!” This suggests that the decreasing proportions of vasculature-associated
Tbx 18+ cells may be indicative of the extent of tissue damage in the area caused by ischemic
injury rather than a result of the pericytes losing their original function as part of the
neurovascular unit to reprogram into other cell types.

In my study, the main role of tamoxifen within the inducible Cre-loxP genetic
modification system is to bind to and facilitate the translocation of the estrogen receptor that is
fused with Cre recombinase into the nucleus. Once inside the nucleus, the Cre recombinase
removes the stop codon flanked by loxP sites to induce expression of fluorescent protein in
cells expressing Tbx18. However, the differences found in a-pericyte reprogramming between
high and low dosage tamoxifen treatments suggest that tamoxifen exposure beyond a certain
dosage threshold may begin exerting a pronounced effect on cellular reprogramming, rather
than solely carrying out its intended purpose of time-controlled fluorescent labelling.
Specifically, high dose tamoxifen treatment boosts the effect of compound C on facilitating
Sox2 nuclearization in Sox2+/Tbx18-YFP+ cells to complete i-NPC reprogramming from
Tbx 18+ pericytes. This phenotype was missing from low dose tamoxifen treatment.

Current research regarding the molecular activities of tamoxifen also provides clues for
understanding the effect of tamoxifen on pericyte reprogramming. Indeed, it has been found
that tamoxifen can directly affect multiple important proteins in the aPKC-CBP pathway. For
example, tamoxifen increases AMPK activation via inhibition of mitochondrial complex I-
mediated oxygen consumption, leading to an increased ratio of AMP/ATP.!'? It has been found
that chronic pre-treatment with metformin, another AMPK activator, for 7 days can reduce

AMPK activation caused by a subsequent permanent MCAO procedure, conferring protection
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against ischemia-induced apoptosis.'!! It may be possible that the tamoxifen pre-treatment here
acts in a similar manner as metformin administered before stroke, priming the aPKC-CBP
pathway against stronger AMPK activation induced by the experimental ischemia. Post-stroke
acute compound C treatment that further inhibits AMPK activation may produce stronger
inhibition of the aPKC-CBP pathway, leading to an apparent boost in reprogramming
efficiency in YFP labelled i-NPCs. Tamoxifen can also affect the aPKC-CBP pathway’s
downstream effects on neuronal differentiation mediated by endocannabinoid receptors whose
signaling promotes neurogenesis,’®!12-11* including post-stroke neurogenesis.!!> Tamoxifen
and its major active metabolites can bind to both CB1Rs and CB2Rs and act as inverse
agonists.!' Hence, in the period immediately following the ET-1/L-NAME procedure,
tamoxifen compounds could have occupied these receptors and blocked neurogenesis. As a
result, the increased i-NPC population under high dose tamoxifen treatment is attributable to
enhanced facilitation of i-NPC reprogramming from a-pericytes.

Acquiring a greater understanding of tamoxifen’s effect on cellular reprogramming
would be a natural next step. Specifically, a culture model of hypoxia-induced pericyte
reprogramming could be employed to examine the role of tamoxifen in pericyte
reprogramming, mirroring the present in vivo experimental paradigm as closely as possible.
Lastly, this should act as an important reminder regarding the precautions and considerations

needed when examining neural cell processes under the Cre/loxP inducible system.
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6.0 Conclusion

In summary, ischemia-activated Tbx18+ pericytes in the stroke lesion can be
reprogrammed into neural cells, including NPCs, neuroblasts, and neurons, as well as non-
neural cell types including fibroblasts and microglia. The combination drug treatment with
compound C followed by JZL184 modestly alters the pattern of motor function recovery
without great impact on local neurogenesis derived from ischemia-activated pericytes and
stroke volumes over time. Significantly, I discovered that tamoxifen can affect pericyte
reprogramming and interact with compound C to facilitate a boost in reprogramming
efficiency. This study solidifies and advances existing knowledge of ischemia-activated
pericyte reprogramming and differentiation and their potential in neural regenerative strategies.
Some unexpected results also introduce a novel role of tamoxifen in cellular reprogramming,

opening a new direction of study in the field.
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Appendix Figure 16: NG2+ ischemia-activated pericytes in the stroke lesion display
reduced vascular association at 3 days post-stroke compared to Thx18+ a-pericytes,
represent distinct subpopulations of pericytes. Images and quantification of the proportion
of NG2-YFP+ (green) cells that were (A) CD31 adjacent and (B) co-expressing TBX18 in the
ipsilateral stroke lesion and contralateral cortex at 3 days post-stroke. Arrows denote co-
labelled cells, arrowheads in (A) denote adjacent CD31+ cells. Scale bars = 50 um in (A), 20
um in (B). Data analyzed by Student’s t-test (n=3 animals, ** p < 0.01, *** p <0.001)
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Appendix Figure 17: NG2+ ischemia-activated pericytes in the stroke lesion are
reprogrammed into multipotent i-NPCs more readily than Tbx18+ a-pericytes. Images
and quantification of the proportion of NG2-YFP+ (green) cells that were (A, B) Sox2 (red)
and (C) the proportion of Sox2+/YFP+ cells with nuclearized Sox2 in the ipsilateral stroke
lesion and contralateral cortex at 3 days post-stroke. Arrows denote co-labelled cells. Scale
bars = 50 um in upper overview image, 20 um in lower close-up images. Data analyzed by
Student’s t-test (n=3 animals, * p < 0.05, *** p <0.001)
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Appendix Figure 18: NG2+ ischemia-activated pericytes in the stroke lesion express non-
neural cell type markers. Images and quantification of the proportion of NG2-YFP+ (green)
cells that co-expressed (A) COL1A1l and (B) Ibal in the ipsilateral stroke lesion and
contralateral cortex at 3 days post-stroke. Arrows denote co-labelled cells. Scale bars = 20 um
in upper overview images, 10 um in lower close-up images. Data analyzed by Student’s t-test
(n=3 animals, * p < 0.05)



