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Abstract 6

Abstract

Pericytes are a previously understudied, but crucial cell type of the vessel wall. In the brain, pericytes

are part of the neurovascular unit and are involved in the control and regulation of cerebral blood flow,

formation and maintenance of the blood-brain-barrier, and initiating evolutionarily conserved inflam-

matory and wound healing responses in the context of injury and disease. Previous research suggests

that pericytes are particularly susceptible to cerebral ischemia, dying almost immediately after reduc-

tion of blood flow and constricti-mgflItdhwd mafctrerciircalam
If true, this would preclude any therapy to ameliorate stroke outcome. These previous studies, how-

ever, lacked in vivo evidence, required deeper, more dynamic experimentation and pivotally, left many

questions unanswered. Therefore, we used transgenic mice where pericytes express enhanced green

fluorescent protein (EGFP) under the control of the plateletderive d gr owt h f actor recepto
(PDGFRD), in tandem with 2-photon microscopy, laser speckle imaging, histological and transcriptomic

analyses, to assess in detail the pericyte response to stroke.

Firstly, we demonstrate a novel damaged pericyte phenotype, where half of all pericyte sub-types incur
damage in the form of blebs during stroke in vivo, which persists acutely after reperfusion as a loss of
cellular membrane integrity. 24 hours after stroke, we show that pericyte death occurs acutely, with a
25% loss in pericyte density in the ischemic territory, and 30% of remaining pericytes staining TUNEL".
Critically, this leaves half the pericyte population alive in the sub-acute phase (Day 3-7). Here, we
demonstrate that pericyte survival is region dependent within the infarct core where neurons are erad-
icated. Despite this, we further show that pericytes respond to local reductions in population density
by entering the cell cycle, increasing vessel coverage and upregulating transcriptional profiles associ-
ated with the cell cycle, extracellular matrix deposition, and blood vessel morphogenesis.

Functionally, we demonstrate during a transient one-hour filament middle cerebral artery occlusion,
pericytes ubiquitously constrict the microvasculature in a spectrum of severity. 87% of pericytes con-
strict their associated capillary by 25% on average in a sub-type and depth dependent manner. Spe-
cifically, thin-strand pericytes constrict more than junctional or mesh pericytes and along with all other
sub-types, continue to constrict their associated capillary after reperfusion. The consequences of per-
icyte constriction materialize in the form of entrapped non-flowing vascular elements, where during
stroke, we show that one third of pericytes are associated with non-flowing vascular elements (capillary
stalls), and this association persists acutely post-reperfusion. In doing so, we causally implicate acute
pericyte dysf unecftlioownd ipnh etnhoemednnoon af t er s t-strokk, e | mpor t
no longer detect significant amounts of entrapped vascular elements at pericyte locations, and con-
comitantly find that all cortical pericyte sub-type populations have dilated their associated capillaries to
pre-stroke levels, implying functional impairment of pericytes, not immediate pericyte death, causes
constriction of the microvasculature in the ischemic cortex. Strikingly, in the sub-acute phase, we iden-
tify a previously unreported second phase of pericyte constriction, where thin-strand and junctional
pericytes reconstrict their associated capillaries to a degree previously predicted by the severity of
pericyte constriction during stroke. Finally, we demonstrate using laser speckle imaging that bi-phasic
microvascular pericyte constriction post-stroke correlates with and contributes to large-scale reduc-
tions of blood flow within the ischemic cortex.

Taken together, our research demonstrates that pericytes are more resistant to cerebral ischemia than
previously believed and a r-reflowda upshaelnloymeinnopnl iacfatteerd iisnc hte
Thus, pericytes may be functionally impaired by stroke in the ischemic cortex far earlier than they die,

suggesting they represent a potential target for stroke therapy acutely after reperfusion of the occluded

artery.
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1. I ntroducti on

1.1 The neurovascul ar uni t

The microvasculature structure in the brain is highly specialized and conserved across many spe-
cies. Pial and cortical penetrating arteries consist of an endothelial layer, which run across the
surface and dive into the brain, the basal lamina made from extracellular matrix (ECM), myointimal
layers of smooth muscles cells encased in ECM, and adventitia originating from the leptomenin-
ges. Within the cortex, an extension of the subarachnoid space forms the Virschow-Robin space,
surrounding cortical penetrating arterioles until reaching the capillary bed where it disappears into
the glia limitans formed by astrocytic end-feet - a space which has recently been shown to clear
solutes from the brain during sleep and is now known as the glymphatic system (del Zoppo and
Mabuchi, 2003, lliff et al., 2012). Further, along the vascular arbor as the vessels continue to
branch and decrease in lumen diameter, the glia limitans fuses with the basement membrane at
the capillary level, encasing mural cells called pericytes between two layers of ECM on the ablu-
minal side of the vessel. These pericytes cover approximately 37% of the endothelium via the
extension of cytoplasmic protrusions called processes. Parenchymal resident astrocytes reach
out via end-feet and contact pericytes and blood vessels, covering almost the entire endothelium
(Mathiisen et al., 2010). As the capillaries transition to venules, perivascular fibroblasts are found
encased within the basement membrane and are found in increasing frequency on ascending
venules which rise back toward the cortical surface. Together, pericytes, astrocytes, and endo-
thelial cells form the blood-brain barrier (BBB) which is a unique, highly polarized, selective barrier
that is necessary to maintain central nervous system homeostasis and provide trophic support to
neurons, enabling unhindered, coordinated neuronal signaling across the brain. In combination
with peri-capillary microglia, oligodendrocytes and neurons, these cells make up the Neurovas-
cular unit (NVU).

b Penetrating artery

“— Basement

a Vascular tree T
i membrane

Penetrating artery

r\srmrym% lg 3

i— Astrocytic
! endfoot

— VSMC
«——— Endothelial
+ocell

Neuron

C Arteriole

VSMC +— Endothelial
cell

+—VSMC

+— Pericyte

S
N ),
Arteriole — DS arteriole
S
) S—
—

Fig. 1. Brain vascular architecture and vascular unit components.

Endothelial
cell

a) Depiction of a penetrating artery, branching off into arterioles, contacted on all sides by astrocytic end-feet, forming
the glia limitans and Virschow-Robin space. b) Cross-sectional view of cellular components involved in penetrating ar-
tery construction. c) Cross-sectional view of arteriole construction. d) Cross-sectional view of capillary construction,
adapted with permission from (Kisler et al., 2017a)
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1.2 | schemi c: satnr ookveer vi ew

Ischemic stroke is an acute-onset disease representing 87% of all strokes and is caused by the
sudden obstruction of blood flow to a portion of the central nervous system (CNS) (Lloyd-Jones
et al., 2010). Typically, this obstruction is caused by formation of a thrombus in a large artery (a
coagulation of clotted blood components) or an embolus (parts of a plague, thrombi, air bubble or
fat tissue) in brain, spinal cord or retina and results in limited perfusion of downstream tissue
causing permanent damage to tissues at risk. To date, ischemic stroke is responsible for 5% of
all disability-adjusted life years and accounts for 10% of all death worldwide (second leading
cause of death); with the majority of this burden showing a heavy skew toward low and middle-
income countries (Naghavi et al., 2017).
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Fig. 2. Epidemiology of ischemic stroke.

Global distribution of ischemic stroke incidence by country, Data from (Naghavi et al., 2017), adapted with permission
from (Campbell et al., 2019).

As a disease, the prevalence and incidence of ischemic stroke is modestly increasing with a large
increase in the likelihood of stroke in adults between 20-64 years of age (Feigin et al., 2015).
Recently, ité& estimated that 1 in 4 adults will experience an ischemic stroke in their lifetime and
this high frequency contributes to approximately 80 million stroke survivors worldwide
(Krishnamurthi et al., 2015, Campbell et al., 2019). Interestingly, the stroke based incidence-mor-
tality ratio and disability-adjusted life years vary according to country income, with a significant
decrease occurring in high-income countries, while in middle and low-income countries these
metrics remained unchanged between 1990 - 2010 (Naghavi et al., 2017). The reasons for this
asymmetry are many fold and likely the result of differences in national health care prevention,
life expectancy and age demographic biases.

Collectively, modifiable risk factors (lifestyle and situation dependent criteria) such as hyperten-
sion, lack of high-level activity, smoking, cardiac associated issues, diet, alcohol consumption,
waist to hip ratio, depression and psychosocial stress account for up to 91.5% of stroke risk
among populations worldwide (O'Donnell et al., 2010). In addition to these factors, several other
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risk factors also account for low levels of stroke risk such as sleep apnea and environmental
pollution which are likely to increase in frequency in the future due to global population growth.

Although most ischemic stroke cases occur sporadically, there are a number of risk factors that
contribute to the likelihood of stroke occurrence (Bevan et al., 2012). Statistically speaking, stroke
is more common in men than in women and occurs heritably with a probability of 37.9% because
of monogenic diseases such as CADASIL and CARASIL (dominant and recessive forms of cere-
bral autosomal arteriopathy with subcortical infarcts and leukoencephalopathy, respectively)
(Feigin et al., 2015, Bevan et al., 2012).

1.2.1 Cellular pathophysiology of stroke

Specifically, although neurons make up only 2% of the body mass in humans, they require 20%
of t he Dband2p%B sf alldhe glucose metabolized by the body. This is due to the high
energetic cost required to maintain resting membrane potential, reorganizing synaptic connec-
tions and initiating action potentials (Bordone et al., 2019). Consequently, after the occlusion of
an upstream vessel the brain tissue requires more energy than it is supplied with; resulting in
rapid depletion of limited energy providing perivascular glycogen stores normally found in astro-
cytes in the adult brain, and triggering further dramatic effects on downstream tissue - in particular
on neuroglial health and function (Alarcon-Martinez et al., 2019) .

A lack of glucose and O: availability in neurons initiates an ischemic cascade beginning with the
disruption of their transmembrane gradient (maintained by an adenosine tri-phosphate-depend-
ent Na*/K* exchange pump). This has several downstream effects; initially this impairs neuronal
signaling by depolarizing the neuron (anoxic depolarization) and triggers the release of neuro-
transmitters at pre-synaptic terminals. These neurotransmitters are not cleared from the synaptic
cleft under conditions of ischemia (which itself is an ATP dependent process) leading to increas-
ing concentrations of extracellular glutamate (Obrenovitch et al., 1993). Secondarily, N-methyl-d-
aspartate (NMDA) receptors normally blocked by magnesium ions under physiological conditions
are opened by magnesium removal, which in turn alters conductance of these channels, triggering
calcium influx and the release of internal calcium stores inside neurons (Nowak et al., 1984).
Thirdly, a rise in intracellular calcium activates neuronal nitric oxide synthase (hNOS) which gen-
erates reactive oxygen species (ROS) that can injure mitochondria triggering cytochrome ¢ re-
lease and initiating apoptosis. Alternatively, ROS can also trigger necrosis, necroptosis and au-
tophagy in neurons and glia in a paracrine manner (Mayer and Miller, 1990, Love, 1999). In ad-
dition to the lethal effects on neurons and other cells (oligodendrocytes, microglia, pericytes),
excessive glutamate release in the extracellular space triggers astrocyte swelling and osmotic
overload and can result in enlargement of astrocyte end-feet; compressing vessels further and
exacerbating an already insufficient blood supply (Vella et al., 2015). Furthermore, swelling of
astrocytes indirectly reduces the volume of extracellular space, raising extracellular glutamate to
excitotoxic levels and resulting in lethal cellular damage (Choi and Rothman, 1990). Taken to-
gether, the loss of energy supply within a CNS highly dependent on ATP delineates the onset of
an irreversible cascade of damage in areas perfused by solitary vessels with little access to prox-
imal collaterals, ultimately leading to tissue necrosis within minutes. The extent of brain damage
caused by these processes is widely understood to be a function of the severity of the occlusion
and time (Bevan et al., 2012). However, many areas of the gray matter are perfused by collateral
flow, which can extend the survival time of distinct regions of the gray matter to several hours.
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1.2.2 Theischemic core and ischemic penumbra

The metabolic starvation of tissue downstream of the clot can cause irreversible cell death in
minutes (the ischemic core). Despite this, collaterals (minor vessels that can expand to perfuse
brain regions normally supplied by the blocked vessels) and vascular redundancy within the is-
chemic brain afford other at risk tissue with a time-window in which cells become electrically in-
active, effectively hibernating within a hypoperfused, oligaemic non-functional tissue termed the

i schemic penumbr a. Cruci al experiments performed

onset clinical deficits seen in patients to the ischemic penumbra which importantly, is brain tissue
which can still be saved (Astrup et al., 1981). Rapid reperfusion of the ischemic penumbra can
restore function to at risk tissue and this finding prompted the impetus for research focused on
reperfusion therapies, which are the most effective stroke therapies to date and transform the
lives of many stroke survivors (TheNationallnstituteofNeurologicalDisordersandStrokert-
PAStrokeStudyGroup, 1995, StrokeUnitTrialistsCollaboration, 1997).

Ischaemic
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Leptomeningeal
collateral flow

Ischaemic from ACA
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Lipohyalinosis Fibrin clot Leptomeningeal
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Parent artery from PCA

atherosclerosis
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Fig. 3. The ischemic core and penumbra.

The ischemic core in the image above (pale blue color) represent s wher e | enticulostriate
and perfuse the striatum and basal ganglia with blood, but have no proximal collaterals or anastomoses. The ischemic
penumbra (pale yellow)riegbedent s altl kfasgdabntbebdistal MCAS ldeteedanp e
aged tissue can potentially receive blood flow from the posterior communicating (PCA) or anterior communicating arter-
ies (ACA) through the opening of leptomeningeal collateral flow, adapted with permission from (Campbell et al., 2019).
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1.2.3 Transition from penumbra to core infarction

The ischemic penumbra represents the parenchymal cells hypoperfused by blood that reside in
an inactive metabolically challenged but salvageable state. Critical research in animal models,
which vary the duration of ischemia, has expanded our understanding of penumbra to core infarct
transition. Specifically, 2 hours of transient ischemia in rats produces the same size of infarcted
tissue as a permanent 24-hour middle cerebral artery occlusion, indicating that 2 hours of occlu-
sion causes irreversible cell death in the region of the brain perfused by the middle cerebral artery.
Shortening the duration of ischemia to 90 minutes reveals evidence of a penumbra, and an oc-
clusion time of 60 minutes further expands this penumbra. By calculating the ratio of at risk, to
dead tissue, researchers could demonstrate that the average speed of infarct expansion in a 300
g rat is close to 3.3 mg/minute after MCA occlusion (Eschenfelder et al., 2008, Liu et al., 2010).
Understanding what contributes to infarct expansion is crucial to determining how to save the at
risk tissue. Extent of cerebral blood-flow (CBF) dominates this picture, specifically, when CBF is
reduced to 55 ml/100g/min protein synthesis is inhibited, glycolysis takes over the role of glucose
metabolism when CBF reaches 35 ml/100g/min. Neurotransmitter disturbances occur at a CBF
of 20 ml/100g/min and ATP depletion and anoxic depolarization form at CBF values below 15
ml/100g/min. Each of these thresholds, define differential mechanisms and rates of cell death in
the ischemic penumbra, which typically is reported to have a CBF of 15-25 ml/100g/min
(Hossmann, 1994) (Murphy et al., 2006). These reported viability thresholds reflect a topological
gradient of ischemia in which the tissue is prone to spontaneously occurring peri-infarct depolar-
izations, which form and propagate through neurons and glia in the form of a wave at a rate of 3-
5 mm/min after brain ion homeostasis is compromised (Lauritzen et al., 2011).

These waves share similar properties to cortical spreading depolarizations (CSD), which are as-
sociated with the aura phase of migraine, but in the context of ischemia, the number and duration
of these self-propagating waves in penumbral tissue correlates strongly with the expansion of the
infarct over time (Mies et al., 1993, Dijkhuizen et al., 1999). The mechanism underpinning this
correlation is thought to relate to an imbalance between the metabolic workload required to re-
store cell membrane ion gradients after depolarization events and concomitant depletion of the
tissue glucose pool. Importantly in this time, peri-infarct depolarizations trigger a brief period of
dilation in arterioles, which leads to a short burst of hyperperfusion, followed by a sustainted hy-
poperfusion as a result of inverse neurovascular coupling, which reduces oxygen and glucose
delivery by 20-30% and is believed to exacerbate tissue damage and further delay restoration of
cell membrane ion gradients (Hossmann, 2006). In addition, controversially it has been described
that peri-infarct depolarizations alter the volume of the paravascular space through constriction
of arterioles, forcing cerebral spinal fluid (CSF) into the brain parenchyma which exacerbates
edema formation and further worsens ischemic damage (Mestre et al., 2020). Moreover, CSD
propagation in the penumbra has also been shown to contribute to the breakdown of the blood-
brain-barrier through the activation of matrix metallo proteinases (Gursoy-Ozdemir et al., 2004).

Crucially, the aforementioned deleterious processes negatively impact penumbral tissue survival

and highlight that if conditions are not changed by an increase in collateral flow or therapeutic

intervention, penumbral tissue will also succumb within hours to sustained levels of oligemia,

extracellular excitotoxic compound build up, cell swelling and consistent waves of energy depend-

ent depolarization (Campbell et al., 2019). This facet of stroke pathology led to coining of the term

6time is braind by neurol ogi st Ghe needforanGlfetiwez, whi c
acute stroke therapy and highlights that overtime,p e numb r al 6sal vageabled tis
to core necrotic tissue if the perfusion is not reestablished.
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The growth function of an ischemic stroke has been estimated to occur as a function of three
criteria: 1. The interval from onset to completion of a typical ischemic stroke 2. The volume of the
brain compromised by the stroke and 3. The total number of neural circuit elements of interest.
Using these functions, researchers estimate that during a large vessel supratentorial ischemic
stroke, a patient can expect to lose 1.9 million neurons, 14 billion synapses and 12 kilometers of
myelinated fibers per minute. Cumulatively this equates to the brain aging 3.6 years each hour
during stroke and highlights the need for acute treatment (Saver Jeffrey, 2006). However, despite
the severity of stroke, using MRI diffusion-perfusion mismatch and PET imaging, evidence of a
persisting penumbra can be shown in half of the patients with a large vessel ischemic stroke for
as long as 8-12 hours (Darby et al., 1999, Baron, 1999, Markus et al., 2004).

Fig. 4. Magnetic resonance perfusion maps of a 72 year old stroke patient 3 hours after system onset.

A) Shows the mean transit time map, which is regarded as the most sensitive map for perfusion abnormalities while the
other maps, such as the cerebral blood volume map B) and the cerebral blood flow map C), provide ancillary infor-
mation. Area 1 represents normal perfusion state and it has no risk of infarction. Area 2 shows a marked extension of
the mean transit time with the concomitant decrease of both the cerebral blood volume and cerebral blood flow. This
area typically has no chance to survive from infarction and eventually showed hemorrhagic infarction. D) Area 3 of mod-
erately prolonged mean transit time shows a slightly increased cerebral blood volume value to maintain the cerebral
blood flow. This area often has a benign course and it is salvageable via recanalization treatment, ie. Represents the
penumbra, adapted with permission from (Lee et al., 2005).
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1.2.4 Acute therapeutic intervention for ischemic stroke

To date, the only drug supported by level 1 evidence (a systematic review of clinical randomized
controlled trials) is recanalization of the ischemic territory by intravenous (i.v) injection of alteplase
within 4.5 hours of symptom onset. Mechanistically, alteplase causes thrombolysis and achieves
recanalization of the major artery occluded and has remained the gold standard in acute stroke
therapy since 1996. With a number needed to treat of 7.7, alteplase is a recombinant serine pro-
tease that catalyzes the breakdown of plasminogen to plasmin and serves to enzymatically lyse
the blood clot; working on both large artery occlusions and lacunar infarcts. Drugs designed to
lyse clots are grouped into a class called tissue plasminogen activators (tPA) and have been
found to increase the survival in patients suffering from ischemic stroke in a recent meta-analysis
consisting of 12 independent clinical trials (Wardlaw et al., 2012). The same Meta analyses also
suggests that tPA may be beneficial in patients for as long as 6 hours post stroke citing trials
which display improved functional outcome in these stroke patients (Wardlaw et al., 2003a,
Wardlaw et al., 2003b). These beneficial treatment effects are also present when mechanically
removing the occluding clot using catheter angiography within 6 hours, and in patients which have
been screened and selected using brain imaging for as long as 24 hours post-stroke (Albers et
al., 2018). However, despite these promising advancements, not more than 20% of stroke pa-
tients are eligible to be given such treatment; explaining the need for further stroke therapies
which can be administered to a higher percentage of stroke patients (Stroke (2017).

Compounding these major issues in stroke research, after removal of a large artery occlusion,
many deleterious secondary consequences of ischemic stroke continue to play out, negatively
affecting cell survival post-reperfusion of the occluded vessel. Although decades of research and
enormous economical investment has been funneled into stroke therapies, there is no single drug
approved by the FDA (Food and drug administration) acting on brain cells to ameliorate stroke
outcome (Dirnagl and Macleod, 2009). Furthermore, while reperfusion therapies have shown
great promise in clinical trials, crucially, they do not address the key emergent pathological se-
quelae of ischemic stroke that occur through distinct mechanisms at the level of the microcircula-
tion and push penumbral at risk tissue toward death.
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1.3 Théror ef dpohwe n o me n o n

1.3.1 A historical perspective on the no-reflow phenomenon

The no-reflow phenomenon relates to observations that under conditions of ischemia, restoration
of patency or reperfusion of the large artery does not adequately restore perfusion to the micro-
vasculature downstream. The microvasculature denoted here refers to vessels under 100 pm in
size within the brain parenchyma, including capillaries and their afferent connections and their
relationship to the no-reflow phenomenon was first described in the brain in the 1960s in canine
and rabbit models (Ames et al., 1968). When experiencing ischemia for 2% minutes, reperfusion
appeared to restore normal flow to brain tissue in rabbits. However, when prolonging the duration
of ischemia, researchers noticed that despite successful reopening of the artery, normal blood
flow in the brain flow was impaired (Majno et al., 1967, Rezkalla Shereif and Kloner Robert, 2002).
This phenomenon occurs in several organs including the brain, skin, heart and kidney and hints
at differences in susceptibility of capillaries, arterioles and venules when compared to large ves-
sels following ischemia (Summers and Jamison, 1971, Chait et al., 1978, Allen et al., 1995, Niccoli
et al., 2009, O'Farrell and Attwell, 2014). After no-reflow was initially described across multiple
organs, further investigations highlighted that no-reflow is not instantaneous, but instead appears
to be a process, increasing in severity over time in proportion to the duration of ischemia
(Ambrosio et al., 1989).

1.3.2 Pathophysiological hallmarks of the no-reflow phenomenon

Currently, understanding of the pathophysiology of the no-reflow phenomenon remains imcom-

plete. Despite enjoying a brief  spveralcoocgrnsaHatno-es ear ch
reflow may be an experimental artifact were raised (de la Torre et al., 1992, Tsuchidate et al.,

1997, Li et al., 1998) and then subsequently revised (Hallenbeck et al., 1986, Garcia et al., 1994,

del Zoppo and Mabuchi, 2003, Hossmann, 2006, Liu et al., 2002) leading to a lag time in under-

standing no-reflow pathophysiology. It is now well accepted to occur following transient ischemia

and appears to be multi-factorial in nature.

Reports of no-reflow in the brain have been shown to occur after only 5-10 minutes of ischemia,
when compared against studies of no-reflow in the heart (where no-reflow did not occur until
ischemia lasted 30 minutes)(Ames et al., 1968). Furthermore, incomplete reperfusion is a com-
mon feature among stroke survivors that undergo intra-arterial recanalization of the major clot
occlusion (Arsava et al., 2018). These findings indicate that the brain may be particularly suscep-
tible to short bouts of ischemia and that removal of the large vessel occlusion should not be the
sole focus of therapies aimed at ameliorating stroke outcome.
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Fig. 5. No-reflow in the heart and brain.

Adapted with permission from (Rezkalla Shereif and Kloner Robert, 2002).

The early reports on no-reflow demonstrated that elements of the blood become entrapped within
the microcirculation and result in a mottled appearance, whereby regions of non-perfused tissue
were interspersed with regions of perfused tissue (Ames et al., 1968). It is now understood that
plasma flow can often persist despite entrapment of cellular elements like erythrocytes, leuko-
cytes and platelets, which has important implications for oxygen circulation and for perfusion im-
aging in human patients suffering from the sequelae of stroke (Yemisci et al., 2009). At the ultra-
structural level, early reports of swollen pericytes and vascular glia (astrocytic endfeet swelling)
and bleb formation suggest that the microvasculature is acutely affected in a visible way (Chiang
etal., 1968). Furthermore, while pericytes are implicated in the no-reflow phenomenon, neutrophil
infiltration and stoppage of these cells in capillaries and post-capillary venules have also been
reported as deleterious factors in relation to the no reflow phenomenon (Yemisci et al., 2009, El
Amki et al., 2020). Moreover, the spreading depolarization caused by ischemic events elevates
the level of extracellular K* ions, resulting in spasmic cycles of hyperemia and hypoperfusion
which have been shown to contribute to secondary damage during reflow (Wade et al., 1975).
Mechanistically, this dramatic alteration of ion flux in the post-ischemic brain also triggers endo-
thelial and astrocyte swelling within an hour of reperfusion (Garcia et al., 1994). Importantly, these
processes precede the maxima of neuron cell death, which occurs between 12-24 hours; sug-
gesting therapies targeted at reducing cytotoxic edema which work in animal models may suc-
cessfully translate to humans (Karibe et al., 1995). These swelling events are followed by an
upregulation of endothelial immune receptors, which home leukocytes to the site of ischemic in-
jury and increase blood-brain barrier permeability further, contributing to swelling within the inter-
stitial space, ultimately playing a role in closing off capillaries and exacerbating no-reflow
(Mohamed Mokhtarudin and Payne, 2015).
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2. Peryitces

Though initially described by C.J Eberth in 1871, the discovery of these contractile mural cells
surrounding the endothelium at the capillary level is commonly attributed to Charles-Marie Ben-

jamin Rouget (Eberth, 1871, Rouget, 1873). I n the 1920 dman fiRtbeb aharacterZ i mme
ized these cell s, initially calling them Rouget ce
their perivascular location around the endothelium. Although pericytes were described as con-

tractile, a series of research articles and reviews in the 19506s questi

these cells (Sims, 1986), which is a debate that only recently has been settled with the advent of

optogenetic stimulation (Berthiaume et al., 2018b, Nelson et al., 2020). These same reviews how-

ever, al so generated the accepted definition of a
vascul ar b as e me ndhremansbsefa to thié day. wh i

Because of their location, researching pericytes in their mature state is challenging. Some of the
initial concerns regarding contractility arose due to experimental challenges, particularly concern-
ing the heterogeneity of the cell population and their identity at large and continued until very
recently (Hill et al., 2015). Today, we understand their precise location, morphology and a large
part of their role within the neurovascular unit, despite the absence of a true pericyte marker
commonly available for all other cell types that make up the NVU.

21 Pericyte Ontogeny

Pericytes belong to the family of mural cells (encased within a basement membrane, vSMCs,
pericytes, and fibroblasts) and have a wide range of developmental origins, ranging from neural
crest, secondary heart field, somites, and splanchnic mesoderm in the case of pericytes lining the
aorta. A slew of lineage tracing studies have helped to elucidate many of these heterogeneous
developmental origins (reviewed by (Majesky et al., 2011), however it is clear that in the CNS and
thymus, the majority of pericytes are neural crest derived, with the exception of cerebral dorsal
midline pericytes which arise early on in development from a sub-set of macrophages (Bergwerff
etal., 1998, Korn et al., 2002, Heglind et al., 2005, Yamamoto et al., 2017).

Vascular mural cells in other organs have also been mapped. Gut, liver and lung pericytes arise
from the mesothelium, a single layer squamous epithelium lining coelomic cavities and its organs
(Wilm et al., 2005, Que et al., 2008, Asahina et al., 2011). In this instance, epicardial mesothelium
gives rise to coronary vSMCs and pericytes. These findings suggest a common origin of pericytes
in coelomic organs of the body, where pericytes undergo epithelial-to-mesenchymal transition
(EMT). This is a process under which mural cells delaminate and migrate to these organs to
produce mesenchymal components such as fibroblasts, vSMCs and pericytes. Such studies high-
light that pericyte and fibroblast origin is closely intertwined and so it logically follows that these
cells may respond in a similar fashion under pathological conditions (Fabris and Strazzabosco,
2011, Schrimpf and Duffield, 2011).

Despite the heterogeneous origin of pericytes in the body, endothelial cells which form the inner
vessel wall, and mural cells which coat the endothelial cell tube share a number of preserved
signalling pathways in most organs of the body that enable the precise control of blood flow,
remove waste metabolites and protect the organ from harm.



2 Pericytes 20

22 Signabbthways involved in pericyt
mat ur ati on

2.2.1 PDGFB/PDGFRDb signaling

Platelet derived growth factor receptor beta (PDGFRDb) is one of the most validated mural cell
markers in pericyte research and is expressed by pericytes, smooth muscle cells and fibroblasts
at high levels. Specifically, PDGFRDb is a tyrosine kinase located on the plasma membrane of
pericytes and when in contact with its ligand PDGFB, the PDGFRb receptor dimerizes and auto-
phosphorylates the cytoplasmic tyrosine residues and binds SH2 domain containing proteins
which initiate an array of signal transduction pathways which stimulate, proliferation, migration,
negative regulation of apoptosis and recruitment of pericytes.

During the development of angiogenic sprouts, PDGFB serves as a chemotactic attractant for
pericytes. Upon secretion, PDGFB binds to heparin sulfate proteoglycans on the cell surface, or
within the extracellular matrix through its C-terminal retention motif: limiting the range of this para-
crine interaction between PDGFB and its receptor on mural cells. This close receptor/ligand in-
teraction has been shown to be pivotal for pericyte maturation on the vessel wall and knocking
out of the retention motif on PDGFB in mice results in a loss of pericyte investment in the mi-
crovessel wall (Hirschi et al., 1999, Abramsson et al., 2003). In this way, the PDGFB/PDGFRb
signalling axis functions as a crucial (knocking out either results in perinatal lethality via vascular
leakage) paracrine-signaling loop between the endothelium and pericytes (Levéen et al., 1994,
Bjarnegard et al., 2004).

During vascular development PDGFB/PDGFRDb signalling is not uniform. Instead, an arteriole-
venuous gradient can be observed corresponding to the thickness of the mural cell coat within
the CNS vasculature and the tip of angiogenic sprouts show high levels of PDGFB expression
and mRNA production; quickly recruiting pericytes to the tip of the developing vascular lumen
(Lindblom et al., 2003). However, this signalling axis is not only important during development,
but throughout the lifetime of the organism. Research indicates that constitutive activation of the
PDGFRDb receptor promotes proliferation of mural cells (including pericytes) and inhibits differen-
tiation in mural cells (Olson and Soriano, 2011).

A mature pericyte engaged in the adult brain has a number of activated pathways triggered by
PDGFB/PDGFRD signalling, specifically: Ras, MAPK, PI3K and PLC-2. First, after binding of the
SH2 domain on Grb2 to PDGFRb complexes with Sosl1 through SH3 domains. This triggers ac-
tivation of Ras, which leads to downstream activation of Raf-1 and the MAPK cascade. This
MAPK signalling activates gene transcription that function to stimulate cell growth and differenti-
ation and migration and represents one of the key downstream effectors induced by the paracrine
signalling of PDGFB/PDGFRDb between endothelial cells and pericytes (Seger and Krebs, 1995).
In addition, the PI3K family of enzymes are activated by PDGFRDb signaling in pericytes, which
serve to promote actin reorganization, direct cell movements and inhibit apoptosis. Importantly,
PDGFRb has been shown to interact with integrins, localizing the receptor to sites of focal adhe-
sions where several signalling pathways initiate and crosstalk (Clark and Brugge, 1995).

As PDGFB/PDGFRb signalling constitutes a master regulator of gene expression and cell func-
tion in pericytes, the balance of ligand/receptor quantity and downstream effector function must
be carefully regulated. This is achieved by ligand occupancy of the PDGFRb receptor. Receptors
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bound to PDGFB are promoted toward dephosphorylation by binding of SHP-2 tyrosine phospha-
tases, which dephosphorylate the PDGFb receptor and its substrates and promote endocytotic
receptor internalization. Internalised PDGFRbs are degraded in lysosomal compartments by c-
Cbl and receptor ubiquitination, limiting the duration of PDGFRb signalling (Andrae et al., 2008).
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Fig. 6. Downstream signalling pathways activated by PDGF-BB mediated activation of the PDGFRb
receptor.

Adapted with permission from (Evrova and Buschmann, 2017).

2.2.2 Angiopoietin-1/Tie-2 signaling axis

Pericytes express angiopoietin-1 (Ang-1) while its receptor Tie-2 is expressed on endothelial
cells. This interaction can be thought of as how pericytes aid endothelial maturation; while the
aforementioned PDGFB/PDGFRDb interaction initiated by endothelial cells matures pericytes re-
spectively. The interaction of Ang-1/Tie-2 serves to reduce vascular leakage and regulate endo-
thelial stability and several studies involving Ang1l or tie2 deficient mice highlight the importance
of these signalling molecules (Thurston et al., 1999). Deficiency of either molecule results in car-
diovascular defects and closer analysis of the vasculature identified a lack of mural cells. Muta-
tions associated with the TIE2 gene result in venuous malformation resulting from the loss of the
venuous mural cell population (Patan, 1998). Interestingly, pericyte recruitment to the endothe-
lium can occur independently of the Angl/Tie2 signalling axis (Jeansson et al., 2011, Jones et
al., 2001); however, competitive over expression of the Tie2 antagonist Ang2 appears to mediate
pericyte loss (Hammes et al., 2004).

One of the most interesting aspects of this signalling cascade arises from vascular studies on the
overexpression of Angl. In this scenario, researchers found that the Angl contributes to emer-
gent vascular complexity; noting that vessels were remodelled into a highly branched, higher-
order hierarchical structure (Thurston et al., 2005, Uemura et al., 2002). Though many aspects of
the Ang1/Tie2 pathway remain to be elucidated, it appears clear that pericyte Ang1l interacts with
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endothelial Tie2 to stabilize the vasculature and promote its quiescence, maturing the endothe-
lium and preventing additional branching once vessels are formed (Armulik et al., 2011).

2.2.3 TGFb signalling

To date, understanding of TGFb and its receptor and their role in relation to pericyte function
remain incomplete because both endothelial cells and pericytes express both the ligand and its
receptor; making knock-out studies challenging. Endothelial cells and pericytes express TGFb
and as a signalling axis it is believed to induce mural/endothelial cell differentiation and prolifera-
tion. Since the signalling is interdependent between the two cell types, elucidating the relative
contribution to each cell type is challenging, but the identification of two TGFb receptors Activin
receptor-like kinase 1 and 5 have helped to elucidate some of the TGFb function. Alk1l and Alk5
are expressed on both cell types but interestingly; appear to confer opposite cellular effects. Alk5
leads to phosphorylation of Smad2/3, promoting mitotic and migratory quiescence and differenti-
ation into a smooth muscle cell subtype of mural cell; where Alk1l phosphorylates Smad1/5 which
functions to oppose SMC differentiation and promotes cell proliferation and migration (Goumans
et al., 2002). These pathways hint at AIk5 being involved in vessel maturation at the arterial side
of the vasculature during the transition to a fully formed vasculature, whereas Alkl expression
may dominate during early development.

2.2.4 Notch signalling

Notch signalling is a crucial cell-cell communication pathway conserved from Drosphila melano-
gaster to humans. Currently, there are four different notch receptors known (Notchl, 2, 3, 4) and
five different ligands (Jaggedl, 2 and Delta like-1, 2 and 3). Notch receptors are transmembrane
proteins expressed in a wide variety of cell types and regulate cell fate determination, proliferation
and survival of neighbouring cells through lateral inhibition. Notch3 is highly expressed in peri-
cytes and smooth muscle cells of the mural cell lineage and disruption of notch3 signalling results
in enlarged vessels due to lack of pericytes (Que et al., 2008). Accordingly, patients suffering from
CADASIL syndrome, which is associated with notch 3 mutation also present vessels lacking per-
icytes (Louvi et al., 2006). Taken together, these results demonstrate that Notch3 is necessary
for fully functioning arteries and pericyte involvement. Interestingly, the study of Notch3 signalling
in relation to pericytes were some of the first studies which indicate that pericyte presence on the
capillary endothelium may serve to limit capillary lumen diameter (Hellstrom et al., 2001).

2.2.5 Ephrin signalling

While many of the aforementioned pathways confer mural cell investment across the entire vas-
cular endothelium (arteriole-capillary-venule), pericytes remain unique cells at the capillary level
and have recently been shown to be regulated by another class of tyrosine kinases called Ephrin
receptors. Ephrin B2, the ligand for EphB receptor has been shown to be required for normal
association with small diameter blood vessels. In this work, the authors show that mutant mice
deficient for Ephrin B2 display perinatal lethality, vascular defects in a variety of organs and ab-
normal migration of smooth muscle cells to lymphatic capillaries. In addition, the authors point out
that extracellular matrix deposition and the interactions occurring at this level are also negatively
affected. Interestingly, the authors also note vSMCs are rounded, rather than banded suggesting
that the spreading and correct orientation of these cells is also Ephrin B2 dependent. Moreover,
the authors also note that pericytes were frequently observed to bridge two capillaries; making
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only loose contact with endothelial cells (ECs), stretching away from vessels and appearing
rounded. Morphologically, high-Eph2-EphB signalling denotes a defined cytoskeletal structure,
whereas low Eph2-EphB signalling denotes a certain level of mural cell motility and plasticity (Foo
et al., 2006). In summary, Ephrin signalling in mural cells and pericytes is starting to shed light on
the unique shape and appearance of mural cells at the microvessel level.

23 Pericyte morphology & motility

Mural cells in relation to their function, display a remarkable range of unique morphologies de-
pending on their location within the vasculature. Arteries and arterioles are coated by vSMCS,
which are short, ring-shaped, and densely packed. In stark contrast, pericytes, which cover capil-
laries intermittently, have protruding ovoid cell bodies with long thin processes that run longitudi-

nally along capillaries; makinginter-di gi t ated 6peg and socketd connect

It appears obvious at first glance that these cells are arranged in a meshwork along the vascula-

ture, suggestive of a network. Nevertheless, it remains unclear how this network is formed or

regulated at the biochemical level, but recent work has shed light on the motility of pericytes. It

has recently been shown that pericyte soma do not move in the adult brain. However, through

targeted deletion of pericytes using laser ablation, it is now understood that under basal conditions

their Il ongitudinal pr oc e splesh drat exchathge gertehdingartdr act i n
retracting respectively from the cell soma over days to weeks (Cudmore et al., 2017, Berthiaume

et al., 2018a). This appears to occur in an attempt for each process to cover the entire endothe-

lium, with proximal pericytes invading the territory of the pericyte ablated.

Long-term, in vivo
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Fig. 7. Dynamic territorial coverage of pericyte processes in response to laser ablation.

Ablation of pericytes triggers movement of pericyte processes, in between basal tone of the capillary is lost at the site
the pericyte was ablated till neighbouring pericyte processes extend over the ablated pericyte territory and reestablish
basal capillary tone, adapted with permission from (Berthiaume et al., 2018a).
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According to recent exquisite research by Roger Grant from the lab of Andy Shih, a number of
morphologically different pericyte sub-types can be found within the microvasculature and can be
distinguished based on the degree of coverage over the endothelium and cell length (Grant,
2019). Here, the authors describe that pericytes after the smooth muscle actin terminus (a con-
tractile element present up until the pre-capillary arteriole-arteriole transition) can be distinguished
into ensheathing pericytes, mesh pericytes and thin-strand pericytes. Ensheathing pericytes
cover most of the endothelium and are found on large capillaries ~9 em in diameter, while mesh
pericytes cover around 70% of the endothelium and are found on vessels approximately 6.3 em
in diameter. Thin-strand pericytes are present on higher order capillaries around 4.9 em in diam-
eter, cover approximately 51% of the endothelium and are the longest cell type at an average of
over 150 em when including their processes. Briefly, pericyte vessel coverage decreases as
branch order increases, but the distance between each pericyte grows with thin-strand pericytes
extending their processes to reach to the territory of the neighboring pericyte up to 75 em away.
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Fig. 8. Mural cell types exhibit varying cell length and degree of coverage.

A, B, C, D) varying mural cell types labelled using a PDGFRbCre mouse expressing Tdtomato. E, F, G, H) Morphological
schematic of different pericyte sub-type appearance. |) Average cell length of each reported mural cell type. J) Average
vessel coverage in percentage of each mural cell sub-type, adapted with permission from (Grant et al., 2019)
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24 Pericyte function in the healthy

Among all organs, pericytes within the CNS are found in most abundance, with an endothelial:
pericyte ratio of 1:1-3:1 (Sims, 1986, Mathiisen et al., 2010). Other organs, which have notably
high pericyte abundance, are the testis and retina and appear to reflect the endothelial barrier
properties of the CNS and the complexity of the vascular plexus in which they reside (Diaz-Flores
et al., 2009).

2.4.1 Pericytes and the blood-brain barrier

One of the unique aspects of the CNS is that it is preferentially protected from passive transport
of cells and metabolites across the vessel wall into the parenchyma in favour of specific, targeted
active transport via tailoredr ecept or s. T, briheavihdrégulatdd tispextsoktide vascu-
lature is called the blood-brain barrier and is crucial for physiological NVU function (Sagare et al.,
2013). Vascular permeability must be regulated in a bespoke way by each component of the NVU
and an increase in vascular permeability can lead to the development of serious pathological
conditions such as sepsis, allergic reactions, autoimmune diseases and viral infection. The dou-
ble-edged sword of blood-brain barrier is that it creates a scenario in which the brain is immune
privileged, which in turn increases the importance of a functional BBB to CNS function. In 1885
Paul Ehrlich noted that many vital dyes did not stain the brain and spinal cord, but the existence
of the BBB as a system was first reported in 1898 i 1900, when intravenous injection of cholic
acids or sodium ferrocyanide had no pharmacological effects on the CNS, when compared
against intraventricular application of the same substances (Kraus, 1898, Lewandowsky, 1900).
Since this early research, the BBB is now recognised as a multicomponent system, with many
regulatory elements that work in synchrony to achieve a tightly regulated specific non-permissive
transport system (Abbott et al., 2010).

Many of these recent advances in the study of the BBB have noted that pericytes play a pivotal
role in the establishment and maintenance of the BBB, with CNS pericytes harbouring specialised
functions and marker expression when compared against other organs (Armulik et al., 2010, Bell
et al., 2010, Daneman et al., 2010). The way in which pericytes regulate the BBB is many fold,
with the first reports coming from in vitro assays of pericyte-endothelial culture indicating that the
presence of pericytes increases the trans endothelial electronic resistance (TEER)(Hayashi et al.,
2004, Al Ahmad et al., 2009). Though many of these studies helped elucidate that endothelial
cells may form tighter junctions with one another in the presence of pericytes when compared
against other cells such as astrocytes, conflicting reports made a definitive conclusion on the
matter problematic (Zozulya et al., 2008).

The understanding of BBB formation and regulation pivotally advanced forward when develop-
mental and vascular labs performed experiments on PDGFRb deficient mice independently, both
coming to the same conclusions, that pericytes decrease endothelial cell permeability and the
extent of pericyte loss correlated directly with the amount of vessel permeability (Daneman et al.,
2010, Armulik et al., 2010). Interestingly, both studies noticed that loss of pericytes did not alter
the general profile related to the endothelial cell signature. Despite this, several altered genes in
endothelial cells were found using microarray assays such as: vegfa, ang2 and angl, suggesting
that these genes play a crucial role in BBB maintenance and that the presence of pericytes aids
in tailoring the endothelial transcriptomic profile toward a mature BBB. Moreover, the same stud-
ies identified that loss of pericytes stimulates endothelial cells to upregulate transcytosis pathways
that do not discriminate molecule size, and induces the presence of astrocytic end foot defects.
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Taken together, pericytes exert several independent, partially understood pathways in a paracrine
manner on NVU cells in direct contact to create a functioning BBB.

2.4.2 Pericyte influence on capillary blood flow

In order to sustain neuronal function, neurovascular coupling (NVC) must effectively couple sup-
ply to demand through the increase of blood flow to the region of neuronal firing, this process is
known as o6functional hyperaemiad and underlies th
dependent (BOLD) imaging when patients undergo an MRI. Specifically, blood is shunted to re-
gions of high neuronal activity, which requires coordination of the neurovascular unit at multiple
hierarchical levels from artery to capillary.

Previously, this blood flow increase at the capillary level was attributed to large vessels upstream
such as arteries and arterioles, which are coated with large numbers of vSMCs that constrict and
relax to regulate blood flow. Interestingly, the same molecules which dilate and constrict arterioles
such as arachidonic acid derivatives and neurotransmitters were shown to work on pericytes cul-
tured on rubber membranes (Shepro and Morel, 1993), and in a series of research, these neuro-
transmitters were shown to alter the intracellular Ca?* in pericytes; suggesting that intracellular
Ca?* may alter pericyte cytoskeleton formation (Puro, 2007). Later, in excellent work from Claire
peppiatt and colleagues, pericytes were shown to regulate the CNS capillary diameter in a bidi-
rectional manner (Peppiatt et al., 2006). However, data explaining how blood flow increases could
be attributable to pericytes in the stimulated brain in vivo was still missing. Subsequent in vivo
research applying thromboxane, which constricted pericytes, highlighted that pericytes were con-
tractile, but in the very same paper, authors suggested that in relation to neurovascular coupling,
pericytes passively dilated due to the effect of cortical spreading depolarizations on upstream
arterioles. The authors go on to state that they believe CSDs should be a sufficiently short term
stimuli to recruit a pericyte response temporally independently from upstream arterioles, but failed
to demonstrate pericyte involvement in the hyperemic response as a result (Fernandez-Klett et
al., 2010). Recent research has clarified this experimental issue.

In 2014, Catherine Hall and colleagues demonstrated that pericytes increase blood flow in vivo in
response to whisker stimulation, and further highlighted that pericytes dilated before arterioles;
suggesting the presence of a retrograde signal, initiated at the capillary level and back propagat-
ing upstream prior to arteriole dilation (Hall et al., 2014). Not only was this research groundbreak-
ing as it marked the true transition from NVC experimentation on brain slices to the living animal,
but also in the same paper, the authors attempted to decipher many of the signalling pathways
through which pericytes could dilate or constrict in exquisite detail. In this work, they reveal how
prostaglandin E2 mediates pericyte dilation, but requires suppression of 20-HETE (a vasocon-
stricting metabolite) by nitric oxide release in order to successfully relax pericytes and expand
capillary lumen diameter.

With the discovery that pericytes can alter capillary diameter, work began on exactly which con-
tractile elements could mediate this pericyte induced capillary dilation. Using flash freezing tissue
preparation and actin stabilisation methods, Alarcon-Martinez and colleagues could show that
pericytes express contractile proteins normally associated with vSMCs (Alarcon-Martinez et al.,
2018), though interestingly, not all pericytes require these canonical contractile elements to di-
late/constrict the capillary (Hartmann et al., 2018).

How these capillary level dilations are coordinated to produce the 100 um-400 um spatial size
corresponding to the area matching neuronal interactions seen with fMRI BOLD imaging
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remained an intruguing question for pericyte researchers. In 2019, using retinal explants, the
pericyte connectome was revealed using dye injections into single pericytes, and revealed that
each pericyte could communicate locally with each other, both along the same capillary network
and across capillary networks; explaining the spatial blood flow increase noted after BOLD
imaging at the capillary level. These pericytes were then demonstrated to be capable of signalling
to one another through intracellular Ca2* waves in a connected fashion via gap junctions (Con-
nexins) (Hamilton et al., 2010, Alarcon-Martinez et al., 2018, Kovacs-Oller et al., 2019).

The question of how pericytes preferentially direct blood flow responses to one capillary network
or another was also recently deciphered last year, when research showed that pericytes direct
local blood flow at capillary level junctions (Gonzales et al., 2020). To date, understanding of
whether potassium or Ca?* transients mediate the change in cytoskeleton required to constrict or
dilate vessels, remains unclear.

Since initial contradictory articles suggesting that pericytes may be incapable of initiating func-
tional hyperemia based blood-flow increases at the capillary level (Hill et al., 2015), the under-
standing of pericyte function in relation to blood flow control has staggeringly increased over the
last decade and is no longer in question. Moreover, recently, two independent labs have used
channel rhodopsin expression in capillary pericytes to demonstratively prove in vivo that pericytes
can indeed control capillary diameter in response to optogenetic stimulation. In summary, recent
research overwhelmingly suggests that pericytes do exert a substantial but slow influence on
capillary diameter, though the temporal aspects of this dilation in relation to previous research
require further clarification and remain highly disputed (Hartmann et al., 2021).
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Fig. 9. Recent advancements in pericyte research.

A) A pericyte on a retinal capillary injected with biotin connects to neighbouring pericytes, proving that interpericyte chan-
nels exist and establishing the notion of a pericyte connectome. B) Pericyte response to channel rhodopsin stimulation
contracts slowly over 10s of seconds, ablation of pericytes leads to capillary dilation and augmented RBC flux until pericyte
processes grow over the bare capillary, re-establishing a basal constrictive tone and normal diameter is regained, adapted
with permission from (Kovacs-Oller et al., 2019, Hartmann et al., 2021)
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25 Peri dytséunction in disease

2.5.1 CADASIL

CADASIL is the single most common cause of stroke and dementia (Chabriat et al., 1995,
Dichgans et al., 1998, Chabriat et al., 2009). Caused by mutation of Notch 3 which encodes for a
surface receptor on smooth muscle cells and pericytes, the mutated form of Notch 3 accumulates
in blood vessels of CADASIL patients and CADASIL mice. As a result, arteries become fibrotic,
reducing blood flow and this ultimately results in white matter lesions, thinning of the cortex and
dementia (Joutel et al., 1996). CADASIL cellular pathogenesis was originally noted in smooth
muscle cells, which were reported to sustain damage and die due to the accumulation of mutant
Notch3 extra cellular domain aggregates (Joutel et al., 2010). However, in mouse brains, SMC
viability appeared to be unaffected, which suggested another origin of CADASIL pathogenesis
(Joutel et al., 2010). Subsequently, recent work from our lab has shown that a source of CADASIL
pathogenesis actually occurs in pericytes. With increasing age, mutated notch 3 aggregated
around periytes causing detachment of astrocytic end-feet, leakage of plasma proteins and re-
duction in adherens junctions on endothelial cells (required for BBB maintenance), ultimately re-
sulting in microvascular dysfunction at the capillary level (Ghosh et al., 2015).

2.5.2 Alzheimer disease (AD)

Al zhei merds disease results fr omb(t Amligomars, down-
stream protein tau dysfunction and triggers neuronal damage through loss of synapses, synaptic
plasticity and eventually cell loss that results in severe cognitive impairment. Surprisingly, though
mo st Al 3 tesearchdocudes on neuronal pathology, the first biomarker of the disease is
actually reduced cerebral blood flow; implicating a profound microvascular dysfunction in the pro-
gression of the disease (lturria-Medina et al., 2016, de la Torre and Mussivand, 1993). This has

ogi cal

triggered a wave of recent r esear s£dseasepdgressiompl| i cat e

(Nortley et al., 2019, Montagne et al., 2020, Miners et al., 2018, Kisler et al., 2017b). As part of
this wave of scientific progress, researchers uncovered that Amyloid b oligomers constrict human
capillaries in Al z h e i diseasétlrough signalling to pericytes. Specifically, they demonstrate
using mouse models and fixed brain slices from human patients that capillaries were specifically
constricted at pericyte location. when applying Ab oligomers to live human brain slices they could
demonstrate that pericytes constricted capillaries through a mechanism involving reactive oxygen
species (ROS) through NOX4 (reduced nicotinamide adenine dinucleotide phosphate oxidase 4)
which stimulated release of Endothelin-1 acting on ETa receptors to evoke pericyte contraction
(Nortley et al., 2019). Mor eover , this pericyte contractd.
appears to reduce blood flow in the brain by half without involvement of arterioles and venules.
Ultimately, this accumulation of Ab in pericytes results in cell death (Hamilton et al., 2010).
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2.5.3 Traumatic brain injury

Traumatic brain injury (TBI) accounts for 30% of injury-related death in the United States and is
defined as a brain lesion caused by either direct or indirect external mechanical impact. A direct
TBI could come from penetration of a projectile like a bullet or blunt object, or in the indirect case,
explosions that trigger a blast wave, shaking and disrupting the normal function of the brain. Trau-
matic brain injury can be separated into mild (concussion) moderate and severe cases (presence
of bleeding).

In 2000 PaulaDore-Duf f y6s | ab de mo n swene eapabld of migrating awag fromc yt e s
the vessel wall after traumatic brain injury (Dore-Duffy et al., 2000). Interestingly, contrasting with

other diseases where pericytes remain ontheve s s e | ( Al zhei maachihad haest r o k e,
orrhage) 40% of the pericytes are reported to migrate away from the vessel in the site proximal

to TBI within the first hour. These data represent some of the first investigations of pericytes after

traumatic brain injury and research carried out since has helped elucidate that pericytes respond

to TBI in a biphasic fashion. In 2015, researchers identified that pericytes respond to TBI in two

separate stages, after the initial impact, rapid pericyte loss is observed within the first 12 hours

and is subsequently followed by reactive pericytosis on day 5 (Zehendner et al., 2015). The au-

thors report stark changes in peri-contusional pericyte morphology, noting an amoeboid shape,

which did not imply they were in close vascular contact. Furthermore, the authors report that

pericytes were Ki67* (a marker for cell cycle entry), suggesting an active cell response at the

infarct edge. These findings mirror the study of many acute on-set pathologies such as the peri-

cyte response to ischemic stroke, which is discussed in detail below.

26 Pericyte respeoRse to

2.6.1 Acute phase

Pericytes are reported to constrict during stroke, entrap erythrocytes and fail to restore flow due
to oxidative-nitrative stress after reperfusion (Yemisci et al., 2009). This contraction is likely the
result of a failure to expel Ca?* ions from the cell leading to an intracellular Ca?* increase, which
compromises the initial arrangement of the pericyte cytoskeleton, which may be responsible for
regulating basal capillary tone. Under conditions of chemical ischemia seen in brain slices, this
constriction maximally occurs within 30 minutes, constricting blood vessels by up to 80% which
occurs concomitantly with a loss of selective membrane transport indicated by positive propidium
iodide staining (Pl); a membrane impermeable dye under physiological conditions. In these mod-
els, 90 mins of ischemia in the rat was sufficient to kill approximately 70% of pericytes, which then
constricted vessels and produced long-lasting constriction of the microvascular bed despite reox-
ygenation (Hall et al., 2014).

Mechanistically, this pericyte death was mediated in part by glutamate excitotoxicity but in con-
trast to earlier work, was unaffected by scavenging free radicals (Yemisci et al., 2009, Deguchi et
al., 2014). Together, this had led pericyte biologists to the theory that under conditions of ische-
mi a, O6pericytes first ¢Hallnesal., 2014).tTheaerfiodingslare partialy, e i n
but not fully supported by compelling new in vivo findings that demonstrate that pericytes in the
retina constrict maximally after 30 minutes of ligation of the ophthalmic vessels upstream
(Alarcon-Martinez et al., 2020). However, according to the authors, maximal constriction of peri-
cytes was not 80%, but 30% in vivo - a radically different result from brain slice experimentation
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reported earlier (Hall et al., 2014). In stark contrast to this work, using transgenic mouse models
and in vivo 2-photon microscopy, other researchers could show optogenetic, whisker stimulation
and spreading depolarisation (which occurs acutely during stroke) induced change in blood flow
occurred at sites where microvessels were covered in SMCs, but not at the capillary level where
pericytes are found (Hill et al., 2015). Moreover, using a transient model of middle cerebral artery
occlusion, these authors could show that hypoperfusion was caused upstream of pericytes, in
SMC covered vessels. Taken together, this research implies that pericytes are not responsible
for reducing brain perfusion in pathological contexts.

In addition, pericytes have also been shown to acutely induce the breakdown of the BBB by rap-
idly releasing MMP9 after occlusion of the upstream vessel using in vivo 2-photon microscopy. In
this study, the authors report that plasma leakage at the pericyte cell body was three times higher
than along pericyte processes after cessation of upstream flow (Underly et al., 2017). These find-
ings strongly implicate pericyte induced BBB breakdown in the damaging sequelae, which occur
from plasma leakage into parenchyma - a facet of stroke known to increase tissue damage (Haley
and Lawrence, 2017, Brouns et al., 2011). Interestingly, circulating PDGFRb release into the
blood stream is a biomarker of stroke negatively associated with stroke outcome, which may hint
at early loss of pericytes (Brouns et al., 2011).

Taken together, though there is an extreme paucity of longitudinal in vivo research on pericytes
in the context of stroke, the findings that do exist so far are contradictory. Overall, they appear to
suggest that unlike endothelial cells, pericytes cluster with neurons into an extremely sensitive
cell type which die after prolonged exposure to ischemic conditions, entrapping erythrocytes and
increasing microvascular resistance, further harming neurons. In this way pericytes are currently
thought of as a cell type deleterious to neuronal survival, contributing from ischemic penumbra to
ischemic core transition as they constrict and die, starving the brain parenchyma from the Oz,
glucose and other metabolites necessary for cells to survive.

2.6.2 Sub-acute phase

Following the first hours of ischemic stroke, the aforementioned reports would suggest that peri-
cytes within the infarct core are dead and remain constricted on the vessel until they are removed
by microglia (Hall et al., 2014, Ferndndez-Klett et al., 2013). In the days following stroke, pericytes
have been reported to upregulate expression of NOX4 in the peri-infarct region, an enzyme that
produces ROS and leads to downstream production of MMP9, further exacerbating ischemic
damage on days 1 - 4 post stroke (Vallet et al., 2005, Nishimura et al., 2016).

In addition, interesting data suggest that pericytes have a multi-potent capacity following stroke
and may acquire a microglial phenotype in the sub-acute phase. This phenotype switch appears
to happen within 7 days and occurs concomitantly with proliferation of pericytes, activation and
migration from the vessel wall into the brain parenchyma (Ozen et al., 2014). Pericytes which
leave the vessel wall in this way may be multipotent, and following stroke have been shown to
express the activated marker Regulator of G protein coupled signalling 5 (RGS5), an amoeboid
morphology and galectin-3 - a marker canonically associated with macrophages/microglia (Ozen
etal., 2014, Sakuma et al., 2016). Though RGS5 is a marker of activated pericytes, the research-
ers subsequently showed that genetic knockdown of RGS5 in pericytes leads to neurovascular
protection (Ozen et al., 2018). This research implies that the activation of pericytes and subse-
quent migration away from the vessel wall may be detrimental, though the current mechanisms
through which this damage is mediated is unknown. Contrastingly, research using a transcription
factor called Tbx18 to lineage trace populations of pericytes has shown that pericytes do not
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behave in a stem cell like fashion in vivo, questioning their multipotent capacities in both physio-
logical and pathological contexts (Guimardes-Camboa et al., 2017).

2.6.3 Chronic phase

To date, little is known about how pericytes contribute to long-term recovery processes in the
brain in the weeks post stroke. After the acute damage of stroke has concluded, a glial scar begins
to form from glial fibrillary acid protein* astroglia in the peri-infarct area composed of chondroitin
sulfate proteoglycans such as neurocan and phosphocan along with the generation and secretion
of large amounts of extracellular matrix proteins like laminin and Collagen IV. This functions to
separate healthy tissue from compromised tissue and is crucial to the wound resolution process,
which limits inflammation and further neuron damage.

Recently, using lineage tracing experiments labelling glutamate aspartate transporter GLAST*
pericytes, which represent about 10% of all pericyte cells within the CNS vasculature, researchers
could show that pericytes are also involved in fibrotic scar formation and that this a highly evolu-
tionarily conserved mechanism. In this work, researchers demonstrate that after spinal cord injury,
traumatic brain injury, stroke, brain tumor formation and a mouse model of multiple sclerosis
called experimental autoimmune encephalomyelitis (EAE), the same cellular origin of fibrotic scar
tissue could be traced back to what they term type A pericytes. In contrast to the work mentioned
previously (Ozen et al., 2014) and in other models of CNS trauma, this study could show that
nearly all Type A (scar forming) pericytes remained associated with the vasculature and drasti-
cally increased in number on Day 5 post stroke. As opposed to the contralateral hemisphere,
where Type A* pericytes represented 10% of all pericytes, the type A* scar forming pericytes
represented between 40 - 60% of the PDGFRb* pericytes in the infarct core.

Subsequently, it was shown that the lesion gradually condensed over time and the number of
cells declined. Interestingly, when the lesion was large enough to affect both cortex and striatum,
the investigation showed that cortico-striatal infarcts displaced a large number of PDGFRb* stro-
mal cells from the vessel wall; suggesting differential percyte responses based on gray matter
location (Dias et al., 2020)

To what extent this pericyte formed scar limits the brains ability to recover is currently unknown.
On the one hand, scar tissue is necessary to separate the injured brain from the healthy brain, on
the other hand, scar formation, originated from Type A pericytes, has been shown to inhibit axon
regrowth in the context of spinal cord injury (Dias et al., 2018).
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27 Project aim

In the last 15 years, pericytes, a previously neglected but vital component of the brain, have been

implicated in a wide range of pathologies which affect the most crucial of NVU components, and

often in a deleterious manner. While a consensus on pericyte involvement in BBB maintenance,
contributionto Al zhei mer 6s di sease progression, spinal cor
disorders has been reached, no such consensus can be applied to stroke. In part because stroke

is a complex, multiphasic, acute onset disease. As previously mentioned, a wide range of con-

trasting and conflicting reports regarding pericyte contractility, dysfunction and eventual cell fate

muddy the water of pericyte research. One key reason for this relates to the identification of these

cells, which to date, have no true validated and exclusive marker. Consequently, our understand-

ing of pericyte cell fate after ischemic stroke is incomplete.

During stroke pathology, identification of on-going deleterious processes related to pericytes in
vivo is experimentally challenging, and requires the use of complex experimental methods and
modalities. These difficulties were highlighted in a letter in response to the first intravital imaging
of pericytes during ischemia-reperfusion injury (Yemisci et al., 2009) in 2010 (Vates et al., 2010).
In this correspondence, the author® state that while the experimental evidence provided is com-
pelling, it is currently incomplete (Yemisci et al., 2009). They go on to state that dynamic evidence
of pericyte contractility during stroke is missing, stating that the data on entrapment of red blood
cells (RBCs) is not visually convincing. Furthermore, they highlight the issues with extrapolating
from ex vivo data to explain in vivo findings by raising concerns about the artifacts associated
with tissue fixation. They also state that cells reported as pericytes by the publication may not
indeed be pericytes, citing inconsistencies in the author& own reporting on the morphology of
these cells. Ultimately, although this paper was a large step forward in pericyte research, and was
thefirsttoi mpl i cate pericytesef howhe hpgmaadmemitgmanine, éno
they fall short of providing definitive proof.

In the 10 years since, our understanding of pericytes, their array of morphologies, criteria for
identification and knowledge of their physiological function has expanded exponentially (Zhang
et al., 2020), yet dynamic longitudinal imaging of single pericytes as they experience stroke pa-

thology has still not been achieved. Yemesci et al., 2009

\ /Hall et al., 2014

1960 2021

Fig. 10. Pericyte publications since 1960-2021. (source: pubmed)

Therefore, the aim with this project was to use complimentary imaging modalities (ex vivo and in
Vivo) to characterise and map pericyte cell fate at both the population and single cell level, to
understand how these cells are damaged by stroke, if as a population they die or survive and
what functions surviving pericytes may possess. In tandem, the project aimed to unravel the in-
fluence of pericyte contractility on vessel diameter by imaging single pericytes in vivo over the
course of a week in the oedematous stroked brain; with a view to definitively answer whether
pericytes are responsible for the long-lasting reduction in blood flow which occurs after stroke.
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3. Mat esi al

3.1 Mi ce

Throughout the project either C57BL/6NJ, NG2DsRed, PDGFRbEGFP or NG2dsRedxPDG-
FRbEGFP mice were used to conduct the investigation. C57BL/6NJ mice are a sub-line of
C57BL/6J mice separated in 1951 and distinguished by 5 single nucleotide polymorphisms
(SNP6s). Widely used i nthée@&BL/BN sadingroduces largeyhonkog-
enously distributed infarcts that do not differ between sexes; making them an ideal test bed for
monitoring the sequelae of ischemic stroke (Zhao et al., 2019). PDGFRbEGFP mice were bred
for six consecutive generations until the KO retention motif was eradicated from the mouse line
to enable dual reporting of pericytes with NG2dsRed and EGFP.

Table 1: Mice

Name Description Provider

C57BL6/NJ (#005304) A National institute  Jackson Laboratory, Bar Har-
of health subline of C57BL6/J bor, ME, USA
mice separated from
C57BL6/J mouse line by 5
unique single nucleotide poly-
morphisms.

(Cspg4-DsRed.T1)1AKik- Transgenic insertion consist- Available in-house

NG2dsRed ing of 208kb C57BL/6J
mouse bacterial artificial
chromosome. This BAC con-
tained the Cspg4 gene, modi-
fied by the insertion of an op-
timised red fluorescent pro-
tein variant (DsRed) se-
quence. This mouseline al-
lows visualisation of DsRed in
NG2 expressing cells.

PDGFZR3im3-1Cbet In knock-out variants of these Available in-house

(PDGFb'ete-EGFP) animals the stop codon in-
serted into exon 6 remains in-
tact and precludes translation
of the retention motif (ret)
which is required for invest-
ment of pericytes in the mi-
crovessel wall. (Lindblom et
al., 2003). However, the re-
tention motif was bred out of
animals for use in the current
thesis and wild-type mice pre-
sent no defects. Expression
of EGFP in this mouse line is
controlled by the PDGFRb
promoter.

researtr
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3.1.1 Antibodies

Table 2: Antibodies

Name Description Provider
anti-mouse PDGFRb (AF1042), Polyclonal Goat R&D Systems, Inc. Bio-
IgG techne GmbH, Minneapolis,

MN

anti-mouse Collagen IV (ab19808) Abcam, Cambridge, United
Kingdom

anti-mouse Ki67 (D3-B5) Cell Signaling Frankfurt am
Main Germany

anti-mouse Aqp4 (AB2216) Merck,Millipore, Darmstadt,
Germany

anti-NeuN (ab177487) Abcam Cambridge, United
Kingdom

anti-lbal (019-19741) Wako, Saitama, Japan

3.1.2 PCR Primers for genotyping and RT-PCR

Table 3: PCR primers for genotyping

Name

Nucleotide sequence

Provider

Pdgfrb (31796) F
GS eGFP R3
NG2dsRed

(IMR8699)
NG2dsRed

(IMR8700)
RetWT F
RetWT R

RetRet F

RetRet R

GTGGAAGCAGAGAGGAGAG-

CATTTG

GGTCGGGGTAGCGGCTGAA

TTCCTTCGCCTTACAAGTCC

GAGCCGTACTGGAACTGG

CATGCTGCCTTGTAATCCGT

CGGCGGATTCTCACCGT

CTCGGGTGACCATTCGGTAA

TCTAAGTCACAGCGAGGGAG

Metabion, Planegg, Ba-
varia, Deutschland

Metabion, Planegg, Ba-
varia, Deutschland

Metabion, Planegg, Ba-
varia, Deutschland

Metabion, Planegg, Ba-
varia, Deutschland

Metabion, Planegg, Ba-
varia, Deutschland

Metabion, Planegg, Ba-
varia, Deutschland

Metabion, Planegg, Ba-
varia, Deutschland

Metabion, Planegg, Ba-
varia, Deutschland
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Table 4: PCR primers for RT-PCR

Name Nucleotide sequence Provider

GAPDH F ATTGTCAGCAATGGATCCTG Metabion, Planegg, Ba-
varia, Deutschland

GAPDHR ATGGACTGTGGTCATGAGCC Metabion, Planegg, Ba-
varia, Deutschland

eGFP F ACGTAAACGGCCACAAGTTC Metabion, Planegg, Ba-
varia, Deutschland

eGFP R AAGTCGTGCTGCTTCATGTG Metabion, Planegg, Ba-
varia, Deutschland

Pdgfrb F AGGACAACCGTACCTTGGGT Metabion, Planegg, Ba-
varia, Deutschland

Pdgfrb R CAGTTCTGACACGTACCGGG Metabion, Planegg, Ba-
varia, Deutschland

NG2 F AATGAGGACCTGCTACACGG Metabion, Planegg, Ba-
varia, Deutschland

NG2 R CATCTGTAGTCAACAGCCGC Metabion, Planegg, Ba-
varia, Deutschland

RGS5 F ATGTGTAAGGGACTGGCAGC Metabion, Planegg, Ba-
varia, Deutschland

RGS5R ATACTTGATTAGCTCCTTAT Metabion, Planegg, Ba-
varia, Deutschland

DsRed F GGCACCTTCATCTACCACG Metabion, Planegg, Ba-
varia, Deutschland

DsRed R CTTGTGGATCTCGCCCTTC Metabion, Planegg, Ba-
varia, Deutschland

3.1.3 Enzymes
Table 5: Enzymes
Name Product number Provider
Collagenase/Dispase® 11097113001 Sigma-Aldrich Chemie
GmbH, Munich, Germany
DNAasel 10104159001 Roche Diagnostics, Mann-

heim, Germany
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3.1.4 Commercial Kits

Table 6: Commercial kits

Name Application Provider
ApopTag® Red In Situ (S7165) Detection of frag- Merck,Millipore, Darmstadt,
Apotosis Detection kit mented DNA in dead cells via Germany
nick-end labeling
Click-i T E Plus (C10640) Detection of EAU Thermo Fisher Scientific,
proliferation kit for imaging positive cells via click-i T Waltham, MA, USA
Alex aFl uor E647 «chemistry
3.1.5 Chemicals
Table 7: Chemicals
Name Description Provider
Agarose, universal DNA (443666A) molecular biology VWR Life Science, Germany
grade grade

Actinomycin D
BSA Bovine serum Albu-
min

DAPI

EdU(5-ethynyl-2 @leoxyuri-
dine)

FBS (Fetal Bovine Serum)
Gelatin from cold water fish
skin

Trit onAlOOE X

Tween 20®

(11805017) gene expression
inhibiter; antibiotic

(A3912-500g) Heat shock

fraction pH 5.2

(62248)4 Njdignidino-2-phe-
nylindole; nuclei labelling

(A10044) Injection labelling
of DNA incorporation for cell
proliferation

(F2442) Fetal bovine serum

(G7041) Fish-skin gelatin

(8X100-500mL) laboratory
grade
Polysorbate,  Polyoxyethyl-

ene-20-sorbitan monolaurate

Thermofisher Scientific, Wal-
tham, MA, USA

Sigma-Aldrich Chemie
GmbH, Munich, Germany

Thermofisher Scientifc, Wal-
tham, MA, USA

Thermofisher Scientific, Wal-
tham, MA, USA

Merck Millipore Darmstadt,
Germany

Sigma-Aldrich Chemie
GmbH, Munich, Germany

Sigma-Aldrich Chemie
GmbH, Munich, Germany

CarlRoth Karlsruhe, Germany
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3.1.6 Buffers, solutions and media

Table 8: Buffers, solutions and media

Name

Description

Application

1X PBS- 0.3% Triton X-100
Primary Antibody buffer

4% Agarose in 1IXPBS

Nuclease-free water

10X Blocking buffer

4% PFA in 1XPBS

IXPBS

Everbrite
di umeE

Mounting me-

Nail Polish

Tris-sodium citrate buffer

Triton X-100 diluted in PBS

1%BSA, 0.1% Fish-skin gela-
tin, 0.1% Triton X-100, 0.05%
Tween 20 in 1XPBS pH7.258

Agarose in powder form di-
luted into PBS

Water free of impurity

2%BSA, 2%FCS, 0.2% Fish-
skin gelatin diluted down in
1XPBS

Diluted down from 37% PFA
stock in PBS

Diluted down from 10x PBS
buffer stock at pH7.4

Di-Sodiumhydrogen phos-
phate-Dihydrate 148.0g;Po-
tassiumhydrogenphosphate
23.0g, SodiumChloride 900g
in 10 litres of water

Anti-fade mounting medium
used

Various providers and types

(10Mm tris-sodium citrate de-
hydrate, 2.94g, 0.05% Tween
20, 0.5Ml) in 1000ml of dis-
tilled water adjusted to pH6.0
with sodium hydroxide

Tissue permeabilization

Blocking and permeabiliza-
tion of vibratome fixed brain
tissue

For creation of brain moulds
for subsequent cutting at the
vibratome

Genotyping

Immunofluorescence staining
during the secondary anti-
body step

For fixation of cells, fresh-fro-
zen brain slices and isolated
vessels

Foundation of antibody buff-
ers to Immunofluorescence
staining an tissue collection

Preservation of Cyanine
spectrum dyes within brain
sections

Sealant of microscope slides
and coverslips

For heat-mediated antigen re-
trieval of difficult to reach
epitopes

3.1.7 Consumable equipment

Table 9: Consumable equipment

Name

Application

Provider

6,12,24 Multi-well
culture plates
3513, 3526)

(353046,

Tissue Storage and staining of vi-

bratome cut brain sections

FALCON®, NY, USA
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15, 50ml Falcon tubes Master-mix preparation, FALCON®, NY, USA
(352097, 352070) Brain storage.
Costar stripette® 2ml, 5ml, Pipettes for use with the pi- Corning, Corning incorpo-

10ml (4486, 4487, 4488)
KIMTECH precision wipes

Parafilm

Feather Disposable scalpel

0.5ml,1.5ml,2ml,5ml| Eppen-
dorf tubes®  (121.023,
120.094,120.086, 110.401)

pette boy

Cleaning of microscope
slides, objectives and general
use

Sealing of falcon tubes

Cutting of brain tissue, of par-
afilm-

Storage of solutions

rated, New York, USA
Kimberly-Clark® Texas, USA

Bemi s, Cur woo

Feather Safety Razor CO.,
LTD, Osaka, Japan

Eppendorf® Hamburg, Ger-
many

3.1.8 Hardware and equipment

Table 9: Hardware and equipment

Name

Description

Provider

Axio Observer.Z1

Vortex UZUSIO VTX-3000L

-20°c Freezer. LGex 3410

Mediline

Fridge-Freezer combi,

KG36VVW30

pH-meter S201, Seven com-
pact

NeoMag® Magnetic stirrer
D-6011

Pippette helper, pipetboy
Real-time PCR-System
Microwave

Heraeus Pico 17

Vortex

PCR machine

Agarose-gel chamber
0708)

(40-

Fluorescence microscope

Vortex

Lab freezer

Lab fridge freezer

pH-meter

Magnetic stirring device

Pipette helper
Light Cycler 480 Il
Microwave

Micro-centrifuge

Vortex-Genie 2

PeqStar 2x

Small agarose gel chamber

Carl Zeiss AG, Oberkochen,
Germany

Lab unlimited, Dublin, Ireland

Liebherr, Berlin, Germany

Siemens, Munich, Germany

Mettler Toledo, GielRen, Ger-
many

Neolab, Ger-

many

Heidelberg,

Integra, Zlzers, Switzerland
Roche, Penzberg, Germany
Siemens, Munich, Germany

Thermofisher Scientific, Wal-

tham, MA, USA
Scientific  industries, New
York, USA

Peqglab (Avantor), Pennsylva-
nia, USA

Peqglab (Avantor), Pennsylva-
nia, USA
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Agarose gel chamber (40-
1214)

Electrophoresis device
Thermomixer
Mini-centrifuge

IKA Rocker 3D Digital

Multi Bio 3D

Centrifuge

Spectrophotometer ND-

1000

Agilent Bioanalyser 2100

Vortex V1-Plus

Centifuge 5417R

Axioimager M2

BioRad C1000 Touch

BioRad iMark

Stereo Discovery V8

Leica VT1200S

CryoStar NX70

LSM 7MP

Cell sorter (SH800S)

Stereo microscope

Periflux system 5000

Pericam PSI

Large agarose gel chamber

peq Power 300

Thermomixer pro

Mini centrifuge for PCR

Multi-platform plate shaker

Programmable mini-shaker

5810R centrifuge for FACS
Spectrophotometer for RNA
measurement

Bioanalyser for RNA integrity
(144200B)

Centrifuge for Westernblot
Histology microscope
Thermocycler

Microplate reader

Leica Dissection microscope
Leica Vibratome

Cryostat for cutting fresh-fro-

zen/fixed tissue

Twin scanner
microscope

multi-photon

Cell sorter for FACS experi-
ments

Leica M80 surgery micro-
scope

Laser Doppler Flowmetry
measurement device

Laser Speckle Imaging de-
vice

Peqglab (Avantor), Pennsylva-
nia, USA

Peqglab (Avantor), Pennsylva-
nia, USA

CellMedia GmBH,
Germany

Leipzig,

Sprout, Heathrow scientific, II-
linois, USA

IKA®-Werke GmbH & Co.KG,
Staufen, Germany

Biosan, Riga, Latvia

Eppendorf, Ger-

many

Hamburg,

Thermofisher Scientific, Wal-
tham, MA, USA

Peqglab (Avantor), Pennsylva-
nia, USA

Kisker Biotech GmbH, Stein-
furt, Germany

Eppendorf, Ger-

many

Hamburg,

Carl Zeiss AG, Oberkochen,
Germany

Bio-Rad, Feldkirchen, Ger-
many
Bio-Rad, Feldkirchen, Ger-

many

Lecia Microsystems, Wetzlar,
Germany

Lecia Microsystems, Wetzlar,
Germany

Thermofisher Scientific, Wal-
tham, MA, USA

Carl Zeiss AG, Oberkochen,
Germany

Sony Biotechnology, San

Jose, USA

Lecia Microsystems, Wetzlar,
Germany

Perimed, Las Vegas, USA

Perimed, Las Vegas, USA
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OxyDig O2 measurement device for Dréagerwerk, Prittwiching,
surgery Germany

Digiflow Device for measurement of Dréagerwerk, Prittwiching,
flow Germany

02 sensor Measures O2 concentration Dragerwerk, Prittwiching,
within tubing Germany

Isoflurane funnel-fill vapor-
izer

Powerlab 16/35

Medi heat E

Capnograph Type 340

FHC Temperature control-
ler

Weighing scales

X-Cite series 120Q

Newport stabilizer S-2000
series

Chameleon Ultra

Filter Sets (BiG)

KL2500 LED light source

Objective
chromato
70mm objective

_mpo_

Pipettes
P2,P10,P20,P200,P1000

Zeiss LSM 800

Zeiss TMP

20x/ 1

(34-1040SV) Storage and
distribution of isoflurane for
surgery

Integration of multiple differ-
ent surgical monitoring de-
vices

Heating cabinet for mice post-
surgery

Measurement of CO2 outflow
from mouse

Feedback controlled temper-
ature controller

Scales for measurement of
Mouse weight

120 Lumen Fluorscence lamp
for 2-photon imaging

Vibration isolating table for 2-
photon microscopy

Modelocked Ti:Sapphire La-
ser

A range of filter sets for 2-
photon microscopy imaging

LED based light-source for
Lecia surgical stereo micro-
scopes

Objective lens used for 2-
photon imaging experiments

A range of Gilson pipettes
(F167380)

Inverted Confocal Micro-

scope

2-Photon microscope

Harvard Apparatus, Massa-
chusetts, USA

AD Instruments,
Australia

Sydney,

Pecoservices, Brough, United
Kingdom

Hugo Sachs  Elektronik
GmbH, March, Germany

FHC, Bowdoin, USA

OHAUS, Nanikon, Switzer-
land
Excelitas technologies @,

Wiesbaden, Germany

Newport Corportation ®, Cali-
fornia, USA

Coherent®, California, USA

Carl Zeiss AG, Oberkochen,
Germany

Lecia Microsystems, Wetzlar,
Germany

Carl Zeiss AG, Oberkochen,
Germany

Gilson, Wisconsin, USA

Carl Zeiss AG, Oberkochen,
Germany

Carl Zeiss AG, Oberkochen,
Germany
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3.1.9 Software

Table 10: Software

Name

Application

Provider

Microsoft Office

Graphpad 8.4.3

Imaris®

Zen Black/Blue

Pimsoft

FlowJo v10

Matlab

FIJ1 (Fiji is just image J)

Abodbe lllustrator
Adobe Photoshop

Sony SH800s

Complete suite for word-pro-
cessing, presentations and
data tabulation

Data processing/graphical fig-
ure creation

3D reconstruction of cells and
vessels

Image processing and data
acquisition

Laser speckle data gathering
and analysis

FACS data processing

Script processing of Laser
speckle data

Image presentation and anal-
ysis

Figure creation

Figure creation and image
representation

Cell sorting and data analysis
software

Microscoft Corporation, WA,
USA

Prism, San Diego, USA

Bitplane, Zurich, Switzerland

Carl Zeiss AG, Oberkochen,
Germany

Perimed, Las Vegas, USA

FlowJo LLC, Vancouver, BC,
Canada

Mathworks,Massachusetts,
USA

Open-source, collaborative,

global
Adobe, California, USA
Adobe, California, USA

Sony Biotechnology, Califor-
nia, USA

3.1.10 Drugs (Analgesics, Anaesthetics and post-operative care)

Table 11: Drugs

Name

Description

Provider

Buprenorphrine
Carprofen: Rimadyl

Medetomidine

Midazolam
Fentanyl

Isoflurane

Temgesic 0.3mg/ml
50mg/ml analgesic

1mg/ml (100mg/kg per injec-
tion)

5mg/5ml
0.5mg/10ml
Iso vet 1000mg/g

Schering-Plough
Zoetis

Dorbene vet

B.Braun
Piramal

Dechra, Northwich, United

Kingdom




3 Materials

42

Bepanthen

Antiseptic cream

Bayervital GmbH,
Leverkeusen, Germany

3.1.11 Surgery tools and consumables

Table 12: Surgery tools and consumables

Name

Description

Provider

FMCAOo sutures

Micro serrefines

Micro-serrefine clamp

Dumont forceps

45° Dumont forceps

Dumont #5CO forceps

Extra fine Bonn scissors
Needle holders with suture
cutters

Dissecting scissors

Spring scissors

Straight microtip

Silk braided sutures
Drechseln Maxi cure glue

Glue accelerator

3M Durapore surgical tape

Sodium Chloride

Aquad ad injectabilia

Filament for insertion into

MCAO to induce stroke

(18055-04) arterial

clamp

Cross

(18057-14) clamp applying
forceps

(11253-20) Micro-blunted tips
(11253-25) Micro-blunted tips

A rough coated tip on one
side and smooth on the other
for dura removal

(14084-08)

(12002-12)

(14393)

(15000-08) scissors for cut-
ting common carotid artery

(MTB500-02240) laser Dop-
pler fibre

(10C103000)

(BSI-112) Cyanoacrylate for
Doppler attachment

(BSI-151) Insta-s e t E
ator

(1538-0)
(14NM32)

ac

(2822633)

Doccol®,MA, USA

Fine scientific tools, Califor-

nia, USA

Fine scientific tools, Califor-

nia, USA

Fine scientific Califor-

nia, USA

tools,

Fine scientific Califor-

nia, USA

tools,

Fine scientific Califor-

nia, USA

tools,

Fine scientific tools, Califor-

nia, USA

Fine scientific tools, Califor-

nia, USA

World precision instruments,
Friedberg, Germany

Fine scientific tools, Califor-
nia, USA

Perimed, Las Vegas, USA

Pearsalls limited, London,

United Kingdom

Drechseln, Weiden, Germany

Drechseln, Weiden, Germany

3M, Minnesota, USA

Fresenius kabi GmbH, Bad
Homburg, Germany

Berlin Chemie, Berlin, Ger-
many
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Gazin® swabs

Ti-Cron sutures

Insulin syringe

Surflo® Winged infusion set

Braun Syringes

(18504) Gauze

(5CD30586)

(V-100) BD Safety glide

(SV*S25NL30) Butterfly per-
fusion syring tip

Syringes for IP injection;sub-
cutaneous injection

Lohmann & Rauscher, Neu-
wied, Germany

Covidien (Medtronic), Dublin,
Ireland

BD, Heidelberg, Germany

Terumo Europe, Leuven, Bel-
gium

Braun, Kronberg, Germany
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4. Met hods

41 Ani mal s&i rbgeehrayvi or testing

4.1.1 Transient filament middle cerebral artery occlusion

30 minutes prior to surgery mice were weighed and injected with 0.1 mg/kg buprenorphine sub-
cutaneously (s.c). Mice were anaesthetized using 4% isoflurane in air (1 I/min) in an induction
chamber and placed in prone position on a heating pad set to 37°C, a rectal probe was inserted
into the mice for feedback controlled heat regulation. Anesthesia was maintained with isoflurane
(1.8 - 2%) in 50% O:2 in air using a facemask. Bepanthen was applied to protect the eyes from
dryness and paw reflex was checked with forceps prior to starting surgery. Ointment was applied
to the head of the mouse, where a small incision was made on the left side of the head (between
eye and ear) and the skull was exposed. A sharp scalpel was used to detach the temporal muscle
from the skull and create a pouch between muscle and bone. The laser Doppler probe was placed
onto the dry exposed left parietal skull over the middle cerebral artery territory (MCA) and fixed
using cyanoacrylate glue (1 drop) and glue accelerator. Care was taken to achieve laser Doppler
flow values of above 200 arbitrary units (AU) and the mouse was flipped face up and fixed in the
supine position using surgical tape. A longitudinal incision was made along the middle of the neck
using scissors and the common carotid artery (CCA), external carotid artery (ECA) and internal
(ICA) were isolated and exposed. During this process, care was taken to avoid touching or harm-
ing the vagal nerve running beneath the CCA. The left CCA and ECA were ligated and an addi-
tional loose knot was made around the CCA. A small surgical clamp was then applied to the ICA
and a small incision in the CCA between ligation and loose knot was made using micro scissors.
Subsequently, the occlusion filament was inserted into the incision, the loose knot was tightened
around the filament and the surgical clamp on the ICA was removed. The filament was advanced
along the ICA to the base of the circle of Willis until it obstructed the MCA; where an immediate
reduction of cerebral blood flow (>80%) was achieved. The knot securing the filament was then
fixed to ensure the filament was held in place and the neck incision was carefully closed using 2-
3 single sutures. The mice were then placed in recovery chambers set to 32°C prior to beginning
surgery. After 55 minutes of occlusion anesthesia was re-induced, the neck incision was reopened
and at precisely 60 minutes of ischemia, the filament was removed from the exposed CCA without
bleeding by tightening the knot immediately after withdrawing the filament. 1 ml of saline and 100
ul of Carprofen (4 mg/kg) was injected s.c prior to termination of anesthesia. Mice were then
placed in a recovery chamber at 32°C for 2 hours.

Ica ICA

A ECA . ECA o
A /

N «(—cipon N Cipon

7 o> o>

Sutures closed

ICA IcA

open knot apen knot incision site knot tightened ——J»

f— Sutures closed cca CCA CCA

Fig. 11. Schematic detailing the sequential steps involved in transient filament middle cerebral artery
occlusion.
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4.1.2 Neuroscore

Mice subjected to surgery were observed following surgery and assessed for various neurological
deficits, behavioral condition and core physiological parameters collectively named as the Neu-
roscore; which permits evaluation of each animal and determines termination end-points based
on humane criteria. An example of the scoresheet is found in the supplementary information
Chapter 8.

4.1.3 Experimental stroke scale (ESS)

In addition to the neuroscore performed on each animal after stroke, the experimental stroke scale
(used in prior publications (Lourbopoulos et al., 2017)) was used as an evaluation to determine
focal and general components relating to mouse condition. Focal deficits (fESS) comprise evalu-
ation of specific neurological deficits relating to brain related behavior such as: body symmetry,
gait, climbing, circling behavior, fore and hind-limb symmetry, compulsory circling, whisker re-
sponse, forelimb placing, posture and beam balance. This focal component is scored out of 42
points to mimic the scoring system used by the National institute of health stroke scale with a
higher score indicating more severe impairment. The general component of the experimental
stroke scale (QESS) relates to the systemic behavior of the mouse and is scored out of 16 points
based on separate criteria such as condition of the hair, ears and eyes, spontaneous activity and
anxiety behavior. A complete score sheet is found in the supplementary information in chapter 8.

4.1.4 Perfusion of mice

Mice were injected with a triple dose of MMF (medetomidine 0.036 mg, midazolam 0.375 mg,
fentanyl 0.0039 mg for a 25 g mouse) intra-peritoneally and assessed for reflex action by applying
forceps to the hindpaws. Once under anesthesia, an incision along the midline from lower stom-
ach to thorax was made to expose the internal organs. Using a surgical clamp, the xyphoid was
lifted and positioned above the mouse exposing the diaphragm. Using surgical scissors, the dia-
phragm and rib cage was cut allowing it to be folded back, the surgical clamp holding the xyphoid
was moved further back to expose the pulsating heart. The left ventricle of the heart was pene-
trated with a butterfly needle and the three-way switch of the perfusion pump was moved to the
open position to allow ice-cold PBS to perfuse at a perfusion pressure of between 100-120 mmHg
through the mouse vasculature. Immediately after, the returning vena cava was severed to blood-
let the mouse and PBS perfusion was performed for 5 mins. After the outflow of the mouse turns
from blood red to clear and the liver turned gray, the perfusion was switched to ice cold 4% PFA
to fix the mouse for 5mins. Following this, the brain of the mouse was extracted by severing the
head and cleaning away the skin and muscle from the back of the neck and making three angular
cuts at the base of the skull; followed by a scissor tip insertion to the bregma of the skull and
opening of the scissors. This exposes the brain by splitting the skull down the middle, then, using
a small spatula the brain is removed from the skull and placed into a 5 ml Eppendorf tube filled
with 4% PFA and placed at 4°C overnight where it was switched to PBS for further storage until
the brain was needed for downstream applications.
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4.1.5 Post-operative care

A previously described post-operative care regimen was modified to maximize and preserve the
survival of animals with large cortical infarcts following fMCAo surgery (Lourbopoulos et al., 2017).
Briefly, animals were immediately placed in a heating chameber at 32°C after surgery for 2 hours
before being placed in their home cages. Pellet food (12.8 KJ/g of metabolizable energy;ssniff-
Spezialdidten GmbH, Soest, Germany) was scattered on the floor of the home cage to allow mice
to easily reach nourishment. In addition, in the evening after surgery and each morning following
the initial stroke surgery, petri-dishes filled with a powdered form of the aforementioned pellet
food were mixed with water into a paste at a 1:3 ratio. Mice were sub-cutaneously injected with
10% Glucose mixed with saline at a 1:1 ratio and administed 50ul of carprofen in the morning and
evening to act as pain relief. To supplement dehydration occurring in mice after stroke, petri-
dishes filled with water were laid on the ground of the cage at the same time points, this procedure
was performed for each mouse until they regained their bodyweight.

42 Ani mal experimentation, tissue pr
anal ysi s

4.2.1 Fresh frozen analysis of pericyte death, coverage and proliferation
bodies

Twenty male C57BL/6J mice aged between 6 - 12 weeks old were subjected to either fMCAo0 and
sacrificed on day 1 or day 3, after sham surgery or in naive conditions in a randomized, blinded
manner with five mice per group. At the end of the experiment, mice were anaesthetized with 5%
isoflurane prior to cervical dislocation; brains were removed and immediately fresh-frozen in dry
ice prior to serial sectioning in 20 um sections at the cryostat. Microscope slides containing fresh-
frozen brain slices were rehydrated for 15 mins in PBS at room temperature. Subsequently, brain
slices were fixed for 10 mins in 4% paraformaldehyde in PBS and washed in PBS 3 times. Slices
were then blocked and permeabilized in 2% BSA, 2% FCS, 0.2% fish-skin gelatin in 1XPBS and
0.03% Triton x-100 for 1 hour at room temperature. After blocking and permeabilization, slices
were sealed with a hydrophobic pen; creating a well in which to incubate the primary antibody
buffer mix consisting of gtPDGFRb (1:100), rbCollagen IV (1:250) and diluted in 2% BSA, 2%
FCS, 0.2% fish-skin gelatin in 1XPBS overnight at 4°C on a horizontal shaker. The next day brain
sections were washed 3x with 1XPBS in a coplin jar and incubated with donkey anti-goat Alexa
fluor® 488 (1:1000) and donkey anti-rabbit Alexafluor® 647 (1:300) secondary antibodies in 2%
BSA, 2% FCS, 0.2% fish-skin gelatin in 1XPBS overnight at room temperature in a humidified
chamber. Sections were then washed in a coplin jar 3x with 1XPBS and samples were then sub-
jected to ApopTag® Red In Situ Apoptosis Detection kit staining (Terminal deoxynucleotidyl trans-
ferase dUTP nick end labelling, TUNEL staining) following manufacturers guidelines. During the
secondary incubation of the dioxygenin conjugate antibody which binds to the nick end label on
fragmented DNA strands, sections were incubated with DAPI in PBS at a concentration of 1:1000
for 2 hours at 37°C. Finally, brain slices were washed 3x in 1XPBS in a coplin jar and mounted
with agqueous mounting medium.

Five images per region of interest were stereotactically acquired: 3x striatum, 2x cortex (infarct
core, peri-infarct tissue and contralateral side) in two brain slices per animal at a bregma con-
sistent with where the MCA territory feeds the striatum and the cortex. For analysis, the number
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of PDGFRDb* cells present on microvessels in each region was measured along with the number
of TUNEL" cells. Then, the number of TUNEL* cells that were PDGFRb* and encased within the
collagen IV basement membrane were totaled to give the percentage of pericyte cell death at
each time-point in each region. Total pericyte number was generated from the total cell number
of PDGFRb* cells within the collagen IV+ basement membrane at the level of the microcirculation.

Finally, PDGFRb (green) and Collagen IV (far-red) channels were thresh-holded to generate
PDGFRDb* masks and Collagen IV* masks. The percentage of image covered by the collagen IV
mask was used to quantify vessel density per region while dividing the PDGFRb mask over the
collagen IV mask was used to generate pericyte coverage per image/region/condition/mouse.

4.2.2 Analysis of pericyte damage in stroked PDGFRbEGFP* mice 90
mins post-reperfusion

Four male PDGFRbEGFP mice aged between 6 - 20 weeks underwent fMCAo0 surgery and were
transcardially perfused with saline and 4% PFA as previously described in section 4.1.4. The fixed
brains were embedded in 4% agarose and serially sliced into 100 um thick sections at the vi-
bratome, collected into 12 well plates and stored at 4°C in PBS prior to immunostaining. Im-
munostaining was carried out as follows: 3 100 um brain sections containing the MCA territory
were incubated in a primary antibody buffer solution (1% BSA, 0.1% fish-skin gelatin, 0.1% Triton
X-100, 0.05% Tween 20 in 1XPBS) which blocks and permeabilizes fixed vibratome tissue with
1:100 dilutions of rabbit anti-collagen IV and goat anti-Aquaporin 1V and incubated for several
days on a rotary shaker at 4°C. Sections were then thoroughly washed in 1XPBS 3x for 30
minutes on a rotary shaker at medium speed to remove traces of unbound primary antibody
buffer. Sections were incubated with a secondary antibody buffer mix (in 2% BSA, 2% FCS, 0.2%
fish-skin gelatin in 1XPBS) containing donkey anti-rabbit AlexaFluor® 594 and donkey anti-goat
AlexaFluor® 647 (1:300) for two days at 4°C on a rotary shaker until even Collagen IV staining
was observed. Sections were then washed 3X thoroughly to remove unbound secondary anti-
bodies and during the last washing step DAPI was added to the PBS at a concentration of 1:1000
for 30 minutes. Washing using 1XPBS was repeated 3X for 30 minutes prior to mounting on glass
coverslips with EverBriteE mounting medium.

For imaging, observation of damaged pericytes within the infarct territory was first assessed and
pre-defined criteria for damaged pericytes were established. Given that pericytes are ensheathed
within the collagen IV* basement membrane under physiological conditions, damaged pericytes
were assessed as pericytes with EGFP* extrusions from the cell that reach beyond the basement
membrane. Then, using high-resolution confocal imaging with the 100x oil objective, approxi-
mately 30 pericytes/mouse in the infarct core region and contralateral hemisphere were imaged
for downstream analysis. Pericytes were separated by sub-type definition: Thin-strand, Mesh,
Junctional and re-constructed using IMARIS® software. 3D z-stacks of pericytes were subjected
to a surface creation pipeline in which the DAPI* nuclei within EGFP* pericytes formed a mask in
which to measure EGFP mean fluorescence intensity in damaged and non-damaged pericytes.
The surface creation of DAPI* nuclei allowed measurement of nucleus volume, sphericity and
generated unique pericyte identification tags, damaged and healthy pericytes were compared
against contralateral hemisphere pericytes after a randomized selection using the aforementioned
pericyte I Db6s by a r es e astrantpedcptds bnel 40gunctional pericytéesot al , 6
were compared for final analyses. Criteria for damaged/healthy pericytes is shown below.
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Fig. 12. Damage assessment criteria for EGFP+ pericytes.

Pericytes under physiological conditions are encased within a bi-layer of the basement membrane, a component of which
is Collagen IV (magenta). Here, Collagen IV staining was used to differentiate two distinct pericyte phenotypes, those,
which are damaged, and those that are intact. Pericytes which we termed damaged have extracellular accumulations of
EGFP extending beyond the collagen IV staining (magenta) and points of this extracellular accumulation are shown with
the white arrows indicated (left). Intact pericytes however, are completely encased within two layers of collagen IV and
display no signs of extracellular EGFP emanating from beyond the basement membrane (right). Scale bars, 10 pm.



























































































































































































































































































































