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Abstract

Ischemic stroke remains one of the leading causes of death and disability worldwide, and its burden is predicted to
further increase due to the aging population. The only available treatments, thrombolysis or thrombectomy, can only
be applied within a limited time window after stroke onset, and thus are applicable only to a small proportion of
stroke patients. Therefore, there is an increasing need for new therapeutic approaches. In addition to neuronal cell
death, the stroke pathology is characterized by the breakdown of the blood-brain barrier (BBB), resulting in the
accumulation of blood-derived components within the brain, further aggravating neuronal cell death. Several repair
mechanisms occur within the brain after the ischemic insult, including vascular remodeling to reestablish the blood
flow as well as scar formation to both replace the injured tissue and contain the inflammation within the injured
ischemic core.

Pericytes, perivascular cells lining capillaries, have increasingly gained interest as a novel target cell type. This is
due to their multiple functions after stroke that include maintenance of the BBB and their participation in vascular
remodeling and scar formation. Pericytes undergo several morphological and phenotypic changes in stroke. One of
these changes is the expression of Regulator of G-protein signaling 5 (RGS5), a protein that is upregulated in
pericytes after stroke before they detach from the vessels, suggesting its involvement in this detachment process.
However, the time course of the pericyte response in relation to other vascular changes, and the impact that loss of
RGS5 has on pericytes and their function during the different stages of stroke are not yet known.

Using a permanent stroke model in mice, we established the temporal sequence of the pericyte response in relation
to other vascular events after ischemic stroke. Pericytes were the first vascular cells to respond to ischemic stroke
by either undergoing cell death or activation. Most importantly, the pericyte response preceded loss of tight junction
(TJ) proteins, endothelial cell death and BBB leakage. Loss of RGS5 in pericytes resulted in increased pericyte
numbers and coverage. In the acute phase, the increased pericyte coverage in RGS5-knock out (KO) mice
prevented TJ loss and reduced the BBB breakdown. This was associated with a reduction in neuronal cell death
after stroke. In the chronic phase, loss of RGS5 reduced detachment of platelet-derived growth factor receptor
(PDGFRR)* pericytes from the vascular wall, resulting in a shift from a parenchymal to a perivascular location of
PDGFRR* cells. This was accompanied by maintenance of PDGFRR-signaling at baseline levels and vessel
stabilization as seen by increased vascular density and reduced vascular leakage. Pericytes that migrate into the
parenchyma following stroke have been suggested to be involved in scar formation after stroke. However, a
reduction in parenchymal PDGFRR* cells by 50% in RGS5-KO mice did not lead to alterations in the deposition of
the extracellular matrix proteins type | collagen and fibronectin; however, it resulted in an earlier maturation of the
glial scar.

In conclusion, the results in this thesis identify pericytes as an early responder after stroke. Our studies highlight
RGS5 as an important modulator of neurovascular protection in the acute phase and vascular remodeling in the
chronic phase after stroke. Targeting pericytes, for example via RGS5, constitutes a potential novel target for
therapeutic interventions.
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Populdrvetenskaplig sammanfattning

Stroke kan drabba vem som helst, ndr som helst. Fran en sekund till nista fordandras livet
radikalt bade for den strokedrabbade och anhériga.

En stroke, vilket ocksd kan kallas for ett slaganfall, &r vanligtvis orsakad av en
blodpropp i1 hjérnan. Denna blodpropp stoppar tillflodet av blod till ndgon del av
hjarnan. Beroende pé varaktighet och vilken del av hjdrnan som drabbas av en stroke
kan patienterna komma att lida av partiell férlamning, problem med spréket, eller i
vérsta fall do. En viss del av patienterna aterhdmtar sig fullstindigt, men majoriteten
maste leva med livslanga dkommor. Darfor dr det inte dverraskande att stroke &dr en
vanlig dodsorsak, men ocksd en av de vanligaste orsakerna till funktionshinder. Den
enda behandling som finns idag, innefattar att 16sa upp blodproppen sé att blodflodet
kommer igéng igen. Emellertid kan bara 10% av patienterna fa denna typ av terapi,
darfor forskas det intensivt for att hitta nya terapeutiska alternativ.

For att utveckla nya terapier dr det viktigt att forstd alla processer som sitts igdng efter
en stroke. En stroke leder till minskad syretillforsel i den paverkade delen av hjdrnan
och pa grund av detta dor hjarncellerna, de sa kallade neuronerna. Dessutom blir blod-
hjérnbarridiren mer genomtréinglig. Blod-hjdrnbarridren kontrollerar vanligtvis vilka
dmnen som kan komma frén blodet in till hjdrnan och vice-versa, samt att inga toxiska
amnen kommer i kontakt med de kéinsliga neuronerna. En av de celltyper som formar
blod-hjarnbarridren dr de sé kallade pericyter, som kramar sig runt blodkérlen och har
manga vitala funktioner i kroppen. Utover deras uppgift i blod-hjérnbarridren ar
pericyter viktig for bildning av nya blodkérl och drrvavnad efter en stroke.

Syftet med denna avhandling var att undersoka hur pericyter reagerar efter stroke, och
om man kan fordndra pericyternas svar for att forhindra skador eller for att forbattra
lakningsprocessen.

Det visade sig att pericyter dr en av de forsta celltyperna som reagerar efter stroke. Ett
av de viktigaste fynden var att pericyters svar pa stroke foljs av en okad
genomsldpplighet av blod-hjarnbarridren. Var hypotes var darfor att pericyter dr en ideal
mélcelltyp for at forhindra blod-hjérnbarridrens kollaps. I ett annat steg insag vi att
bortagning av en gen i hjarnans pericyter, »gs5, modulerar pericyternas svar vid stroke.
Mossen som inte producerar RGSS5-proteinet, hade ett hogre antal pericyter runt
blodkirlen. Detta stirker blod-hjdrnbarridren, vilket leder till mindre hjérnskador och
celldod efter stroke. Mdss utan RGSS hade ocksé bdde fler och stabilare blodkérl efter
stroke. Intressant nog bidrar pericyter bara minimalt till nybildning av &drrvdvnad i
hjérnan efter stroke.

I denna avhandling har vi gjort studier pa pericyter vid stroke i mdss. Normala pericyter
ar nodvandiga for att skydda hjarnvdvnaden. Vid stroke fordndras deras funktion och
RGSS5 spelar en viktig roll i denna process. Pericyterna som saknar RGS5 kan
signifikant béttre bidra att skydda blodkérl och nervceller vid stroke.
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Popular Science Summary

A stroke can happen at any time and to anybody. It can also change the life of a person,
and their families, from one second to the next.

Stroke is a “brain attack™ that, in most cases, is caused by a blood clot that blocks the
blood flow to parts of the brain leading to cell death. Depending on the duration and
location of the stroke, patients might lose their capacity to speak and move or even die.
Some patients recover from a stroke, but the majority remains with some disability,
making stroke one of the leading causes of disability worldwide. Today, the only
possible treatment is the immediate removal of the blood clot to restore the blood flow
and prevent cell/tissue death. However, only a small proportion of patients can receive
this treatment; therefore, there is an increasing demand for novel therapeutic
approaches.

To develop new therapies, it is crucial to understand all of the processes that occur after
a stroke. A stroke leads to reduced oxygen levels in the affected brain areas, and because
of this, nerve cells, so-called neurons, die. Apart from neuronal cell death, one of the
critical features of stroke is the breakdown of the blood-brain barrier (BBB). This barrier
usually controls which substances enter from the bloodstream into the brain, and with
this ensures that the sensitive neurons are not exposed to toxic substances. One of the
cell types that are part of the BBB are so-called pericytes. Pericytes are cells that wrap
around blood vessels and they have many important functions within the brain.

Besides their role in protecting the BBB, pericytes are involved in building new blood
vessels, and they have been suggested to contribute to scar formation, both are events
that occur after stroke. In this thesis, we are interested in understanding how exactly
pericytes react after stroke, and whether we can specifically modify pericytes to either
prevent damage or facilitate the recovery process.

We determined that pericytes are one of the first cell types to respond after a stroke.
Importantly, pericytes reacted before we saw the effects of the stroke on the vasculature
or the breakdown of the BBB. These findings suggested that pericytes could be a
promising target to either prevent or reduce the injury after stroke. We found that the
removal of a particular gene called rgs5 is a way to modulate the pericyte response.
Mice lacking RGSS5 in their brain pericytes had higher numbers of pericytes that
remained around blood vessels. This resulted in reduced breakdown of the BBB and
hence, less damage after stroke. These mice also had a higher number of blood vessels
and a more intact vasculature after stroke. We also established that pericytes do not
contribute as largely to scar formation in the brain as previously suggested.

This thesis highlights the critical role of pericytes after stroke and identifies RGS5 as an
important modulator of pericyte-related protection and recovery mechanism. Pericytes
thus constitute an important target cell to develop new therapies for stroke.
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Populdrwissenschaftliche Zusammenfassung

Ein Hirnschlag kann zu jeder Zeit passieren und es kann jeden treffen. Ein Hirnschlag
kann das Leben einer Person, sowie das seiner Familie, von einer Sekunde auf die
andere verdndern.

Ein Hirnschlag, auch Schlaganfall genannt, ist eine dramatische Krankheit, die in den
meisten Féllen von einem Blutgerinnsel ausgelost wird. Dieses Gerinnsel unterbricht
den Blutfluss in gewissen Teilen des Gehirns. Dadurch sterben die Zellen in diesem
Gebiet ab. Je nach Linge und Lokalisierung des Hirnschlags haben die Patienten
Lahmungserscheinungen, Sprachprobleme oder kdnnen sogar sterben. Einige Patienten
erholen sich nach einem Hirnschlag vollstdndig, die Mehrheit jedoch lebt flir immer mit
dessen Nachwirkungen. Deshalb {iberrascht es wenig, dass der Hirnschlag nicht nur eine
der haufigsten Todesursachen weltweit ist, sondern auch einer der giangigsten Griinde
fiir Beeintrachtigungen. Die einzige Therapie, die es heutzutage gibt, beinhaltend die
sofortige Entfernung des Blutgerinnsels, so dass der Blutfluss wiederhergestellt wird.
Jedoch sind nur etwa 10% aller Patienten fiir diese Therapie qualifiziert. Daher wird
intensiv nach neuen therapeutischen Alternativen geforscht.

Damit neue Therapien entwickelt werden kdnnen, miissen alle Prozesse, die nach einem
Hirnschlag passieren, verstanden werden. Ein Hirnschlag filhrt zu einer
Sauerstoffreduktion im betroffenen Gehirngebiet, aufgrund dessen die Gehirnzellen,
sogenannte Neuronen, absterben. Zusétzlich wird die Bluthirnschranke durchlissiger.
Die Bluthirnschranke kontrolliert welche Substanzen vom Blut ins Gehirn gelangen und
sorgt dafiir, dass keine giftigen Stoffe in Kontakt mit den sensiblen Neuronen kommen.
Einer der Zelltypen, der die Bluthirnschranke bildet, sind die sogenannten Pericyten.
Pericyten wickeln sich um die Blutgefdsse und haben weitere vitale Funktionen im
Gehirn. Neben ihrer Rolle in der Bluthirnschranke tragen sie auch zur Bildung von
neuen Blutgefdssen und Narbengewebe bei; beides Prozesse, die nach einem Hirnschlag
vorkommen.

Das Ziel dieser Doktorarbeit war zu untersuchen, wie Pericyten nach einem Hirnschlag
reagieren und ob diese Reaktionen beeinflusst werden konnen, um den Schaden zu
mindern oder den Heilungsprozess zu unterstiitzen.

Es zeigte sich, dass Pericyten einer der ersten Zelltypen sind, die nach einem Hirnschlag
reagieren. Eine der wichtigsten Erkenntnisse war, dass Pericyten schon vor dem
Zusammenbruch der Bluthirnschranke auf den Hirnschlag reagieren. Unsere Hypothese
war deshalb, dass Pericyten ein idealer Zielzelltyp sind, um diesen Zusammenbruch zu
verhindern. In einem weiteren Schritt erkannten wir, dass die Entfernung eines
spezifischen Genes namens rgs5 die Reaktion der Pericyten modulierte. Bei Méausen,
die kein RGS5 Protein produzieren, war die Anzahl von Pericyten um die Blutgefisse
herum grosser. Dies stabilisierte die Bluthirnschranke, und reduzierte den Schaden nach
einem Hirnschlag. Diese Méuse hatten eine grossere Anzahl stabilerer Blutgefdsse nach
einem Hirnschlag. Interessanterweise zeigte sich, dass Pericyten nur geringfiigig zur
Narbengewebebildung beitragen.
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Diese Doktorarbeit hebt die kritische Funktion von Pericyten nach einem Hirnschlag
hervor. Ausserdem identifiziert sie RGSS5 als einen wichtigen moglichen Angriffspunkt
an Pericyten um neue Behandlungen zu entwickeln, die Schutz- und
Heilungsmechanismen nach einem Hirnschlag verstirken.
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Introduction

Stroke remains one of the leading causes of death worldwide '2. It can either be
caused by interruption of the blood flow by a clot (ischemic stroke, 80 % of the
cases) or rapture of a blood vessel (hemorrhagic stroke, 20%) in the brain ',
Depending on the location of the stroke, patients experience different neurological
deficits. As these symptoms can be permanent, stroke also comprises one of the
most common causes of disability worldwide. An aging population, an increasing
prevalence of risk factors, and a reduction in case fatality will further increase the
burden of stroke in the decades to come 2.

Reestablishment of the blood flow by mechanical thrombectomy or thrombolysis
with tissue plasminogen activator (tPA) has significantly improved the outcome
after ischemic stroke °°. However, the short time window and the risk of
hemorrhagic bleeding allows only around 10% of stroke patients to be eligible for

these, currently only available, interventions %,

Thus, there is an increasing need to develop novel treatments for stroke. Despite
several promising preclinical studies, their translation into clinical usage has so far
been disappointing >!°. Many studies have focused on direct neuroprotection or
neuro-restoration, but it becomes increasingly evident that successful recovery after
stroke will have to address the entire neurovascular system ',

Stroke pathology

In ischemic stroke, the occlusion of a blood vessel results in the interruption of
oxygen and nutrient delivery to the affected brain regions. This is the start of a
cascade of molecular and cellular events leading to an ischemic injury and neuronal
cell death "', Although neurological dysfunction arises within seconds to minutes
after the occlusion, the ischemic injury and cell death progress for up to days and
weeks ' (Figure 1).
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Acute phase of stroke

The high intrinsic metabolic activity and the large concentration of the excitotoxic
neurotransmitter glutamate make the brain especially vulnerable to ischemic stroke
1617 'Within the infarct core, the blood flow drops to below 20% of its baseline rate,
resulting in a depletion of the ATP stores and the failure of energy metabolism ’.
Due to this energy failure, as well as the failure of ion pumps and re-uptake
mechanisms, glutamate accumulates in the extracellular space. This accumulation
of glutamate subsequently results in an excessive influx of calcium, sodium, and
water into neurons and the production of oxygen radicals, ultimately resulting in
neuronal cell death '’ (Figure 1).

Ca2*, Na*
o Glutamate, Enzymes
£ 2 | Oxygen Radicales
2=
§ £ Inflammation
- Necrosis / Apoptosis
BBB breakdown BBB opening

3 Minutes Hours Days Weeks Months/Years
n »n
g = Collateral flow
B % Angiogenesis/Vasular remodeling
2 g Fibrotic and glial scar formation
'8 = Plasticity, Functional Recovery
w'e

o

e

Acute phase Chronic phase

Figure 1: Development of ischemic stroke pathology.

Ischemic stroke occurs after the occlusion of a blood vessel. After this initial event, the pathology develops in different
phases that can be divided into the acute and chronic phase. The ischemic injury triggers a cascade of events, including
cell death and blood-brain barrier (BBB) breakdown. After stroke, several endogenous repair mechanisms are initiated,
including vascular remodeling and scar formation. Based on 7-'":17:18,

The ischemic insult results in a breakdown of the blood-brain barrier (BBB) '°. The
timing of the BBB breakdown is debated. In stroke patients it has been shown that
BBB breakdown can start within the first few hours after stroke 2°. This BBB
breakdown is associated with increased permeability and vascular leakage, leading
to the accumulation of blood-derived components and cells within the brain
parenchyma. This further aggravates the brain damage after ischemic stroke '**'%,
Importantly, the BBB breakdown correlates with an increased risk of hemorrhagic
transformation %°. Hemorrhagic transformation is a complication occurring after a
stroke, referring to a spectrum of ischemia-related brain hemorrhages that
negatively impact on stroke outcome ®?*. The increased risk of hemorrhagic
transformation after delayed tPA treatment is one of the reasons for the small time-
window for thrombolysis **2. Preventing an early BBB breakdown, therefore, might
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be an important approach to limit side-effects of tPA treatment and to prolong the
therapeutic window and thereby enable more patients to receive treatment %2,

Within the first hours after stroke, an inflammatory response develops. Microglial
cells and astrocytes are activated and release inflammatory cytokines and
chemokines ***°. Additionally, endothelial and perivascular cells contribute to the
cytokine production and upregulate the expression of adhesion molecules, which
promotes leukocyte trafficking through the vessel wall %°. The initial inflammatory
response during the acute phase of stroke amplifies the ischemic injury; however,
inflammation also promotes critical events necessary for tissue repair during the
chronic phase after stroke ’.

Chronic phase of stroke

Most stroke survivors show some degree of recovery over time. This recovery is
due to several endogenous repair mechanisms that occur during the chronic phase
after stroke. These repair mechanisms start days after the injury and are maintained
for weeks. They include processes such as neural plasticity, vascular remodeling,
and scar formation 2’*° (Figure 1).

Vascular remodeling re-establishes the blood flow and energy supply to the hypoxic
tissue after stroke 2**. Directly after the occlusion of the blood vessel, collateral
blood flow plays an important role in maintaining regional cerebral blood flow
(CBF), and the efficiency of collateral recruitment correlates to the stroke outcome
2831 In the chronic phase, increased blood flow is attributed to angiogenesis, the
formation of new blood vessels through proliferating endothelial cells ****. In stroke
patients, vessel number and density correlate with survival time **. Vascular
remodeling, therefore, has increasingly gained interest as a target to improve
functional outcome after stroke ******. However, angiogenesis is associated with an
opening of the BBB, which is necessary for new vessels to form. Newly formed
vessels are not mature yet, and consists of vascular structures with compromised
integrity *°. The second opening of the BBB due to angiogenesis is observed after
several days, and hence the BBB breakdown is often described as biphasic '**”. The
opening of the BBB contributes to the vascular leakage that initially occurred after
the BBB breakdown. Hence, the BBB opening constitutes a challenge in promoting
angiogenesis as a therapeutic target >>°%% |

Scar formation is a common response to tissue injury in most organs. Injured tissue
is separated from healthy tissue to prevent extensive inflammation and is replaced
with extracellular matrix (ECM) proteins **°. In the chronic phase of stroke,
resident reactive astroglia assemble around the infarct core to seal off the intact
tissue from the damaged ischemic core by forming a glial scar °. Enveloped by this
glial scar, a dense fibrotic scar develops, consisting of fibrous ECM proteins such
as collagens and fibronectin (FN) *. Under physiological conditions, the
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extracellular space contains very little fibrous ECM, but is rather composed of a
network of proteoglycans, hyaluronans, tenascins and link-proteins, which not only
provide mechanical support, but also serve as a substrate for the
compartmentalization of the extracellular space and function as a scaffold during
development and adult neurogenesis *'***. The increased deposition of fibrous ECM
proteins after stroke resulting in a stiff fibrotic scar is suggested to impede the
anatomical plasticity within the central nervous system (CNS) and therefore impact
negatively on learning and memory *°. Therefore, the formation of these scars needs
to be tightly regulated, as on one hand scar formation impacts negatively on
functional recovery; but on the other hand, inhibiting scar formation within the CNS
can have severe effects as well ***,

The search for new therapeutic targets

The mechanisms leading to neuronal cell death have been extensively studied.
Despite promising preclinical studies aiming at neuroprotection by preventing
excitotoxicity, oxidative stress, inflammation, or apoptosis, their translation into the
clinic has failed so far, as none of them have resulted in improved outcome in stroke
patients 17,

One of the possible explanations for the failure of these trials could be their narrow
focus on neurons "'7. It becomes increasingly evident that protecting or replacing
neurons alone is not sufficient to treat stroke. Recent studies resulted in a shift from
purely neuron-centric approaches to the recognition that successful neuroprotection
and restoration are only feasible through targeting the entire neurovascular system
114 However, there is a lack of understanding of how the neurovascular system and
more specifically, the neurovascular unit, is affected after a stroke. This knowledge
is crucial in finding new targets to protect and restore the neurovascular system, and
with that, to treat stroke.

The neurovascular system

The brain has one of the highest oxygen consumptions of our body, and to supply
the brain with enough blood, the brain contains approximately 600-700 km of blood
vessels *°. Already in the late 19" and early 20™ centuries, scientists discovered that
the vasculature of the CNS is distinct from the vasculature in the rest of the body.
Studies by Goldmann, among others, showed that injected dyes in the blood do not
stain most parts of the brain, while those injected into the cerebral spinal fluid (CSF)
stain only the brain *’. This barrier separating the CNS from the circulation was later
termed the blood-brain barrier. Nowadays, we know that the BBB regulates the
uptake of water-soluble nutrients, metabolites, and molecules into the CNS, and is
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composed of endothelial cells that are connected by tight junctions (TJs), pericytes,
astrocytic end-feed and the basement membrane **~°. Together with the glial cells
of the brain (astrocytes, microglia, and oligodendrocytes) and neurons, they form
the neurovascular unit (NVU), which is necessary for the functional homeostasis
within the brain ',

Pericytes

In the 1870s, Carl Joseph Eberth and Charles Rouget described a contractile cell
that was located around endothelial cells of capillaries, which was later named
pericyte by Zimmermann ****, Despite being first described almost 150 years ago,
most of our understanding of pericytes has been acquired in the last decades.

Definition of pericytes

Since their discovery, it has remained challenging to establish a definition and
appropriate identification criteria for pericytes, which is mainly due to the lack of a
single marker identifying all pericytes *>*’. Contributing to these difficulties may
also the different developmental origins of pericytes. Accordingly, studies in chick-
quail chimeras and transplantation studies have shown that pericytes in the forebrain
originate from neural crest cells, while pericytes in the midbrain, hindbrain, and
periphery mainly are mesoderm-derived ****. However, even within the same tissue,
pericytes can have different origins ®.

Today, the most commonly accepted definition of a pericyte includes its location
and morphology, in combination with a series of histological markers (Figure 2).
In brief, pericytes are perivascular cells lining the abluminal side of capillaries and
are embedded within the vascular basement membrane.

Location

The vascular tree of the cerebrovascular system can be divided into several sections,
with different compositions of mural cells, basement membranes, and functions .
Pericytes are located on pre-capillary arterioles, capillaries, and post-capillary
venules, while smooth muscle cells (SMCs) are mainly found on arterioles and
venules %% Pericytes are located in the center of the NVU, lining the abluminal
side of several endothelial cells, and are embedded within the vascular basement
membrane and astrocytic end-feet °'“%®. Furthermore, they are connected to

endothelial cells through peg-socket contacts, integrins, and cell adhesion molecules
69
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Figure 2: Pericytes in the neurovascular unit.

Pericytes (green) are located around capillaries, while smooth muscle cells (SMC, dark green) are found on arterioles
and venules. Pericytes are part of the neurovascular unit, composed of endothelial cells (red), astrocytic end-feet
(violet), neurons (yellow), and microglia (blue) and are embedded within the basement membrane (grey). They wrap
around capillaries in the brain, and they express the markers PDGFRR, CD13, NG2, RGS5, and others. Based on

52,67,68

Morphology

Pericytes have a round nucleus, in contrast to the elongated cigar-shaped nucleus of
endothelial cells ™. Additionally, pericytes extend their processes along capillaries.
These processes can have different morphologies, depending on the vascular bed
and the differentiation/developmental state, resulting in varying pericyte coverage
70 Nevertheless, the brain and the retina have the highest pericyte coverage and
pericyte-to-endothelial cell ratio (1:3) of the entire body ’'. The most common
morphology is represented by a pericyte encircling the capillary with broad and
continuous projections, resulting in a large area covered. Pericytes can change their
morphology upon injury or migration, where they adopt a bulging cell body or a
bipolar morphology, respectively.
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Markers and respective pathways

One of the challenges in studying pericytes is the lack of a single marker to identify
them. Pericytes can express different markers throughout their development and
maturation states °*’2. Also, in response to injury, they up- or downregulate specific
markers. During the course of this thesis, the following pericyte markers were
utilized:

Platelet-derived growth factor receptor beta (PDGFRJ3) is a tyrosine kinase receptor
and expressed on pericytes ">7*. Platelet-derived growth factor (PDGF)-BB, which
is secreted by endothelial cells, binds with high affinity to PDGFRB . Precise
spatial regulation of PDGF-BB is achieved through a retention motif, a positively
charged C-terminus that binds to negatively charged heparin sulfate proteoglycans
within the ECM 7°. Upon binding of PDGF-BB to PDGFRB, homodimerization of
the receptor occurs, leading to its autophosphorylation on several tyrosine residues
and internalization of the receptor '"®. Depending on the phosphorylation site, a
variety of downstream pathways are activated, resulting in pericyte proliferation,
migration, survival, and recruitment to the vessel wall **”°. Mice with interrupted
PDGFRB-signaling have a substantially reduced pericyte coverage, and complete
loss of either PDGF-BB or PDGFRB is embryonically lethal due to severe
hemorrhage 7476

Alanyl aminopeptidase (CDI3) is a type II membrane zinc-dependent
metalloprotease that has been described as a marker for cerebral pericytes ®'**°.
CD13 has been suggested to be involved in angiogenesis, as CD13 is essential for
capillary tube formation and degradation of the vascular basement membrane

protein type IV collagen (Coll-1V), allowing for the sprouting of new blood vessels
84,85

Chondroitin sulfate proteoglycan 4/Neuroglial antigen 2 (NG2) is an integral
membrane chondroitin sulfate proteoglycan . Pericytes increase the expression of
NG?2 during developmental and pathological conditions such as stroke and cancer
8788 Therefore, NG2 has been described as a marker for an activated state of
pericytes in response to vascular changes during angiogenesis, vessel stabilization,
and vascular remodeling. Mice lacking NG2 have lower pericyte coverage and
reduced angiogenesis *’. NG2 has also been used as a marker for mature pericytes
8990 Therefore, NG2 expression in pericytes may be important for vascular
remodeling as well as vessel stabilization.

Regulator of G-protein signaling 5 (RGSY) is a negative regulator of G-protein
coupled receptor (GPCR) signaling **”>. GPCRs represent the largest group of
membrane receptors in eukaryotes, and upon ligand binding, their Gou proteins
exchange guanosine diphosphate (GDP) for guanosine triphosphate (GTP),
resulting in its dissociation from the Gy subunit, after which both subunits
autonomously activate downstream signaling pathways (Figure 3). GPCR signaling
is tightly controlled by, among others, RGS proteins. RGS proteins act as GTPase-
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activating proteins, and interact specifically with the GPCR Go subunits and
accelerate their GTPase activity resulting in a timely signal termination °'>. RGS5
belongs to the B/R4 group of RGS proteins and specifically binds to the Goi, and
Goyg subunits of GPCRs. It shares sequence homologies with other B/R4 family
members, particularly RGS4 and RGS16 °'. Further, the mRNA of human and
mouse RGSS5 is 90% identical, indicating important biological functions that are
evolutionarily conserved **. RGS5 was first described as a brain pericyte marker by
Bondiers et al., when they found that RGSS5 is among the most downregulated genes
in PDGFRB-KO embryos >. RGSS5 has been shown to be highly expressed during
development when vessels acquire a pericyte coverage °>°°. Interestingly, the
vasculature of RGS5-deficient mice develops normally and with no alterations in
pericyte numbers, indicating that developmental neovascularization is not
dependent on RGSS5 "%, However, it has been shown that RGSS5 is upregulated in
response to several neurological conditions, including stroke, as well as in various
tumor types *'*. RGSS5 has been associated with angiogenesis and studies in
RGS5-KO mice have suggested its involvement in pericyte maturation, vascular
remodeling, stabilization, and normalization **!%1%_ Further, RGS5 expression is
increased in arteriogenesis through nitric oxide '%. After stroke, it has been shown
that pericytes upregulate RGSS5, and pericytes that detach from the vessel wall
express RGS5, indicating that RGS5 may regulate pericyte detachment *°.

Effectors Effectors

| J

Figure 3: G-protein coupled receptor signaling.

Upon binding of a ligand to a G-protein coupled receptor (GPCR), guanosine diphosphate (GDP) on the Ga. subunit is
exchanged to guanosine triphosphate (GTP), and the Go. subunit dissociates from the Gy subunit. RGS5 acts as a
GTPase, and therefore is a negative regulator of GPCR-mediated signaling.

Other pericyte markers that were not used in this thesis include the structural and
filament markers Desmin and Nestin '®'!'!. While pericytes on pre-and post-
capillaries express alpha-smooth muscle actin (0-SMA), capillary pericytes have
been described to only express o-SMA upon culturing in vitro ''*'3, Recent
advantages in single-cell transcriptomics shed even more information onto the
complex expression pattern of pericytes ''*''>. Using different cell isolation
approaches, Vanlandewijck et al. found that the transcriptome of pericytes is
homogenous, while Zeisel et al. described three different pericyte clusters ''*!',
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Despite this discrepancy, these studies characterized pericytes on a transcriptional
level, and further, highlighted the importance on how different isolation and
selection criteria can influence study results.

Functions and dysfunction of brain pericytes

Pericytes have multiple roles within the brain (Figure 4). Therefore, loss of
pericytes or pericyte dysfunction have substantial negative impact on brain
homeostasis.

Blood-brain barrier formation and maintenance

Due to their strategic location within the NVU, pericytes are a crucial part of the
BBB. During embryonic development of mice, nascent “leaky” vessels are formed
around E10 """ Through the activation of Wnt/B-catenin signaling, important
genes are switched on that induce the formation of a primitive BBB by day E15
18119 Pericytes are recruited to the nascent vessels during this step and regulate the
formation of endothelial TJs as well as trans-endothelial trafficking '%. Pericytes
are crucial in the formation of the BBB, as pdgfi;3” mice are embryonically lethal
due to pericyte-loss-induced microaneurysms ’*'?°. Whether humans are born with
a functional BBB remains unknown '*!. During adulthood, pericytes continue to be
crucial in maintaining and regulating the BBB integrity °*'*%. They control the
expression and alignment of tight and adherent junctions, as well as transcytosis
across the BBB **!?2, Studies performed in adult viable pericyte-deficient mice have
shown that a reduction in pericyte numbers leads to increased permeability of the
BBB, both through transcytosis and paracellular pathways and, in an age-dependent
fashion, leading to the disruption of endothelial TJs **!'*2, Also, a recent study
showed that inducing pericyte loss in adult mice is sufficient to initiate BBB
breakdown 'Z.

Angiogenesis

Pericytes play a significant role in regulating angiogenesis during development as
well as during vessel remodeling ****!*. Angiogenesis is a process where new
vessels are formed by sprouting from existing vessels. This can be divided into three
major steps: (i) the initiation of angiogenesis, (ii) sprout formation, migration, and
stabilization, and (iii) maturation and termination **'**!*. The importance of
pericytes in angiogenesis is reflected by the fact that they participate in all steps of
angiogenesis.

Upon pro-angiogenic stimuli, endothelial cells become motile and form tip cells,
which together with pericytes start expressing matrix metalloproteinases (MMPs)
to degrade the basal lamina '**'?’. This enables pericytes to detach and to liberate
the tip cells further. Endothelial cells form stalk cells that proliferate and form a new
vessel tube %%, Once the angiogenic sprouts are formed, pericytes are recruited
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to the newly formed blood vessels through endothelial cell-derived PDGF-BB
376130 "Subsequently, pericytes stabilize the new vessel and regulate the deposition
of vascular basement membrane proteins '*"'*2, Pericytes also inhibit endothelial
cell proliferation and facilitate endothelial cells returning to a quiescent state '**:'33,
Therefore, pericytes are crucial in vessel stabilization and maturation. Pericyte-
deficient mice have a reduction in angiogenesis both during development and
adulthood 7130134,

CBF regulation

Phagocytosis

Secretory
capacity

N\

Neuroinflammation
response

Figure 4: Diverse functions of brain pericytes.
Pericytes fulfill multiple roles in the brain. These functions include BBB maintenance, angiogenesis, phagocytosis,
neuroinflammatory response, cerebral blood flow (CBF) regulation, and potential multipotent functions. Based on 552,

Secretory capacity

In response to microenvironmental cues, pericytes secrete a broad range of
molecules *>'*°. Depending on tissue and stimuli, they secrete pro- and anti-
inflammatory factors, cytokines, chemokines, growth factors, and ECM, and thus,
the pericyte secretome plays an essential part in inflammation, angiogenesis, and
tissue regeneration. Recently, our group has shown that pericytes also shed
microvesicles from their plasma membrane '*7. The pericyte secretome is not only
essential for normal brain homeostasis, but likely contributes to the progression of
several pathologies or can be exploited to stimulate regeneration '*>'%,
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Other pericyte functions

Pericytes have a number of other important functions that have, however, not been
examined in this thesis.

Cerebral blood flow (CBF) regulation: Pericytes are suggested to regulate the
capillary tone and diameter, as well as to constrict after injury, thereby impairing
the reflow of blood **'*!. However, the apparent lack of a-SMA expression in
capillary pericytes, as well as deviations from the commonly accepted pericyte
definition, has resulted in a controversy regarding the contribution of pericytes to
the regulation of the CBF %2,

Neuroinflammatory response: Pericytes have been described to contribute to the
neuroinflammatory response and regulate leukocyte trafficking '**'*. In vitro, it has
been shown that pericytes influence neuroinflammation and both respond to and
secrete inflammatory molecules and cytokines '3>136:143:146,

Clearance: Due to their ability to take up a variety of small soluble molecules and
to clear toxic circulating plasma proteins as well as cellular debris, pericytes have
been proposed to be important in the clearance of the brain **!**8 ' Additionally,
their phagocytotic capacity is increased during neuroinflammation '*6. Their
clearance function might be impaired in different pathologies, including
neurodegenerative disorders '*.

Multipotency: Multiple in vitro studies have shown that pericytes have the
capability to differentiate into a variety of cell types, including neuronal and glial
like lineages ''%"°*15! However, one study using lineage tracing stated that pericytes
do not contribute to other cell lineages in vivo during aging nor in several

pathological conditions '*2,

Pericytes in stroke

Due to their multiple functions and their strategic position in the center of the NVU,
pericytes have been suggested to play a crucial part in the stroke pathology '**'>* .

Pericyte constriction and death

Pericytes are vulnerable to ischemic injury '>*. Early work performed using electron
microscopy in spontaneous hypertensive stroke-prone rats has suggested the
presence of two different subtypes of pericytes, granular and fibrous pericytes '*.
Granular pericytes have been shown to grow in size while filamentous pericytes
degenerated during the development of hypertension before the rats developed
stroke symptom:s.
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After stroke and simulated ischemia in brain slice cultures, it has been shown that
pericytes constrict and die around the blood vessels '*"!5. Pericyte constriction
depends on intracellular calcium concentrations, which is disturbed due to energy
failure after stroke '**'*’. Calcium influx in neurons contributes to their early cell
death; however, pericyte cell death has only been studied to a limited degree '°%'*%,
In particular, the timing of pericyte death as well as whether specific subpopulations
are more susceptible to cell death remains unknown.

Pericyte detachment

Historically, one of the first pieces of evidence indicating that pericytes respond
directly to stroke was provided by Gonul et al., showing that pericytes form peaks
to migrate as early as 2h in a cat model of stroke '*°. This detachment was followed
up later in rats, showing that the space between pericytes and endothelial cells is
increased at 3h after stroke ',

Further, the detachment of pericytes has been suggested to be dependent on RGSS5,
as pericytes that detach from blood vessels express RGS5 *°. However, little else is
known about the role of RGSS5 in stroke, especially whether the deletion of 7gs5 has
an impact on the detachment of pericytes and thereby can provide a possible
therapeutic target.

Pericyte-related blood-brain barrier dysfunction

Pericyte loss has been suggested to contribute to BBB breakdown after stroke
153.161.162 This is based on observations that pericyte-deficiency leads to impairment
of the BBB integrity under physiological conditions, as well as during development
and in several CNS diseases *%'20:122:162.163,

However, few studies have directly addressed the causal link between pericyte loss
and BBB breakdown after stroke '*'%. These studies showed that postnatally
induced systemic PDGFRB knockout (KO) mice have reduced SMA-o" pericyte
coverage, which is associated with increased vascular leakage as well as decreased
and deformed TJ proteins at 1 day after photothrombotic stroke '**'%. Additionally,
angiopoietin (Ang)-2 gain-of-function mice, which have reduced pericyte coverage
under physiological conditions, have increased vascular leakage at 24h after
transient stroke '®. However, whether pericyte loss, either through cell death or
detachment, precedes BBB breakdown in wild-type mice is unknown. Hence,
whether pericytes can be a target to prevent BBB breakdown, and whether this
protection can be achieved by increasing pericyte numbers or blocking their
detachment, remains elusive.
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Angiogenesis and vascular remodeling

Angiogenesis and vascular remodeling are necessary to re-supply the ischemic
tissue with oxygen and nutrients, and are therefore crucial for tissue preservation
and restoration **. As mentioned above, increased perfusion and vessel density are
beneficial in recovery after stroke; however, increasing angiogenesis harbors the
problem of enhanced BBB leakage **7>!¢7,

As critical modulators of angiogenesis, pericytes play an important role in
angiogenesis and vascular remodeling after stroke. Several angiogenesis-related
pathways are activated in response to stroke that depend on pericytes. Accordingly,
pericytes have been shown to increase the secretion of the proangiogenic factor
vascular endothelial growth factor (VEGF)-A in response to hypoxia '®*. VEGF-A
further induces the upregulation of Angl and Tie-2 in pericytes '®. Endothelial cell
sprouting begins within the first 24h hours after stroke, and new vessels are formed
within days **'7*!'"! PDGFRB, which is required to recruit pericytes to immature
vessels, is upregulated following stroke and disturbances in PDGFRB-signaling
after stroke result in increased vascular leakage due to reduced pericyte recruitment
to immature vessels '°*'"*17* However, whether improved vascular remodeling and
maturation of immature vessels could be achieved by targeting the pericyte response
is unknown.

RGSS5 has been described as an angiogenic marker of pericytes, that during
development, is induced in a HIF-low dependent manner '®*. In the hypoxic
environment of tumors, it has been shown that RGS5-deficiency results in pericyte
maturation, contributing to vessel normalization '*’. This indicates its relevance in
hypoxic environments in the adult.

However, little is known about the role of RGSS5 after stroke. Understanding how
RGS5 might affect pericyte maturation and vascular remodeling could be an
essential step in developing novel therapeutic approaches to stabilize newly formed
vessels after stroke.

Scar formation

Following a stroke, there is an increase in PDGFRB" cells within the infarct core,
suggested to occur both by the migration of cells into the infarct core, as well as by
the proliferation of the resident PDGFRB" cells '**!%!™ TInterestingly, some of these
PDGFRRB" cells migrate away from the blood vessels and remain in the parenchyma.
It has been suggested that these parenchymal PDGFRB" cells participate in the
formation of the fibrotic scar by depositing ECM proteins, such as type I collagen
(Coll-I) and FN "*!75_ Fibrosis has been well studied in a variety of organs,
including liver and kidney, and pericytes are suggested to be the main source of
scar-forming cells in those tissues '"*!”. However, the fibrotic scar after stroke is

29



relatively poorly studied, and in contrast to other organs, there is a lack of lineage
tracing studies confirming the extent of the pericytes' contribution to scar formation.
Studies in the spinal cord suggest that targeting pericytes might alter the fibrotic
scar 817 Whether targeting pericytes after stroke has an impact on the formation
of the fibrotic scar remains to be investigated.

The pericyte-astrocyte crosstalk under physiological conditions would suggest that
pericytes might influence the formation of the glial scar as well, but again, little is
known also in this regard **'*.

Other pericyte-related events after stroke

There are several other functions of pericytes in stroke. An increase in granular
pericytes with the capacity to accumulate injected lipid components has been
observed within the first few hours after stroke, indicating a phagocytic capacity of
pericytes '8! Pericytes might also modulate the inflammatory response after
stroke through their secretome '*. Additionally, a subpopulation of pericytes has
been described to acquire a microglial phenotype, supporting an immune-regulating
function of pericytes after stroke *°. Further contributing to inflammation after
stroke is the infiltration of cells from the periphery, and due to their function in
mediating leukocyte trafficking, pericyte loss after stroke might impact on the
infiltration of peripheral immune cells *%'*-1%,

Despite the growing interest in the protection of the NV U, the role of pericytes after
and their response to stroke remains rather unclear. As indicated above, pericytes
are involved in a number of important processes after stroke, and thus might be a
valuable target for novel stroke therapies. However, to develop new therapeutic
approaches, it is crucial to know the timeline of events after stroke and whether one
can achieve neurovascular protection and recovery by targeting brain pericytes.
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Aims of the thesis

The overall goal of this thesis was to study the role of pericytes after ischemic stroke.
The specific aims were to:

1) establish a timeline of the pericyte response after stroke in relation to endothelial
cells and the BBB breakdown (Paper I).

2) target the pericyte response by deletion of gs5 and investigate whether loss of
RGS5

a) affects BBB breakdown in the acute phase after stroke (Paper II).

b) impacts on vascular stabilization in the chronic phase after stroke (Paper
11).

¢) influences the scar formation after stroke in the chronic phase after stroke
(Paper LV).
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Material and Methods

Ethical considerations

All animal experiments of this thesis were approved by the Ethical Committee of
Lund University, and methods were carried out in accordance with the relevant
guidelines and regulations.

Animals were housed under standard conditions with a 12h light/dark cycle and had
access to food and water ad libitum.

Animals

In this thesis, several mouse strains were used, and all experiments were performed
on male mice aged 8-12 weeks.

In Paper I, wild-type C57bl/6 mice were used. In Papers II-1V, we utilized a
knock-out/knock-in reporter mouse strain, that expresses green fluorescent protein
(GFP) under the promoter of RGSS5 in a C57bl/6 background *®. In particular, we
used rgs5¥7%" mice (referred to as RGS5-KO) and wild-type mice (rgs5™", referred
to as WT) as control mice. To visualize activated pericytes, we used rgs5¥"*
(referred to as RGS5-HET) as a control (Papers I-III). In RGS5-HET mice, one of
the alleles of RGSS5 is replaced by GFP, making it possible to track pericytes by
GFP-expression under the activated RGS5 promotor. In RGS5-KO mice, both
alleles of RGSS5 are replaced by GFP, whereby only GFP is expressed upon RGSS5
promotor activity, but no RGS5 protein is produced.

RGS5-KO mice have previously been extensively validated and characterized and
shown to be viable, fertile, and to develop without apparent defect ***°. RGSS has
been shown to be expressed in brain pericytes and in SMC **"'*!'>_ However, we
have previously shown that GFP is expressed in brain pericytes located on
capillaries, and not in a-SMA" cells *°. Under physiological conditions, the pericyte
number and vascular densities are not changed between RGS5-KO mice and WT
mice (Paper II).
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Animal model of stroke

There are several different experimental stroke models available. In this thesis, we
used a permanent experimental stroke model, in which the distal part of the left
middle cerebral artery (MCA) was permanently occluded to induce a focal cerebral
ischemia '** (Figure 5). This stroke model is characterized by a high reproducibility
and low mortality. For all surgeries, animals were kept on a heating pad and were
anesthetized with isoflurane. An incision was made between the left ear and eye.
The temporal muscle was detached from the skull in its apical and dorsal parts. A
small craniotomy was made with a surgical drill above the anterior distal branch of
the MCA, located in the rostral part of the temporal area, dorsal to the retro-orbital
sinus. After exposure, the MCA was permanently occluded by electrocoagulation
using an electrosurgical unit (ICC50; Erbe). For pain relief, Marcain (AstraZeneca)
was locally applied, and the wound was sutured. Sham-operated animals were
treated the same way, but without ligation of the MCA.

Peri-infarct
Infarct i il
core M |
pMCAO
Acute phase chronic phase
| | | | | |
| I | | | | | >
Oh 1h 3h 6h 12h 24h 7 days 14 days
Paper |

Paper llI

Paper IV

Figure 5: Overview of the experimental setup.

We permanently occluded the middle cerebral artery (PMCAO), which resulted in a cortical stroke, with an infarct core
demarcated by a peri-infarct area. Papers | and Il used timepoints in the acute phase after stroke, while Papers Il and
IV investigated timepoints in the chronic phase.
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Tissue collection

For the different studies, mice were sacrificed at either 1h, 3h, 6h, 12h and 24h
(Paper I), at 24h (Paper II), at 7 days after stroke (Papers I1I and IV) and at 14
days after stroke (Paper 1V) (Figure 5). For immunohistological analysis, mice
were transcardially perfused with phosphate-buffered saline (PBS) followed by 4%
paraformaldehyde (PFA). The brains were removed and placed in 4% PFA and
postfixed overnight. They were then placed in 30% sucrose in PBS for 24h and
sectioned in coronal sections of 40 um in 12 series. For Western blot (WB) and
qPCR analysis, mice were transcardially perfused with PBS, and the infarct area and
corresponding area on the contralateral sides and in sham animals were dissected
and frozen at -80°C until further processing.

Blood-brain barrier leakage assessment

We used several methods to assess different degrees of vascular leakage after stroke.

In Papers I and III, endogenous fibrinogen staining was used to determine the
accumulation of blood-derived fibrinogen by immunohistochemistry (IHC, see
details further down). Fibrinogen is a large molecule (around 340 kDa), indicating
that the BBB is permeable for large sized molecules.

In Paper III, we used the azo dye, Evans blue (Sigma-Aldrich), which binds to
serum albumin (around 67 kDa), to investigate the vascular leakage. For this, 0.1 ml
2% Evans blue was injected into the tail vein 2h prior to termination. Mice were
transcardially perfused with saline, and brains were stripped on ice and weighed.
Each sample was homogenized in 25% trichloroacetic acid solution, kept at 4°C
overnight, and then centrifuged for 30 minutes at 1000 x g at 4°C. The Evans blue
content in 100 pl supernatant was measured at 620 nm using a 96-well plate reader.
All values were within the standard curve consisting of diluted Evans blue in 1x
PBS in the range from 1 to 100 ng/ml (R=0.98).

To assess subtle leakage, a 3 kDa fluorescent-labeled Dextran (Thermo Fisher
Scientific) was injected intravenously (i.v.) 30 minutes prior to termination (Paper
I). In Paper I1, a 10 kDa fluorescent-labeled Dextran tracer was injected 15 minutes
before termination. Mice were perfused as described above, and extravasation was
analyzed with confocal microscopy. As controls, sham animals were injected with
Dextran tracers and stroke mice with PBS, respectively. Animals were perfused with
4% PFA as described above.
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Immunohistochemistry

For IHC, brain sections were washed 3 times in PBS for 5 minutes and then blocked
for 1h in 5% normal donkey or goat serum in 0.25% Triton X-100 (Alfa Aesar) in
PBS (PBS-TX). Primary antibodies (Table 1) were incubated overnight at room
temperature (RT) in 3% serum in PBS-TX. For PDGFRAB detection, sections were
pretreated with citrate buffer for 20 minutes at 80°C.

For immunofluorescence, sections were washed with PBS, and the staining was
visualized using species-specific fluorophore-conjugated or biotin-conjugated
secondary antibodies followed by fluorophore-conjugated streptavidin (Invitrogen).
The nuclei were visualized with 4',6-diamidino-2-phenylindole (DAPI; 1:1000).

For brightfield staining, sections were quenched with a peroxidase solution (3%
H>0,, 10% methanol, diluted in PBS) for 15 minutes before blocking. After
incubation with the primary antibody, sections were incubated for 2h with
corresponding biotinylated secondary antibodies (1:200, Vector Laboratories),
followed by 1h signal enhancement with an avidin-biotin kit (Vectastain Elite ABC
kit, Vector Laboratories) and revealed using chromogen 3,3-diaminobenzidine
(DAB, Peroxidase Substrate Kit, Vector Laboratories).

Table 1. List of primary antibodies used in this thesis.

IHC: immunohistochemistry; WB: western blot; Coll-I: Type | Collagen; Coll-1V: Type IV Collagen; GFAP: glial fibrillary
acidic protein; GFP: green fluorescent protein; NeuN: neuronal nuclei; NG2: neuron-glia antigen 2; PDCLX:
Podocalyxin; PDGFRR: platelet-derived growth factor receptor beta; ZO-1: Zonula occludens-1

Antibody Species Company Catalog number D'::tgm D':x’téon ':aszzr
Aquaporin-4 rabbit Millipore AB2218 1:1000 1l
CD13 rat AbD Serotec MCA2183 1:100 1,10, 101
Claudin-5 rabbit Abcam ab15106 1:1000 1:1000 1]
Coll-I rabbit Rockland 600-401-103-0.5 1:400 \Y%
Coll-IV rabbit AbD Serotec 2150-1470 1:500 \Y,
Fibrinogen rabbit Abcam ab27913 1:400 I, 1
FN mouse BD Biosciences 610077 1:400 \%
GFAP rabbit Abcam ab7260 1:400 \%
GFP chicken Abcam ab13970 1:5000 1, 10, 101
Ki67 rabbit Abcam ab15580 1:400 |
Laminin rabbit Abcam ab11575 1:400 \%
NeuN mouse Millipore MAB377 1:500 1, 10, 1, 1V
NG2 rabbit Millipore AB5320 1:200 I
PECAM-1 (CD31) rat R&D Systems AF3628 1:400 [
PDCLX goat R&D systems AF1556-SP 1:400 1, 11 IV
PDGFRMR rabbit Cell Signaling 3169S 1:200 [
PDGFRB rat eBioScience 14-1402-81 1:200 \
PDGFRR rabbit Cell Signaling 4564 1:1000 I
p-PDGFRR 1y751 rabbit Cell Signaling 3161 1:1000 I
VE-Cadherin rabbit Abcam Ab33168 1:1000 1:1000 1]
Z0-1 rabbit Fisher 40-2300 1:500 1:500 Il
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Imaging analysis

Image acquisition

DAB stained sections were imaged using an Olympus BX53 light microscope
equipped with the digital imaging software CellSense (Papers I-11I).

Fluorescent immunostainings were visualized using an epifluorescence microscope
system (Olympus BX53) (Papers II- IV), or a confocal microscope (Leica SP8 in
Papers L, 111, I'V; Zeiss LSM510 and Zeiss LSM780 in Paper II).

Quantification

For all IHC quantifications, 2-3 sequential sections per mouse were analyzed. For
the quantification of cell numbers, the numbers were subsequently recalculated and
reported as numbers per mm®.

Pericyte quantifications

In brightfield images, pericyte numbers were counted according to their morphology
and one pericyte marker. For confocal analysis, pericyte numbers were assessed by
counting cells positive for a pericyte marker with a DAPI" nucleus and a
perivascular location around capillaries (< 10 pum in diameter).

For pericyte coverage, pericytes and blood vessel stainings were separately
subjected to threshold processing, and pericyte coverage was determined as the
percentage of pericyte area covering the blood vessel surface. The total area covered
by PDGFRB was analyzed using the ImageJ area measurement tool, where pictures
were subjected to a threshold processing, which produced a binary image. The
density was expressed as the percentage area of the total area analyzed.

Parenchymal and perivascular PDGFRB" cells were distinguished by their
morphology and location in relation to blood vessels. PDGFRB" cells with a clear
cell soma and processes around vascular structures were classified as perivascular
PDGFRB" cells, while PDGFRB" cells located distant from the vessel with an
amoeboid-like morphology and multipolar irregular cell projections were classified
as parenchymal PDGFRB" cells.

Blood vessel analysis

Blood vessel density was analyzed using a vascular marker (CD31 or podocalyxin
(PDCLX)) and the ImageJ area measurement tool. The density was expressed as the
percentage of the area positive for a vessel marker of the total area analyzed. For
the total vessel length, maximal projection images of a vessel marker were analyzed
with Image] and reported as um/mm?.
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Vascular leakage analysis

Extravascular fibrinogen and Dextran tracers were assessed by co-staining with a
vessel marker. The blood vessel marker was used to subtract intravascular
fibrinogen and Dextran within blood vessels. Afterwards, using Imagel, the area
covered by either fibrinogen or Dextran was analyzed and reported as the percentage
of the total area analyzed.

Hypoxia detection

To detect hypoxia in the infarct area after stroke in Paper II, we applied the
HypoxyprobeTM-1 kit (Hypoxyprobe, Inc.). Pimonidazole (PIMO) was injected to
mice intraperitoneally (60 mg/kg) 60 minutes prior to perfusion. Afterwards, IHC
was performed using the provided antibodies in the HypoxyprobeTM-1 Kkit.
Quantification of the hypoxic area was performed using CellSens digital imaging
software.

Cell death assessment

To assess cell death (Papers I and II), sections were first stained using the standard
fluorescent staining protocol (as described above) for the desired cell types, and then
incubated with terminal deoxynucleotidyl transferase-mediated dUTP-X nick end
labeling (TUNEL) reaction mix (In Situ Cell death detection Kit, TMR red, Merck),
according to manufacturer’s instructions. Double-labeling with TUNEL was
assessed by confocal microscopy.

Stroke size assessment

In Papers I, III and IV, stroke size was assessed using neuronal nuclei (NeuN)
staining according to the standard immunohistochemistry protocol (described
above). In Paper 11, stroke size was analyzed using cresyl violet staining. For this,
whole brain sections were mounted on glass slides and air-dried. After a short wash,
they were immersed 2x3 minutes in 100% ethanol. The sections were immersed in
100% xylene for 15 minutes, followed by 10 minutes in 100% ethanol. Sections
were rehydrated through alcohol (100%) 2x3 minutes and washed with water.
Afterward, sections were placed in 0.1% cresyl violet for 5 minutes, before rinsing
in water to remove excess stain. Sections were washed in 70% ethanol and
dehydrated through 2x3 minutes in 100% ethanol, followed by 2x2 minutes in
xylene.

Both NeuN and cresyl violet stained sections were cover-slipped and air-dried.
Slides were scanned with a high-resolution scanner. In ImageJ, the areas of the
contralateral hemisphere, ipsilateral hemisphere, and infarct area were outlined, and
their areas were measured. The volume of infarct was calculated subsequently.
Percentage of infarct volume was calculated as
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Vcontra X Vipsi w/o infarct

=100 x

Vcontra
and the percentage of swelling as

=100 X Vipsi X Vcontra
Vipsi

where Vi is the volume of ipsilateral hemisphere and Veonra the volume of the
contralateral hemisphere.

Extracellular matrix deposition

To assess ECM deposition as a readout for the fibrotic scar formation in Paper 1V,
Coll-I and FN staining were analyzed. The density was assessed as described above.
To determine the contribution of PDGFRB" cells to ECM production, PDGFRB was
used as a counterstain. Parenchymal and perivascular PDGFRB" cells were
identified, and the number of cells double-labeled with Coll-I and FN were counted.

Basement membrane analysis

Coll-IV and laminin were used to visualize the vascular basement membrane. A
blood vessel marker in combination with Coll-IV and laminin, respectively, was
used to determine the thickness of the basement membrane using the measurement
tool in ImageJ. For each measurement, the center of a capillary was determined, and
the thickness was measured from the capillary wall to the outer edge of the vascular
basement membrane. Measurements were repeated along capillaries at intervals of
5 um.

Glial scar analysis

Glial fibrillary acidic protein (GFAP)" cells were used to analyze the development
of the glial scar. The glial scar thickness was defined as the distance between the
border of the infarct core and the outer border of the peri-infarct area delineated by
hypertrophic GFAP" cells. GFAP" cells were counted using DAPI as a nuclear
marker, and the density was assessed using ImageJ.

Protein analysis by Western blot

For WB analysis, tissue was collected as described above and cut into small pieces.
Two different protein isolation protocols were used in this thesis. For Paper I, the
tissue was suspended in 2% sodium dodecyl sulfate (SDS) in Tris-HCl lysis buftfer
containing 1x protease and 1x phosphatase inhibitors (Thermo Fisher Scientific).
Samples were then sonicated with a Q125 Sonicator (QSonica Sonicators) and
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centrifuged for 10 minutes at 15000g at RT. For Papers II and III, tissue was
suspended in radioimmunoprecipitation assay (RIPA) buffer (Thermo Fisher
Scientific) with 1x protease and 1x phosphatase inhibitors (Thermo Fisher
Scientific) and homogenized with Lysing Matrix D (MP Biomedical). For all
papers, protein concentrations were evaluated with the Pierce BCA kit (Thermo
Fisher Scientific). Samples were either supplemented to contain 0.1M dithiothreitol
(DTT), 10% glycerol and 0.004% bromophenol blue (Paper I) or with Laemmli
buffer (BioRad) containing B-mercaptoethanol (Papers II and III) and heated to
95°C for 5 minutes. Equal amounts of protein (5 pg in Paper I, 50 g in Papers 11
and III) were resolved on precast 4-15% SDS-polyacrylamide gel electrophoresis
(SDS-PAGE) TGX-gels (BioRad). Gels were transferred onto nitrocellulose
membranes using the Trans-Blot turbo transfer system from BioRad. Membranes
were blocked for 1h in either 5% w/v non-fat dry milk or 5% bovine serum albumin
and then incubated with primary antibodies overnight at 4°C (see Table 1 for a list
of the antibodies used). After washing, species-specific horseradish peroxidase
(HRP)-conjugated antibodies were revealed with Clarity Substrate (BioRad).
Images were acquired using the ChemiDoc MP system (BioRad) and analyzed with
ImageJ (National Institutes of Health). Where necessary, due to the number of
samples, gels were run simultaneously and processed in parallel. The same
membranes were used to compare total PDGFRB protein to pPDGFRS.

Gene expression analysis by qPCR

To analyze RNA expression (Paper II), brain tissue was collected as described
above. The infarct core and the corresponding contralateral side were homogenized,
and the RNA was isolated with the RNeasy mRNA kit (Qiagen). cDNA synthesis
was performed using iScript™cDNA Synthesis Kit (BioRad). cDNA was analyzed
using real-time PCR SsoAdvanced™ SYBR® Green Supermix from Bio-Rad and
run on a Bio-Rad CFX96 real-time quantitative PCR (qPCR) system. Values are
presented as mean + SD of three independent experiments, and within each
experiment, triplicate samples were assessed.

Statistics and data reporting

For the statistical analysis of the data included in this thesis, GraphPad Prism
versions 7.0c and 8.0 (GraphPad Software) were used. Data are expressed as mean
+ SD and given n-values represent the number of animals used. For two-group
comparison Student 7 test was used (Papers II-IV) and for multiple group
comparison one-way ANOVA (Paper I), two-way ANOVA followed by Tukey’s
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multiple comparisons test (Paper III) and multiple t-tests followed by the Holm-
Sidak posthoc test (Paper IV) were used. Significance was set at p<0.05.

Figures were assembled in Adobe Illustrator CS5 version 15.0.0 (Papers L, 111, IV)
or Adobe Photoshop CS5 (Paper II).
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Results

A summary of the components of this thesis is presented here. The reader is
encouraged to read the full papers for detailed results and figures.

Pericytes respond early to ischemic stroke

As illustrated earlier, the exact response of pericytes after ischemic stroke remains
rather elusive. Therefore, using a permanent stroke model in wild-type mice, we
established a detailed timeline of the pericyte and endothelial cell response in
relation to the breakdown of the BBB (Paper I).

Under physiological conditions, pericytes had a typical pericyte morphology with a
round cell body and processes wrapping around blood vessels (Figure 6a). We
showed that pericytes already responded within 1h to ischemic stroke, whereby they
either underwent apoptosis or activation. More specifically, around 50% of all
pericytes were positive for the apoptosis marker TUNEL (Figure 6b), while the
other half were activated, as shown in their expression of NG2 and RGS5 (Figure
6¢ and Paper I). Importantly, we did not find any NG2" pericytes that double-
labeled with TUNEL, indicating that activated pericytes did not undergo apoptosis
(Figure 6d). We also detected that pericytes showed signs of detachment from 3h
onwards.
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Figure 6: Pericyte response after stroke includes detachment, activation, and cell death.

a. Representative confocal images of pericytes (CD13, white), vessels (PDCLX, red) and nuclei (DAPI, blue) within the
first 24h after stroke showing that after 3h, pericytes start detaching from the vessels. b. 3D-representation of TUNEL*
(red) pericytes (PDGFRR, grey) at different timepoints after stroke showing that pericytes die from 1h onwards. c.
Representative confocal images showing that pericytes (CD13, grey) are positive for the activation marker NG2 (green)
from 1h onwards. d. No NG2* (green) pericytes double-label with the cell death marker TUNEL (red). Scale bar 10 pm.

Most importantly, the pericyte response preceded any observable changes in
endothelial cells. The first response detected in endothelial cells was a decrease in
the protein levels of the TJ proteins zonula occludens (ZO)-1 and occludin, which
was observed between 6h and 12h (Figure 7a, b). This decrease in TJ proteins was
followed by the first detectable endothelial cell death at 12h and a reduction in vessel
length at 24h after stroke (Figure 7c-e).
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Figure 7: Endothelial cell response occurs after the pericyte response.

a. WB showing the TJ proteins ZO-1 and occludin of the ipsilateral (i) and contralateral (c) hemisphere at different
timepoints after stroke. b. Quantification of protein levels of ZO-1 and occludin. B-Actin was used to normalize the
protein content on the gels, and data are expressed as the percentage of ipsilateral/contralateral for each animal. c.
Confocal images showing the vasculature (CD31, cyan) at different timepoints after stroke. Box in the lower right corner
shows that endothelial cells are TUNEL" (red) at 12h and 24h after stroke. d. Quantification of the number of
CD31*/TUNEL" cells. e. Quantification showing that the total vessel length is decreased at 24h after stroke. N=4 (WB
and vessel length), N=3 (TUNEL) * p<0.05, ** p<0.01, *** p<0.001 (towards all other groups). Multiple t-tests with Holm-
Sidak multiple comparison correction for WB. One-way ANOVA with Tukey’s multiple comparisons for IHC analysis.
Scale bar 20 um and 10 ym.

Our data showed that the pericyte response occurred hours before the first
measurable BBB breakdown, which was assessed both by endogenous leakage of
fibrinogen as well as i.v. injected fluorescent-labeled Dextran. Accordingly,
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extravascular fibrinogen and Dextran were detected from 12h onwards (Figure 8,
and Paper I). The leakage, however, occurred at the same time as the pronounced
decrease in TJ proteins as well as the first detection of endothelial cell death.

Taken together, these data indicate that pericytes are an early responder after stroke
reacting to ischemia in different ways. Therefore, pericytes might constitute an
important target to prevent BBB breakdown.

..

a

Dextran CD31

Figure 8: Vascular leakage occurs at 12h after stroke.
a. Representative confocal images showing extravascular fluorescent-labeled 3 kDa Dextran. Only at 12h and 24h after
stroke is there extravascular Dextran (cyan) visible. N=4. Scale bar 10 ym.
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Modulating the pericyte response after stroke

In Paper I, we have shown that pericytes are early responders after stroke, and
targeting pericyte response might be an interesting approach to prevent or modulate
BBB breakdown. We, therefore, next utilized a genetic mouse model, where the
brain pericyte-specific rgs5 gene was replaced with gfp **. RGSS5 is upregulated
quickly after stroke (Paper I), and it has previously been shown by our group that
RGSS5 is expressed in detaching pericytes *°. However, little is known about the role
of RGS5 after stroke and whether deletion of rgs5 modulates the pericyte response
after stroke.

Increased pericyte numbers in RGS5-KO mice leads to neurovascular
protection during the acute phase after stroke

We investigated whether loss of RGSS5 in brain pericytes modulates the pericyte
response in the acute phase after stroke (Paper II). RGS5-KO mice had
significantly higher numbers of GFP" pericytes, as well as PDGFRB' pericytes
(Paper II and Figure 9a, b). This increase in pericyte number was further
accompanied by an increase in pericyte coverage of capillaries. Additionally, the
number of pericytes that expressed the activation marker NG2 was higher in RGS5-
KO mice (Paper II).

)
(o

WT RGSS5-HET RGS5-KO

Number of PDGFRB*
cells/mm?

PDGFRR

Figure 9: Loss of RGS5 leads to increased pericyte numbers at 24h after stroke.

a. Representative brightfield images showing PDGFRR* pericytes in the infarct core in WT, RGS5-HET and RGS5-KO
mice at 24h after stroke. b. Quantification of PDGFRR* pericytes in the infarct core. N=5 (KO, WT), N=4 (HET). ***
p<0.001, **** p<0.0001. One-way ANOVA with Tukey’s multiple comparisons. Scale bar 20 pm.

WB for the TJ proteins ZO-1, Claudin-5, and vascular endothelial (VE)-Cadherin
showed a decrease in TJ proteins at 24h after stroke in WT mice. This confirmed
and expanded previous observations from Paper I. Loss of RGSS5 in pericytes
prevented the decrease of these TJ proteins (Figure 10a, b). We further found that
RGS5-KO mice had less vascular leakage as indicated by reduced extravasation of
i.v. injected Dextran (Figure 10c).
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Figure 10: RGS5-KO mice have preserved TJs and maintained BBB integrity at 24h after stroke.

a. Representative WB of ZO-1, Claudin-5, and VE-Cadherin of the ipsilateral and contralateral hemisphere of WT and
KO mice. The contralateral hemisphere of each group served as a control. b. Quantification of ZO-1, Claudin-5, and
VE-cadherin protein levels, normalized to R-actin. c. Distribution of 10 kDa dextran-tracer (cyan) in the infarct area in
WT and KO mice. The middle column shows a higher magnification of the left column. Arrow highlights extravasated
dextran. The right column shows a 3D-representation of the perivascular location of dextran. Quantification of
extravasation of the 10 kDa dextran of RGS5-KO versus WT mice after stroke. N=3 per group for ZO-1, N=5 per group
for Claudin-5 and VE-Cadherin, N=3 for Dextran injections. * p<0.05, *** p<0.01. Two-way ANOVA with Tukey’s multiple
comparisons for WB, Student ¢ test for extravasation of dextran. Scale bars 20 pm (left) and 10 ym (middle and right).

The reduced BBB breakdown was associated with decreased hypoxia in the infarct
core, as determined by a reduced area stained for the hypoxia marker PIMO (Figure
11a, b). Interestingly, cell death after stroke was reduced in RGS5-KO mice, as seen
in the reduction of the total number of TUNEL" cells (Figure 11a, ¢). Additionally,
the percentage of neurons double-labeling with the apoptosis marker TUNEL was
reduced in RGS5-KO mice (Figure 11a, d).
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Figure 11: RGS5 loss in pericytes is associated with reduced hypoxia and increased neuronal survival at 24h
after stroke.

a. Representative confocal images of the infarct area of WT and RGS5-KO mice at 24h after stroke. The left column
shows the hypoxia marker pimonidazole (PIMO, red) with the infarct area demarcated with a dotted line. The middle
column shows the cell death marker TUNEL within the infarct core. The right column shows the apoptosis marker
TUNEL (red) with the neuronal marker NeuN (white). b. Quantification showing a reduction in PIMO* area within the
infarct area of RGS5-KO mice. c. Quantification shows significantly fewer TUNEL" cells in RGS5-KO versus WT mice.
d. The percentage of NeuN cells double-labeling with TUNEL is significantly lower in RGS5-KO than WT mice. N=3,
*p<0.05, Student ¢ test. Scale bar 50 ym (left and middle) and scale bar 20 pm (right).

Loss of RGSS results in a shift from a parenchymal to perivascular
location of PDGFRA™ cells after stroke

We next investigated whether the increase in pericyte numbers in RGS5-KO mice
also had an impact in the chronic phase after stroke. During the chronic phase,
pericytes are important key players in various endogenous recovery mechanisms
occurring after stroke, including vascular remodeling 2**%. Further, it has been
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shown that PDGFRRB" cells appear in the parenchyma, arguably being pericytes that

left the vessel wall and take part in the formation of the fibrotic scar
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Figure 12: Loss of RGS5 results in a reduced density of PDGFRR* cells and increased number of perivascular
PDGFRR* cells at 7 days after stroke.

a. Representative brightfield images of DAB staining of PDGFRR at 7 days after pMCAO of WT and RGS5-KO mice.
The left column shows the morphology of PDGFRR* cells in the contralateral hemisphere, taken as indicated with the
boxes in the overview of a brain section shown in the second column. The third column shows higher magnifications of
the infarct area. The last column shows confocal images of PDGFRR* cells (red), the vasculature (PDCLX, cyan), and
the nuclear marker DAPI (blue). Arrows indicate perivascular PDGFRR* cells, and asterisks indicate parenchymal
PDGFRR" cells. b. 3D-reconstructions of an example of PDGFRR* cells (red, with the DAPI* nucleus in blue) located in
the parenchyma (left, as mainly seen in WT mice) and around the vasculature (PDCLX, cyan) (right, as primarily seen
in KO mice). c. Quantification showing that RGS5-KO mice have a reduced density of PDGFRR* area, reduced number
of parenchymal PDGFRR* cells, and increased number of perivascular PDGFRR* cells. N=6, Data are represented as
meanzSD. ** p<0 001, *** p<0.0001. Student t test. Scale bar 50 pm (overview sections), 10 ym (in a) and 5 ym (in b).

Therefore, we first set out to investigate PDGFRB" cells in RGS5-KO mice at 7 days
after stroke. In contrast to 24h after stroke, the infarct core at 7 days was densely
packed with PDGFRB" cells (Figure 12a). Within the infarct core, PDGFRB"
showed two different types of cell morphologies. Perivascular located PDGFRRB"
cells had a pericyte-typical round cell body with extensions along the blood vessels
and, importantly, were embedded within the basement membrane (Figure 12a, b
and Paper IV). Conversely, parenchymal PDGFRB" cells had no contact to the
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vessel wall and had an amoeboid-like morphology with irregular extensions. We
found that RGS5-KO mice had a higher number of perivascular PDGFRB" cells.
However, the area occupied by PDGFRB" cells in the parenchyma was significantly
reduced in RGS5-KO mice, consistent with a decreased number of parenchymal
PDGFRRB" cells (Figure 12a-¢). We also investigated whether loss of RGS5 in
pericytes affected PDGFRB-signaling. The ratio of phospho-PDGFRB(Tyr51)/total
PDGFRS protein increased in WT mice after stroke, but remained at baseline levels
in RGS5 KO mice, indicating that RGS5 mediates changes in PDGFRB-signaling
(Paper III).

We next studied perivascular PDGFRB" cells in more detail, and assessed their
contribution to vascular remodeling after stroke (Paper III).

We found an increased number of perivascular PDGFRB" cells expressing GFP in
RGS5-KO mice (Figure 13a, b). Similar to Paper II, the number of GFP" cells was
higher in RGS5-KO mice. Loss of RGSS5 in pericytes also resulted in increased
GFP" pericyte coverage (Figure 13a, ¢).
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Figure 13: RGS5-KO mice have higher GFP* pericyte coverage at 7 days after stroke.

a. Representative confocal pictures of the infarct core of RGS5-HET and RGS5-KO mice. The first column shows an
increased number of perivascular PDGFRR* cells (red) double-labeled with GFP (green). The white boxes indicate
where the higher magnification images in the middle column were taken. The right column shows GFP* pericytes and
the vasculature (PDCLX, red). b. Quantification of the number of PDGFRR*/GFP* pericytes in the infarct core. c.
Quantification of GFP* pericyte coverage of the vasculature in the infarct core. N=6, Data are represented as mean+SD.
**p<0.01, ***p<0.001. Student ¢ test. Scale bar 20 ym, and 10 um in higher magnification.
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The shift from a primarily parenchymal to a perivascular location of PDGFRB" cells
in RGS5-KO mice had an impact on the vasculature. We observed that RGS5-KO
mice had an increased vessel density, as well as preservation of the vessel length in
the chronic phase after stroke (Figure 14a, b). This was further associated with
partial preservation of the BBB, as seen in a reduction of Evans blue extravasation
(Figure 14c¢).
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Figure 14: Loss of RGS5 preserves blood vessels and their integrity at 7 days after stroke.

a. Representative confocal images of PDCLX of WT and KO mice at 7 days after stroke. Upper row shows the
contralateral hemisphere and lower row the infarct core. b. Quantification of the vascular density (left) and total vessel
length (right) of the contralateral hemisphere and the infarct core of WT and RGS5-KO mice. c. Representative whole
brain pictures of Evans blue leakage at 7 days after stroke of WT and RGS5-KO mice. Quantification of Evans blue
leakage. N=6 (Vascular analysis), N=5 (Evans blue). Data are represented as mean+SD. *p<0.05, **p<0.01. Two-way
ANOVA with Tukey’s multiple comparisons and Student ¢ test. Scale bar 40 um.

Reduction in parenchymal PDGFRB" cells does not impact on the
fibrotic scar formation in the chronic phase after stroke

In the next step, we focused on the parenchymal PDGFRB" cells, as these cells have
been described to participate in the fibrotic scar formation '**!°_ First, we confirmed
in our model that a fibrotic scar develops within the infarct core, which is
surrounded by a glial scar (Paper 1IV).

Using two fibrous ECM markers, Coll-I and FN, that are described to be deposited
within the infarct core, we showed that only a small percentage of parenchymal
PDGFRB" cells contribute to this deposition. Coll-I was mainly found around the
vasculature, while FN was mainly produced by a cell type that did not express
PDGFRB (Figure 15a-d and Paper IV).
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Figure 15: Parenchymal PDGFRR* cells are not the main contributor to Coll-l deposition after stroke.

a. Confocal images of Coll-I (cyan, left) with PDGFRR (red) and DAPI (blue) at 7 days after stroke. Left column shows
an increase in Coll-I within the infarct core after stroke (outlined with dotted lines) in WT and RGS5-KO mice. Boxes
indicate that second column images were taken within the infarct core. Second column shows the distribution of Coll-I
in relation to PDGFRR staining, with respective single stainings on the right. White arrow indicating that the majority of
parenchymal PDGFRR* cells are negative for Coll-l. Yellow arrows indicate the rare presence of parenchymal
PDGFRR*/ Coll-I* cells. Higher magnification images show a parenchymal PDGFRR* cell that is negative (‘) and positive
(") for Coll-l, as well as a perivascular PDGFRR* cell that is Coll-I* b. Quantification of the density of Coll-I* area. c.
Quantification of the number of parenchymal PDGFRR* cells that are either positive or negative for Coll-l at 7 days,
showing that only few parenchymal PDGFRR* co-label with Coll-I. d. Quantification showing an increased number of
perivascular PDGFRR* cells in RGS5-KO mice, and that nearly all perivascular PDGFRR* cells double-label with Coll-
I. N=5. Data shown as meantSD. * p<0.05, *** p<0.001. Student t test (b) and multiple t-tests with Sidak-Holm post-hoc
analysis (c, d). Scale bars 200 pm, 20 ym, 10 pm.

We also investigated the ECM deposition within the vascular basement membrane.
The thickening of the vascular basement membrane composed by Coll-IV and
laminin was significantly reduced in RGS5-KO mice (Figure 16a-c and Paper 1V).

The infarct core and the fibrotic scar are demarcated by a GFAP" glial scar (Figure
17a). Astrocyte and pericyte crosstalk is important in the regulation of tissue
survival '®; therefore, we finally investigated, whether loss of RGS5 in pericytes
affected the formation of the glial scar. We found that at 7 days after stroke, the
density of GFAP" cells in the peri-infarct area was reduced in RGS5-KO mice,
which was further accompanied by a reduced number of GFAP" cells (Figure 17a-
¢). GFAP cells in both genotypes had a hypertrophic cell soma. Interestingly, while
GFAP" cells in WT mice had a stellate morphology, GFAP" cells in RGS5-KO mice
had polarized processes towards the infarct core. Additionally, the thickness of the
glial scar was significantly reduced in RGS5-KO mice (Figure 17d).
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Figure 16: RGS5-KO mice have a reduced thickness of Coll-IV* vascular basement membrane after stroke.

a. Confocal images of Coll-IV (cyan) and the blood vessel marker CD31 (red) at 7 days after stroke. The left column
shows Coll-1V distribution in WT and RGS5-KO mice. The box indicates where the higher magnification picture in the
middle column has been taken. The right column shows a high magnification of a single z-stack through a capillary to
illustrate the reduced thickness of the vascular basement membrane in RGS5-KO mice. b. Quantification of the density
of Coll-IV* area at 7 days after stroke. c. Quantification of the thickness of the Coll-IV* vascular basement membrane
at 7 days. IC: infarct core. N=5. Data shown as mean+SD. ** p<0.01. Student t test. Scale bars 200 pm (left column),
20 ym (middle column), 10 pm (right column).
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Figure 17: RGS5-KO show earlier polarization of the glial scar after stroke.

a. Confocal images of GFAP (red) and DAPI (white) at 7 days after stroke. The first column shows an overview of the
glial scar. Boxes indicate where the pictures in the second column were taken. b. Quantification of GFAP* cell numbers
at 7 days in the peri-infarct area showing decreased numbers in RGS5-KO mice. c. Quantification of GFAP density in
the peri-infarct area at 7 days after stroke. d. Quantification of the thickness of the glial scar (as highlighted in overview
picture) at 7 days after stroke. IC: infarct core. N=5. Data shown as mean+SD. *** p<0.001. Student ¢ test. Scale bars
200 pm (left) and 20 pm (right).
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Scar formation is developing over time and can remain for extended periods of time.
Therefore, we also investigated RGS5-KO mice at 14 days after pMCAO (Paper
IV). However, the differences in the redistribution of PDGFRB" cells were not as
pronounced as seen at 7 days. Similar to at 7 days, only a small fraction of
parenchymal PDGFRB" cells double-labeled with either Coll-I or FN. The reduced
thickening of the vascular basement membrane, however, was maintained at 14
days. The morphology of GFAP" astrocytes was similar between the genotypes at
14 days, indicating the establishment of a mature glial scar. While there were no
significant differences in the number and density of GFAP” cells, the glial scar was
thicker in RGS5-KO mice, indicating that loss of RGS5 in pericytes results in
alteration of the maturation of the glial scar after stroke.

The infarct core increased within the first 24h and, due to tissue constriction, began
to shrink at 14 days (Papers I and IV). Despite the reduced percentage of TUNEL"
cells, reduced leakage, and increased vascular protection, we did not detect any
significant differences in stroke size between RGS5-KO and WT mice (Papers II-
IV), indicating that targeting pericytes by deletion of »gs5 alone does not result in a
reduced stroke size.
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Discussion

In this thesis, we demonstrate that pericytes are early responders to ischemic stroke,
and identify pericytes as a potential target to modify the injury progression after
stroke.

We showed that the pericyte response preceded endothelial cell death and the
breakdown of the BBB. Deletion of rgs5 in pericytes resulted in an increased
number of perivascular pericytes and higher pericyte coverage, leading to reduced
BBB breakdown, increased neurovascular protection, and improved vascular
stabilization after stroke. Interestingly, reducing the number of parenchymal
PDGFRB" cells did affect the fibrotic scar formation after stroke.

The response of pericytes might differ depending on the stroke model used. Several
studies that have previously investigated the pericyte response after ischemic stroke
are limited to few timepoints or have used reperfusion models. Reperfusion
introduces a secondary injury, the so-called reperfusion-injury, which likely
changes the response of vascular cells resulting in a different injury '8, A
permanent stroke model was used in all four studies, which results in a focal cortical
stroke. The advantage of this model is that it combines a high reproducibility with
a low mortality 8%, Due to the well-defined lesion, this model allows for the
investigation of cellular and neurovascular mechanisms of ischemia without
introducing reperfusion. This is also one of the advantages over another commonly
used stroke model, the photothrombotic model. The photothrombotic model induces
rapid cell death and simultaneous vasogenic and cytotoxic edema, which results in
a different cellular response pattern than that seen in human strokes '*>'%6, However,
due to the relatively small focal lesion, the pMCAO model lacks a clear behavioral
readout '**'%7,

Pericytes die or are activated in response to ischemic stroke

Around 50% of pericytes died within 1h after an ischemic stroke in a pMCAO model
(Paper I). This finding is in line with previous data demonstrating that in ex vivo
rat brain slice cultures, the majority of pericytes constricts and dies within 40
minutes after simulated ischemia '*¢. Also, Fernandez-Klett ef al. showed a decrease
in CD13" pericytes at 24h after stroke, indicating that pericytes die rapidly after
stroke '*. Our data confirmed the responsiveness to and vulnerability of pericytes
in ischemia.
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Interestingly, half of the pericytes survived after ischemic stroke (Paper I). The
surviving pericyte population expressed the marker NG2 and/or RGS5. These
markers have been described in the context of activated states of pericytes, such as
seen in angiogenesis, vessel stabilization, and vascular remodeling *¢'°>!%, It is
conceivable that activated pericytes have a role in these processes after stroke.

Pericyte activation, as indicated by the upregulation of RGS5 and/or NG2, is a
phenomenon that has been described in a number of neurological diseases. Pericytes
are widely activated throughout the brain in response to mouse glioma '™, In
Huntington’s disease, pericyte activation is observed before neuronal cell loss and
behavioral deficits are detectable '”'. In a mouse model of Parkinson’s disease an
increased pericyte activation has been described, which interestingly is reversed
upon PDGF-BB treatment leading to partial neuronal restoration and behavioral
recovery ',

Pericyte activation

Pericyte death

Endothelial cell death

v

Oh 1h 3h 6h 12h 24h ,
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BBB breakdown\
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Figure 18: Timeline of vascular events within the first 24h after stroke.

Pericyte death and activation are the first observable events after stroke, followed by pericyte detachment. The
endothelial cell response occurs later and starts with TJ loss, followed by endothelial cell death and a decrease in vessel
length.

Pericytes respond before endothelial cells to ischemia

Also following a stroke, pericytes respond very early to the pathological stimulus.
In Paper I, we showed clearly that the pericytes responded to ischemia before
endothelial cells. This is in line with the rapid transcriptional changes seen in
pericytes after oxygen and glucose deprivation '**. Most importantly, the pericyte
response preceded endothelial TJ loss and endothelial cell death, as well as vascular
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leakage (Paper I). This suggests that pericytes are at the beginning of a cascade of
pathological events following ischemia. Activated pericytes may act as early sensors
of ischemia by mediating inflammatory or other signals to neighboring cells.
Similarly, RGS5-expressing pericytes have recently been identified as early sensors
of systemic inflammation where they relate inflammatory signals to neurons '¥.

The time window between the rapid pericyte response to the insult and the delayed
endothelial cell death and BBB leakage opens the possibility to target pericytes with
the intent to prevent further damage associated with BBB breakdown. Reducing
pericyte cell death or detachment might constitute a therapeutic strategy to prevent
BBB breakdown after stroke (Figure 18).

RGSS5 as a target to modulate the pericyte response

In this thesis, we showed that RGSS5 in pericytes is a potential target to modulate the
pericyte response. The rationale for using RGS5 was several fold: It was based on
our previous observation that pericytes that detach from the vessel wall express
RGS5 . Furthermore, since RGSS5 is expressed in activated pericytes under
pathological conditions, we hypothesized that the deletion of rgs5 might lead to
maturation of pericytes. In RGS5-KO mice, the number and location of pericytes
were not altered under physiological conditions. After stroke however, loss of RGS5
in pericytes resulted in increased numbers of perivascular pericytes and reduced
numbers of parenchymal PDGFRB" cells (Papers II-IV). This provided us with a
model to study the consequences of changes in pericyte numbers, detachment, and
redistribution of pericytes after stroke.

Several mechanisms could underlie the increase in pericyte numbers observed in
RGS5-KO mice. First, RGS5 has been suggested to be involved in pericyte
detachment at 7 days after stroke, but RGS5 seems to be important already in the
detachment observed within hours after stroke *°. Our data showed that detachment
might require RGS5, indicated by the reduced number of parenchymal PDGFRB"
cells in RGS5-KO (Paper III). Loss of RGS5 may interfere with the process of
detachment and keep pericytes attached to the vessel wall, suggesting that RGS5
protein expression is needed for pericyte detachment. Second, the loss of RGS5
might increase the survival of pericytes. This hypothesis is supported by our finding
that none of the GFP" pericytes in RGS5-KO mice underwent apoptosis (Paper II).
Third, higher numbers of pericytes in the infarct core of RGS5-KO mice may also
be due to increased proliferation. This is in line with an in vitro study showing that
RGSS5 inhibits proliferation of human coronary artery SMCs '*°. Fourth, the increase
in pericyte numbers could be due to enhanced migration of pericytes towards the
injury site. In support of this, it has been shown that downregulation of RGS5 results
in enhanced migration in vitro "', Lastly, enhanced pericyte recruitment to newly
formed vessels might contribute to the increased number of perivascular pericytes.
This is supported by the high expression of PDGFRS around blood vessels, which
is required for pericyte recruitment ”°.
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Targeting pericytes protects the BBB integrity after stroke

TJ loss, the first observable response in endothelial cells, was an early indication of
BBB dysfunction (Paper I). The timepoint of TJ degradation in relation to BBB
breakdown after stroke differs between different studies. Knowland et al. showed
in a transient MCAO model that TJs are impaired only after 2 days, despite BBB
dysfunction occurring at 6h after stroke '*2. Other studies have shown a decrease as
early as 3h after stroke 2"'**. This indicates that different timepoints of reperfusion
might have a substantial effect on TJ loss after stroke.

The loss of TJ may be caused by a number of factors. It could be due to a direct
effect of hypoxia or caused by degradation via hypoxia-activated proteases '**'?7.
Additionally, pericytes are important in the maintenance of TJs, and the loss of
pericytes itself likely contributes to the decrease of TJs '*®. As the loss of pericytes
preceded the decrease in TJ proteins, increasing the pericyte number prevented this
decrease in TJs in RGS5-KO mice (Papers I and II). These findings support that
pericytes are crucial to maintain TJs. Consistent with our findings, pericyte numbers
in the spinal cord correlate with the expression of ZO-1 and occludin '*°. Similarly,
postnatally induced PDGFRB-KO mice, which show a reduction in pericyte
numbers, have a decreased expression of TJ proteins, as well as deformed TJ after
stroke '*'®_ Our data also added to previous findings showing that prevention of
pericyte loss is associated with reduced TJ degradation after
lysophosphatidylcholine-induced neurodegeneration 2%,

Increasing perivascular pericyte numbers after stroke reduced BBB breakdown
(Papers II and III), likely through preventing TJ degradation **'?* . BBB
breakdown after stroke is biphasic, with an initial breakdown early in the acute
phase, followed by a second opening during angiogenesis in the chronic phase after
ischemic stroke '**7'*2. We found that loss of RGSS5 in pericytes had an impact on
the BBB leakage during both the acute and chronic phase after stroke. Therefore,
increasing pericyte numbers and coverage through rgs5 deletion could be an
approach to prevent BBB breakdown (Figure 19). This is supported by a study
showing that reduced BBB breakdown is associated with increased pericyte
numbers at 21 days after stroke ***. Additionally, several studies have shown that
loss of pericytes is associated with BBB breakdown '®*'6%2%5 This is especially
interesting in the light of contradictory studies that have shown that pericytes might
not only be protective for the BBB but might themselves negatively influence the
BBB integrity. In this regard, pericytes have been discussed to contribute to the BBB
breakdown by expressing Nox4 and VEGF, and by their gelatinase and MMP-9
activity '%2°¢27 However, the data provided in this thesis supports that a decreased
number of perivascular pericytes contributes to the BBB breakdown after stroke
(Papers II and I1I).

RGS5-KO mice showed reduced neuronal cell death, likely as a result of the reduced
BBB breakdown (Paper II). BBB breakdown results in the accumulation of blood-
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derived toxins in the brain parenchyma which further exacerbates the brain damage
after stroke. Neuronal protection might therefore be the result of decreased
extravasation of toxic molecules, or the reduced level of hypoxia observed in RGS5-
KO mice (Paper II). Consistent with our findings, BBB breakdown has been shown
to be linked with increasing hypoxia levels, which in turn are closely associated with
neuronal damage 2%, Additionally, human brain pericytes secrete neurotrophic
factors such as brain-derived neurotrophic factor (BDNF) in vitro and thus, might
contribute to neuroprotection and neuroregeneration '#*136:137:210,

However, the partial BBB preservation and the reduction in neuronal cell death did
not translate into changes in stroke size within the first 2 weeks in the stroke model
used (Papers II-1V). This could indicate that targeting the pericyte response by
deleting rgs5 alone is not sufficient to prevent or recover from a stroke. Whether
loss of RGSS5 could reduce the stroke size in more severe stroke models remains to
be investigated.

Despite this, our findings highlight the potential of preventing BBB breakdown by
targeting pericytes. Pericyte loss during aging and in neurodegenerative diseases has
been shown to result in enhanced BBB breakdown that aggravates neurological
dysfunction '?#12149211 Therefore, pericytes are also an interesting target for a
variety of other neurological disorders.

Targeting pericytes to enhance vascular stabilization

The decrease in endothelial TJ not only coincided with the BBB breakdown but also
with the onset of endothelial cell death after stroke (Paper I). The subsequently
observed reduction in vessel length could be a direct result of the endothelial cell
death 2'2. Our data suggests that pericyte loss after stroke can aggravate endothelial
cell death and negatively impact on the vasculature (Figure 19). This might be due
to a protective effect of pericytes on endothelial cells, as pericytes promote
endothelial survival as well as reduce their responsiveness to hypoxia 2!*2!4,
Accordingly, pericytes promote endothelial survival through several signaling
pathways, including PDGF, Sphingosine-1-phosphate, VEGF-A, and Ang1/Tie2 *'*>

219

Increasing the pericyte number and coverage in RGS5-KO mice resulted in
increased vessel density and preserved vessel length after stroke (Papers II and III).
There are be several mechanisms that could underlie this increased vessel density
seen in the chronic phase of RGS5-KO mice. It could either be a consequence of the
preserved vasculature early after stroke due to enhanced survival of endothelial cells
or due to increased vascular remodeling. In support of the latter, we found a
decreased thickening of the vascular basement membrane (Paper IV) which could
contribute to vascular remodeling, as Coll-IV in particular has been described to
inhibit angiogenesis 22**!,
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In a study of hereditary hemorrhagic telangiectasia, which is characterized by
vascular malformations leading to recurrent nosebleeds, treatment with the drug
thalidomide resulted in vessel maturation **>. Most interestingly, this enhanced
vessel maturation was associated with increased mural cell coverage ***. The same
drug also increased mural cell coverage in a mouse model of brain arteriovenous
malformation and thereby reduced hemorrhage **. This indicates that increased
pericyte coverage is a useful target in vessel stabilization. In line with this,
transplantation of human pluripotent stem cell-derived pericytes improved vascular

and muscle regeneration in a mouse model of hind limb ischemia ***.
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Figure 19: Possible mechanisms involved in the modulated pericyte response by rgs5 deletion after stroke.
Loss of RGS5 in pericytes results in increased pericyte coverage, possibly through several mechanisms, including
maintaining PDGFRR-signaling at baseline levels and reduced pericyte detachment. The increased pericyte coverage
prevents TJ loss and endothelial cell death, which results in reduced BBB breakdown. Further, increased pericyte
coverage prevented AQP4 loss and increass vascular remodeling and stabilization. Reduced BBB breakdown likely
contributes to reduced hypoxia and partial protection of neurons. Increased pericyte coverage does not affect the fibrotic
scar. Lines indicate a connection based on data provided in this thesis and dotted lines a connection that is based on
speculations inspired by results and literature.

There could be several underlying mechanisms explaining the increased vascular
stabilization in RGS5-KO mice. Accordingly, overexpression of RGS5 has been
shown to inhibit sonic hedgehog (Shh)-mediated signaling, which reduces the
recruitment of pericytes as well as vessel maturation, opening the possibility of
RGS5 to act on PDGFRB-signaling through Shh 3%, Further, maintaining
PDGFRB-signaling at baseline level could indicate a mature and normalized
phenotype of pericytes after stroke, hence reducing the number of PDGFRRB" cells
in the parenchyma. Phosphorylation of PDGFRB at Tyr571 leads to
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phosphoinositide 3-kinase (PI3K) binding, which mediates actin reorganization,
migration, and differentiation "***", RGS5 may directly or indirectly interact with
the receptor or the corresponding downstream pathways. However, further studies
are needed to dissect the impact of the loss of RGS5 on the downstream signaling
pathways leading to pericyte detachment.

Vascular remodeling and maturation of newly formed vessels is also of interest in
other pathologies, such as tumors. Loss of RGSS5 in pericytes has been shown to
result in vascular normalization through pericyte maturation in a tumor model '*.
In particular, RGS5 is upregulated in tumor vessels in a HIF-dependent manner,
while antitumor therapy downregulated RGS5 and loss of RGSS resulted in pericyte
maturation, leading to vascular normalization and reduced tumor hypoxia and vessel
leakiness %!, Despite differences in vascular remodeling in stroke and tumors,
this highlights that pericytes are an important cell population to target vascular
remodeling and stabilization under hypoxic conditions.

Finally, injury and dysfunction of endothelial cells are implicated in the
pathogeneses of diverse vascular diseases »*°. Preventing or reversing these injuries
through the deletion of 7gs5 in pericytes might offer a novel therapeutic target in a
variety of diseases. In support of this, we have previously shown that PDGF-BB
treatment had neurorestorative effects in a mouse model of Parkinson’s disease,
which, most importantly, was associated with a normalized pericyte response likely
allowing for vascular stabilization '. Interestingly in this regard is another study,
showing that PDGF-BB treatment in vitro results in downregulation of RGS5 '

Contribution of PDGFRp" cells to scar formation

The detachment of pericytes occurs at different stages after stroke **'®°. Our data
is in line with previous work showing that pericytes detach within the first hours
after stroke "', Pericyte detachment not only plays a role in BBB breakdown and
angiogenesis; previous studies have suggested that detached pericytes migrate into
the parenchyma, change their phenotype and might contribute to the inflammatory
response and fibrotic scar formation in the chronic phase after ischemic stroke *'>%,

Surprisingly, despite a 50% reduction of parenchymal PDGFRB" cells, we did not
detect any changes in the deposition of the ECM proteins Coll-I and FN (Paper 1V).
Only a small fraction of the parenchymal PDGFRB" cells colocalized with Coll-I
and FN, suggesting that parenchymal PDGFRB" cells are not the main contributor
to fibrous ECM deposition after stroke. Other studies have reported higher co-
labeling of PDGFRB" cells with at least FN, although the authors did either not
distinguish their specific location or quantify cell numbers **!”°. Additionally, the
usage of either reperfusion or photothrombotic stroke models makes it difficult to
compare results directly **!”*. To date, Géritz et al. provided the only lineage-
tracing study performed in the CNS, suggesting a pericyte origin of scar-forming
cells in the spinal cord using a GLAST-promoter '®. Most interestingly, reducing
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pericyte-derived fibrotic scar tissue promotes functional recovery after spinal cord
injury *'. This difference to our study might be explained by targeting different
subpopulation of pericytes, as well as different developmental origins of cortical
and spinal cord pericytes **°"'®  Differences in the developmental origins of
pericytes might also partially explain the controversy of the pericyte contribution to
fibrosis in different types of tissues. As an example, two studies using different
lineage tracing approaches came to contradicting results regarding the origin of scar-
forming myofibroblasts in kidney fibrosis '7**2. This controversy is also reflected
within the CNS, where in addition to pericytes, also perivascular, meningeal, or
circulating fibroblasts have been proposed as the source of scar forming-cells 32,
We cannot conclude whether all parenchymal PDGFRB™ cells originate from
pericytes after stroke, as only lineage tracing can fully address this question.
However, our study showed that targeting a brain pericyte-specific gene results in a
redistribution of the location of PDGFRB" cells, supporting their pericyte-origin.

It is worth noting that our data indicated that loss of RGS5 in pericytes in itself did
not directly affect Coll-I and FN production. This is interesting considering that
RGSS has been implicated in modulating ECM production during fibrosis in the
liver and heart '%%72% This suggests that the described role of RGS5 in ECM
production might not be directly applicable to brain pericytes after stroke. A
possible explanation for these differences could be that the ECM within the brain
has a different composition to that in other tissues *'**. The fibrotic scar has been
suggested to impede the anatomical plasticity within the CNS and therefore, could
impact negatively on functional recovery after stroke. Therefore, the finding that
targeting pericyte response by rgsJ deletion does not impact on the fibrotic scar after
stroke might be one of the contributing factors explaining why RGS5-KO mice did
not exhibit a reduced stroke size.

Interestingly, we observed changes in the glial scar formation. The redistribution of
PDGFRB" cells in RGS5-KO mice resulted in an earlier polarization of the glial
scar, suggesting a potential cross-talk between pericytes and astrocytes after stroke.
In line with this, studies in either pericyte-deficient or aquaporin-4 deficient mice
have shown that pericytes influence the polarization of astrocytes under
physiological conditions **'*°. Further, the cell-cell communication between
astrocytes and pericytes is necessary for BBB maintenance '****. Their cross-talk
is further highlighted by studies showing that GFAP-KO mice compensate for the
lack of astrocytic end-feet by increased pericyte coverage and proliferation '*.
Additionally, PDGFRB-KO mice develop a disrupted glial scar after stroke '®%.
However, changes in the glial scar could be secondary, as the formation of the glial
scar is closely coordinated with the inflammatory response and the BBB breakdown
44240242 Therefore, the reduced BBB breakdown in RGS5-KO mice (Paper II and
IIT) could explain the changes in the glial scar maturation.

A glial scar forms in several CNS disorders, including stroke, chronic
neuroinflammation, traumatic brain injury, and brain tumors **. As glial scar
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formation has been described to have a dual role, on one hand limiting the spread of
inflammation and on the other hand inhibiting functional recovery, modulating the
glial scar might improve functional recovery 2241243,
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Conclusion and future perspectives

We provide novel evidence for brain pericytes as an essential target for protection
and repair of the cerebral vasculature, with the potential to positively impact on
stroke outcome. We identified a detailed timeline of the response of pericytes to
stroke and addressed key functions of pericytes during the acute and chronic phase
of stroke by modulating this pericyte response. Therefore, this thesis emphasizes
pericytes as key players in stroke pathology and as a novel target cell type at the top
of the pathological cascade after the ischemic insult. This thesis also significantly
contributes to a better understanding of how pericytes can be targeted in the future
to prevent BBB breakdown and enhance vascular remodeling, possibly not only in
stroke but also other neurological disorders.

One of our key findings identifies brain pericytes as an early responder to ischemic
stroke. These results imply that pericytes act as an early sensor to ischemia, likely
due to their strategic location at the interface between blood and brain. In this regard,
it would be interesting to investigate the early transcriptional changes of pericytes
in response to stroke. This could shed light on the molecular mechanism leading to
pericyte death or survival. Additionally, dissecting changes in the pericyte
secretome and how this impacts on stroke pathology would be of great interest.
Together with the transcriptional changes, this could pinpoint which signals
pericytes relay to surrounding cells and how this might influence the pathology after
stroke.

Another key finding identifies RGS5 as an important modulator of neurovascular
protection and vascular remodeling after stroke. We establish an essential role of
RGSS5 in the breakdown of the BBB, and our studies suggest that RGSS is an
important modulator of pericyte detachment. Accordingly, loss of RGSS5 is involved
in the shift from a parenchymal phenotype to a perivascular phenotype resulting in
a preserved vasculature after stroke. For the future, it would be interesting to
investigate whether the loss of RGS5 prevents pericyte death and/or regulates the
secretome of pericytes to understand how the loss of RGSS5 in pericytes affects
stroke development and outcome beyond the morphological changes determined in
this thesis. Especially clinically relevant would be to verify our results by blocking
RGSS5 in wild-type mice, as well as to investigate in which way reperfusion changes
the pericyte response after stroke.
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Additionally, our data sheds light on the current question of whether pericytes
contribute to the fibrotic scar formation after stroke. We show that parenchymal
PDGFRR" cells are not the main contributor to the fibrotic ECM deposition.
Therefore, targeting these cells via RGS5 might not impact on fibrotic scar
formation after stroke. Performing lineage-tracing experiments will help to clarify
the role of pericytes in the fibrotic scar formation. Also, assessing additional ECM
proteins might further add information regarding the contribution of PDGFRB" cells
to the scar formation. It would be interesting to investigate the underlying
mechanism of how pericytes influence the formation of the glial scar. This
knowledge could help to modulate the glial scar and hence improve functional
recovery.

Our studies add to the increasing evidence that pericytes are an important cell type
in neurological diseases. Targeting pericyte location and numbers, for example via
deletion of rgs5, might be an opportunity for therapeutic interventions in order to
prevent BBB breakdown and to promote vascular stability also in other acute
neurological disorders. Loss of RGS5 may also impact on pericyte detachment in
more chronic diseases such as Parkinson’s and Huntington’s disease that have
shown pericyte activation and BBB leakage.

Overall, this thesis identifies pericytes as a key player in stroke. As pericytes are at
the top of the pathological cascade after the ischemic insult, targeting pericytes
could be of clinical relevance for the development of future therapies after ischemic
stroke.

68



Acknowledgments

I would like to take the opportunity to express my gratitude to everybody who had
an impact on the years of my PhD studies and, hence, made this work possible.
Without the support and encouragement, you would not hold this book in your hands
today.

First and foremost, [ would like to thank my main supervisor, Gesine Paul-Visse,
for taking me on as a PhD student and introducing me to the exciting field of
pericytes. Thank you for letting me work on many different projects and for your
guidance throughout the years. Thanks for teaching me the importance of a good
story for every piece of writing and presentation, and for staying calm and optimistic
in times of crisis. A special thank goes to my co-supervisor Maria Bjorkqvist, for
all your kind words of encouragement over the last 4.5 years.

I am particularly grateful to have had the chance to worked together with the
wonderful TNY group. I would like to thank all its past and present members;
Ilknur for teaching me all the relevant lab work and guidance, Marco for making
the office a happy place, Abderahim for your valuable feedback, Robert for all the
emergency help and random conversations, Osama for your kind words of
encouragement, Thomas for your support and advice on how to manage to get to
this point, and Andreas for the fun times and proofreading of so many pieces of
work! Thank you all not only for your guidance and contributions to the scientific
work but also for your impact on a personal level. And a big thanks for the help
during the writing process of this thesis!

Moving to a new country without knowing anybody was a big step, but I was
fortunate to join A10, where I felt welcome from the very first moment. Over the
years, A10 has seen many people, all of which have contributed in one way or
another to my PhD experience. To all past and present members of A10, thank
you for valuable tips and practical help, and especially for the hours in the sauna,
countless glasses of whiskey and wine on Fridays and all the fun memories along
the way! Carla, Margarita, and Patrick, words cannot describe how much you
shaped my life during those early years, and A10 was never the same again after
you left! A special thank goes to Andy for reading through this entire book!
Caroline and Andreas, thanks for the sunshine and ego you brought into my life;
the last year would have been a very rainy one without the two of you! And thank

69



you Caroline for your effort in taking a nice picture of me! Thanks also to all BMC
friends and colleagues outside A10.

Alicja, thank you for everything! You were such a great support, starting from
teaching me how to staining, to so perfectly cut all those brains, while being the
angel of A10! Susanne, Marianne, AnnaKarin, Ansa, and Katarina, thank you
very much for all the technical and organizational help during my PhD, it would
have been much harder without all your support!

Tack sa mycket till alla sjukskéterskor frin Stroke register, det har varit roligt
att arbeta med er och jag kommer att sakna telefonsamtalen med er alla.

I’'m very glad I could work alongside with Selvi, Shelby, and the rest of MDR to
raise the students’ voices and shape our PhD education. It was so much fun to
organize all those events with you, and to deal with one or two crises along the way!

Daniela, Jana, and Paula, I’'m so happy you joined SymBioSE in Greece and
convinced me of our potential. Svetlana, Marta, and Xico, thanks for joining our
team, and making SymBioSE happening in Sweden. It was such an incredible
experience, and I still can’t believe we pulled it off so perfectly! I’'m also extremely
thankful for all the relaxing knitting nights that followed afterwards together with
Gjenni.

Thank you to all the people I meet over the years outside work, that kept reminding
me that there is a life outside the lab! A huge thank goes to all the Swedish friends,
for integrating me, being patient with my Swedish skills, and for making sure I
experience all the Swedish traditions properly, even if I still don’t like kraftor.

Ohne die Unterstiitzung meiner Familie wire dieser PhD nie moglich gewesen.
Mama und Papa, vielen Dank, dass ihr mich ermutigt habt die Welt zu erkunden,
und mir die Fliigel dazu gegeben habt. Ich kann euch nicht genug fiir eure
Unterstilitzung danken, und dass ich immer weiss, dass ich ein sicheres Base-Camp
in Wiler habe. Davidli, danke, dass du mein grosserer Fan bist!

Sten, without you, this PhD would have been so much harder. I can’t thank you
enough for your constant encouragement and for believing in me. Thank you so
much for reminding me to enjoy life, and for exploring the world near and far, both
on land and water, and climbing up mountains no matter how high together with
me. And for making sure I eat more than just yogurt along the way!

70



References

10

11

12

13

14

15

V. L. Feigin, B. Norrving & G. A. Mensah. Global Burden of Stroke. Circ. Res. 120
(2017) 439-448.

A. K. Boehme, C. Esenwa & M. S. V. Elkind. Stroke Risk Factors, Genetics, and
Prevention. Circ. Res. 120 (2017) 472-495.

W. Hacke, M. Kaste, E. Bluhmki et al. Thrombolysis with alteplase 3 to 4.5 hours
after acute ischemic stroke. N. Engl. J. Med. 359 (2008) 1317-1329.

J.-T. Kim, G. C. Fonarow, E. E. Smith et al. Treatment With Tissue Plasminogen
Activator in the Golden Hour and the Shape of the 4.5-Hour Time-Benefit Curve in
the National United States Get With The Guidelines-Stroke Population. Circulation.
135 (2017) 128-139.

T. Peisker, B. Koznar, 1. Stetkarova & P. Widimsky. Acute stroke therapy: A review.
Trends Cardiovasc. Med. 27 (2017) 59-66.

V. Larrue, R. von Kummer, G. del Zoppo & E. Bluhmki. Hemorrhagic
transformation in acute ischemic stroke. Potential contributing factors in the
European Cooperative Acute Stroke Study. Stroke. 28 (1997) 957-960.

M. A. Moskowitz, E. H. Lo & C. Iadecola. The science of stroke: mechanisms in
search of treatments. Neuron. 67 (2010) 181-198.

E. J. Benjamin, M. J. Blaha, S. E. Chiuve et al. Heart Disease and Stroke Statistics-
2017 Update: A Report From the American Heart Association. Circulation. 135
(2017) e146-e603.

M. D. Ginsberg. Neuroprotection for ischemic stroke: past, present and future.
Neuropharmacology. 55 (2008) 363-389.

M. Endres, B. Engelhardt, J. Koistinaho et al. Improving outcome after stroke:
overcoming the translational roadblock. Cerebrovasc. Dis. 25 (2008) 268-278.

U. Dirnagl. Pathobiology of injury after stroke: the neurovascular unit and beyond.
Ann. N. Y. Acad. Sci. 1268 (2012) 21-25.

E. H. Lo & G. A. Rosenberg. The Neurovascular Unit in Health and Disease. Stroke.
40 (2009) S2-S3.

L. Zhang, Z. G. Zhang & M. Chopp. The neurovascular unit and combination
treatment strategies for stroke. Trends Pharmacol. Sci. 33 (2012) 415-422.

Y. Gursoy-Ozdemir, M. Yemisci & T. Dalkara. Microvascular protection is essential
for successful neuroprotection in stroke. J. Neurochem. 123 Suppl 2 (2012) 2-11.

X. Hu, T. M. De Silva, J. Chen & F. M. Faraci. Cerebral Vascular Disease and
Neurovascular Injury in Ischemic Stroke. Circ. Res. 120 (2017) 449-471.

71



16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31
32

33

34

72

D. W. Choi & S. M. Rothman. The role of glutamate neurotoxicity in hypoxic-
ischemic neuronal death. Annu. Rev. Neurosci. 13 (1990) 171-182.

E. Candelaro-Jalil. Injury and repair mechanisms in ischemic stroke: Considerations
for the development of novel neurotherapeutics. Current Opinions in iverstigational
Drugs. 10 (2009) 644-654.

O. Detante, A. Jaillard, A. Moisan et al. Biotherapies in stroke. Revue Neurologique.
170 (2014) 779-798.

Y. Yang & G. A. Rosenberg. Blood-brain barrier breakdown in acute and chronic
cerebrovascular disease. Stroke. 42 (2011) 3323-3328.

L. L. Latour, D.-W. Kang, M. A. Ezzeddine, J. A. Chalela & S. Warach. Early blood-
brain barrier disruption in human focal brain ischemia. Ann. Neurol. 56 (2004) 468-
477.

K. E. Sandoval & K. A. Witt. Blood-brain barrier tight junction permeability and
ischemic stroke. Neurobiology of Disease. 32 (2008) 200-219.

X. Jiang, A. V. Andjelkovic, L. Zhu et al. Blood-brain barrier dysfunction and
recovery after ischemic stroke. Progress in Neurobiology. (2017).

G. C. Jickling, D. Liu, B. Stamova ef al. Hemorrhagic transformation after ischemic
stroke in animals and humans. J. Cereb. Blood Flow Metab. 34 (2014) 185-199.

R. A. Taylor & L. H. Sansing. Microglial responses after ischemic stroke and
intracerebral hemorrhage. Clin. Dev. Immunol. 2013 (2013) 746068.

S. Ding. Dynamic reactive astrocytes after focal ischemia. Neural Regeneration
Research. 9 (2014) 2048.

J. Anrather. The role of microglia and myeloid immune cells in acute cerebral
ischemia. (2015) 1-16.

M. Pekna, M. Pekny & M. Nilsson. Modulation of Neural Plasticity as a Basis for
Stroke Rehabilitation. Stroke. 43 (2012) 2819-2828.

J. Liu, Y. Wang, Y. Akamatsu et al. Vascular remodeling after ischemic stroke:
Mechanisms and therapeutic potentials. Progress in Neurobiology. 115 (2014) 138-
156.

H. Kawano, J. Kimura-Kuroda, Y. Komuta et al. Role of the lesion scar in the
response to damage and repair of the central nervous system. Cell Tissue Res. 349
(2012) 169-180.

H. Beck & K. H. Plate. Angiogenesis after cerebral ischemia. Acta Neuropathol. 117
(2009) 481-496.

D. S. Liebeskind. Collateral circulation. Stroke. 34 (2003) 2279-2284.

K. Arai, G. Jin, D. Navaratna & E. H. Lo. Brain angiogenesis in developmental and
pathological processes: neurovascular injury and angiogenic recovery after stroke.
FEBS J. 276 (2009) 4644-4652.

J. Krupinski, J. Kaluza, K. P et al. Role of Angiogenesis in Patients With Cerebral
Ischemic Stroke. Stroke. 25 (1994) 1794-1798.

M. Slevin, P. Kumar, J. Gaffney, S. Kumar & J. Krupinski. Can angiogenesis be

exploited to improve stroke outcome? Mechanisms and therapeutic potential. Clin.
Sci. 111 (2006) 171-183.



35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

Y. Fan & G.-Y. Yang. Therapeutic angiogenesis for brain ischemia: a brief review. J
Neuroimmune Pharmacol. 2 (2007) 284-289.

J. Adamczak & M. Hoehn. Poststroke angiogenesis, con: dark side of angiogenesis.
Stroke. 46 (2015) e103-104.

L. Belayev, R. Busto, W. Zhao & M. D. Ginsberg. Quantitative evaluation of blood-
brain barrier permeability following middle cerebral artery occlusion in rats. Brain
Res. 739 (1996) 88-96.

Z. G. Zhang, L. Zhang, Q. Jiang et al. VEGF enhances angiogenesis and promotes
blood-brain barrier leakage in the ischemic brain. J. Clin. Invest. 106 (2000) 829-838.

D. A. Greenberg. Cerebral angiogenesis: a realistic therapy for ischemic disease?
Methods Mol. Biol. 1135 (2014) 21-24.

F. Fernandez-Klett & J. Priller. The fibrotic scar in neurological disorders. Brain
Pathol. 24 (2014) 404-413.

A. Dityatev, C. I. Seidenbecher & M. Schachner. Compartmentalization from the
outside: the extracellular matrix and functional microdomains in the brain. Trends
Neurosci. 33 (2010) 503-512.

J. C. F. Kwok, G. Dick, D. Wang & J. W. Fawcett. Extracellular matrix and
perineuronal nets in CNS repair. Dev Neurobiol. 71 (2011) 1073-1089.

L. W. Lau, R. Cua, M. B. Keough, S. Haylock-Jacobs & V. W. Yong.
Pathophysiology of the brain extracellular matrix: a new target for remyelination.
Nature Reviews Neuroscience. 14 (2013) 722-729.

M. T. Fitch & J. Silver. CNS injury, glial scars, and inflammation: Inhibitory
extracellular matrices and regeneration failure. Exp. Neurol. 209 (2008) 294-301.
N. Yoshioka, S. I. Hisanaga & H. Kawano. Suppression of fibrotic scar formation
promotes axonal regeneration without disturbing blood-brain barrier repair and
withdrawal of leukocytes after traumatic brain injury. Journal of Comparative
Neurology. 518 (2010) 3867-3881.

M. J. Cipolla. The cerebral ciculation. (Morgan & Claypool Life Sciences, 2009).

E. E. Goldmann. Vitalfirbung am Zentralnervensystem : Beitrag zur Physio-
Pathologie des Plexus chorioideus und der Hirnhdute. Verlag der kéniglichen
Akademie der Wissenschaften. (1913) 1-74.

T. S. Reese & M. J. Karnovsky. Fine structural localization of a blood-brain barrier
to exogenous peroxidase. J Cell Biol. 34 (1967) 207-217.

R. C. Janzer & M. C. Raff. Astrocytes induce blood-brain barrier properties in
endothelial cells. Nature. 325 (1987) 253-257.

A. Armulik, G. Genové, M. Mée et al. Pericytes regulate the blood-brain barrier.
Nature. 468 (2010) 557-561.

I. S&-Pereira, D. Brites & M. A. Brito. Neurovascular Unit: a Focus on Pericytes. Mol
Neurobiol. 45 (2012) 327-347.

M. D. Sweeney, S. Ayyadurai & B. V. Zlokovic. Pericytes of the neurovascular unit:
key functions and signaling pathways. Nature Neuroscience. 19 (2016) 771-783.

C. J. Eberth. Handbuch der Lehre von der Gewgen des Menschen und der Tiere.
Leipzig. (1871).

73



54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

74

C. Rouget. Memoire sur le developpement, la structures et les proprietes des
capillaires sanguins et lymphatiques. Archs Physiol Norm Pathol. (1873).

M. Krueger & I. Bechmann. CNS pericytes: Concepts, misconceptions, and a way
out. Glia. 58 (2010) 1-10.

A. Armulik, G. Genové & C. Betsholtz. Pericytes: Developmental, Physiological,
and Pathological Perspectives, Problems, and Promises. Developmental Cell. 21
(2011) 193-215.

A. Trost, S. Lange, F. Schroedl et al. Brain and Retinal Pericytes: Origin, Function
and Role. Front. Cell. Neurosci. 10 (2016) 3171-3114.

M. Bergwerff, M. E. Verberne, M. C. DeRuiter, R. E. Poelmann & A. C.
Gittenberger-de Groot. Neural crest cell contribution to the developing circulatory
system: implications for vascular morphology? Circ. Res. 82 (1998) 221-231.

J. Korn, B. Christ & H. Kurz. Neuroectodermal origin of brain pericytes and vascular
smooth muscle cells. J. Comp. Neurol. 442 (2002) 78-88.

H. C. Etchevers, C. Vincent, N. M. Le Douarin & G. F. Couly. The cephalic neural
crest provides pericytes and smooth muscle cells to all blood vessels of the face and
forebrain. Development. 128 (2001) 1059-1068.

H. Kurz. Cell lineages and early patterns of embryonic CNS vascularization. Cel/
Adh Migr. 3 (2009) 205-210.

K. Asahina, B. Zhou, W. T. Pu & H. Tsukamoto. Septum transversum-derived
mesothelium gives rise to hepatic stellate cells and perivascular mesenchymal cells in
developing mouse liver. Hepatology. 53 (2011) 983-995.

J. Que, B. Wilm, H. Hasegawa ef al. Mesothelium contributes to vascular smooth
muscle and mesenchyme during lung development. Proc. Natl. Acad. Sci. U.S.A. 105
(2008) 16626-16630.

B. Wilm, A. Ipenberg, N. D. Hastie, J. B. E. Burch & D. M. Bader. The serosal
mesothelium is a major source of smooth muscle cells of the gut vasculature.
Development. 132 (2005) 5317-5328.

P. H. Dias Moura Prazeres, 1. F. G. Sena, . d. T. Borges et al. Pericytes are
heterogeneous in their origin within the same tissue. Dev. Biol. 427 (2017) 6-11.

D. Attwell, A. Mishra, C. N. Hall & F. M. O'Farrell. What is a pericyte? J. Cereb.
Blood Flow Metab. (2015) 0271678X15610340.

D. A. Hartmann, R. G. Underly, R. 1. Grant et al. Pericyte structure and distribution
in the cerebral cortex revealed by high-resolution imaging of transgenic mice.
NEUROW. 2 (2015) 041402.

E. A. Winkler, R. D. Bell & B. V. Zlokovic. Central nervous system pericytes in
health and disease. Nature Neuroscience. 14 (2011) 1398-1405.

B. Garmy-Susini, H. Jin, Y. Zhu ef al. Integrin alpha4betal-VCAM-1-mediated
adhesion between endothelial and mural cells is required for blood vessel maturation.
J. Clin. Invest. 115 (2005) 1542-1551.

P. Dore Duffy & K. Cleary. Morphology and Properties of Pericytes in The Blood-
Brain and Other Neural Barriers Humana Press (2011) 49-68.



71

72

73

74

75

76

71

78

79

80

81

82

83

84

R. N. Frank, T. J. Turczyn & A. Das. Pericyte coverage of retinal and cerebral
capillaries. Invest. Ophthalmol. Vis. Sci. 31 (1990) 999-1007.

C. Bondjers, L. He, M. Takemoto et al. Microarray analysis of blood microvessels
from PDGF-B and PDGF-Rbeta mutant mice identifies novel markers for brain
pericytes. FASEB J. 20 (2006) 1703-1705.

E. A. Winkler, R. D. Bell & B. V. Zlokovic. Pericyte-specific expression of PDGF
beta receptor in mouse models with normal and deficient PDGF beta receptor
signaling. Molecular Neurodegeneration. 5 (2010) 32.

P. Lindahl, B. R. Johansson, P. Levéen & C. Betsholtz. Pericyte loss and
microaneurysm formation in PDGF-B-deficient mice. Science. 277 (1997) 242-245.

M. Hellstrom, M. Kalén, P. Lindahl, A. Abramsson & C. Betsholtz. Role of PDGF-B
and PDGFR-beta in recruitment of vascular smooth muscle cells and pericytes during
embryonic blood vessel formation in the mouse. Development. 126 (1999) 3047-
3055.

P. Lindblom, H. Gerhardt, S. Liebner et al. Endothelial PDGF-B retention is required
for proper investment of pericytes in the microvessel wall. Genes & Development. 17
(2003) 1835-1840.

A. Nakayama, M. Nakayama, C. J. Turner et al. Ephrin-B2 controls PDGFRJ
internalization and signaling. Genes & Development. 27 (2013) 2576-2589.

R. Kapeller, R. Chakrabarti, L. Cantley, F. Fay & S. Corvera. Internalization of
activated platelet-derived growth factor receptor-phosphatidylinositol-3' kinase
complexes: potential interactions with the microtubule cytoskeleton. Molecular and
Cellular Biology. 13 (1993) 6052-6063.

J.-P. Montmayeur, M. Valius, J. Vandenheede & A. Kazlauskas. The Platelet-derived
Growth Factor  Receptor Triggers Multiple Cytoplasmic Signaling Cascades That
Arrive at the Nucleus as Distinguishable Inputs. J. Biol. Chem. 272 (1997) 32670-
32678.

P. Levéen, M. Pekny, S. Gebre-Medhin ef al. Mice deficient for PDGF B show renal,
cardiovascular, and hematological abnormalities. Genes & Development. 8 (1994)
1875-1887.

D. Krause, B. Vatter & R. Dermietzel. Immunochemical and immunocytochemical
characterization of a novel monoclonal antibody recognizing a 140 kDa protein in
cerebral pericytes of the rat. Cell Tissue Res. 252 (1988) 543-555.

R. C. Nayak, A. B. Berman, K. L. George, G. S. Eisenbarth & G. L. King. A
monoclonal antibody (3G5)-defined ganglioside antigen is expressed on the cell
surface of microvascular pericytes. Journal of Experimental Medicine. 167 (1988)
1003-1015.

J. Kunz, D. Krause, M. Kremer & R. Dermietzel. The 140-kDa protein of blood-
brain barrier-associated pericytes is identical to aminopeptidase N. J. Neurochem. 62
(1994) 2375-2386.

P. Mina-Osorio. The moonlighting enzyme CD13: old and new functions to target.
Trends Mol Med. 14 (2008) 361-371.

75



85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

76

L. Saiki, H. Fujii, J. Yoneda et al. Role of aminopeptidase N (CD13) in tumor-cell
invasion and extracellular matrix degradation. International Journal of Cancer. 54
(1993) 137-143.

U. Ozerdem, K. A. Grako, K. Dahlin Huppe, E. Monosov & W. B. Stallcup. NG2
proteoglycan is expressed exclusively by mural cells during vascular morphogenesis.
Developmental Dynamics. 222 (2001) 218-227.

U. Ozerdem & W. B. Stallcup. Pathological angiogenesis is reduced by targeting
pericytes via the NG2 proteoglycan. Angiogenesis. 7 (2004) 269-276.

U. Ozerdem & W. B. Stallcup. Early contribution of pericytes to angiogenic
sprouting and tube formation. Angiogenesis. 6 (2003) 241-249.

F.-J. Huang, W.-K. You, P. Bonaldo ef al. Pericyte deficiencies lead to aberrant
tumor vascularizaton in the brain of the NG2 null mouse. Dev. Biol. 344 (2010)
1035-1046.

S. Song, A. J. Ewald, W. Stallcup, Z. Werb & G. Bergers. PDGFRbeta+ perivascular
progenitor cells in tumours regulate pericyte differentiation and vascular survival.
Nat. Cell Biol. 7 (2005) 870-879.

C. Chen, Z. Bin, J. Han & S.-C. Lin. Characterization of a Novel Mammalian RGS
Protein That Binds to Ga Proteins and Inhibits Pheromone Signaling in Yeast. J.
Biol. Chem. 272 (1997) 8679-8685.

H. Cho, T. Kozasa, C. Bondjers, C. Betsholtz & J. H. Kehrl. Pericyte-specific
expression of Rgs5: implications for PDGF and EDG receptor signaling during
vascular maturation. FASEB J. 17 (2003) 440-442.

R. Ganss. Keeping the Balance Right: Regulator of G Protein Signaling 5 in Vascular
Physiology and Pathology. Prog Mol Biol Transl Sci. 133 (2015) 93-121.

N. Seki, S. Sugano, Y. Suzuki et al. Isolation, tissue expression, and chromosomal
assignment of human RGSS, a novel G-protein signaling regulator gene. Journal of
Human Genetics. 43 (1998) 202-205.

C. Bondjers, M. Kalén, M. Hellstrom ef al. Transcription Profiling of Platelet-
Derived Growth Factor-B-Deficient Mouse Embryos Identifies RGSS5 as a Novel
Marker for Pericytes and Vascular Smooth Muscle Cells. The American Journal of
Pathology. 162 (2003) 721-729.

T. S. Mitchell, J. Bradley, G. S. Robinson, D. T. Shima & Y.-S. Ng. RGS5
expression is a quantitative measure of pericyte coverage of blood vessels.
Angiogenesis. 11 (2008) 141-151.

H. Zhang, S. Gu, B. Al-Sabeq et al. Origin-specific epigenetic program correlates
with vascular bed-specific differences in Rgs5 expression. FASEB J. 26 (2012) 181-
191.

M. H. Nisancioglu, W. M. Mahoney Jr, D. D. Kimmel et al. Generation and
Characterization of rgs5 Mutant Mice. Molecular and Cellular Biology. 28 (2008)
2324-2331.

I. Ozen, T. Deierborg, K. Miharada et al. Brain pericytes acquire a microglial
phenotype after stroke. Acta Neuropathol. 128 (2014) 381-396.



100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

T. Padel, I. Ozen, J. Boix et al. Platelet-derived growth factor-BB has
neurorestorative effects and modulates the pericyte response in a partial 6-
hydroxydopamine lesion mouse model of Parkinson's disease. Neurobiology of
Disease. 94 (2016) 95-105.

T. Padel, M. Roth, A. Gaceb et al. Brain pericyte activation occurs early in
Huntington's disease. Exp. Neurol. 305 (2018) 139-150.

N. Sethakorn & N. O. Dulin. RGS expression in cancer: oncomining the cancer
microarray data. Journal of Receptors and Signal Transduction. 33 (2013) 166-171.
J. Shen, S. Shrestha, Y.-H. Yen et al. The pericyte antigen RGSS in perivascular soft
tissue tumors. Hum. Pathol. (2015).

A. Svensson, I. Ozen, G. Genové, G. Paul & J. Bengzon. Endogenous brain pericytes
are widely activated and contribute to mouse glioma microvasculature. PLoS ONE.
10 (2015) e0123553.

M. Berger, G. Bergers, B. Arnold, G. J. Himmerling & R. Ganss. Regulator of G-
protein signaling-5 induction in pericytes coincides with active vessel remodeling
during neovascularization. Blood. 105 (2005) 1094-1101.

C. Arnold, A. Feldner, L. Pfisterer ef al. RGSS5 promotes arterial growth during
arteriogenesis. EMBO Molecular Medicine. 6 (2014) 1075-1089.

J. Hamzah, M. Jugold, F. Kiessling et al. Vascular normalization in Rgs5-deficient
tumours promotes immune destruction. Nature. 453 (2008) 410-414.

V. Holobotovskyy, M. Manzur, M. Tare et al. Regulator of G-protein signaling 5
controls blood pressure homeostasis and vessel wall remodeling. Circ. Res. 112
(2013) 781-791.

V. Nehls, K. Denzer & D. Drenckhahn. Pericyte involvement in capillary sprouting
during angiogenesis in situ. Cell Tissue Res. 270 (1992) 469-474.

P. Dore Duffy, A. Katychev, X. Wang & E. Van Buren. CNS microvascular
pericytes exhibit multipotential stem cell activity. Journal of Cerebral Blood Flow &
Metabolism. 26 (2006) 613-624.

A. Birbrair, T. Zhang, Z.-M. Wang et al. Skeletal muscle pericyte subtypes differ in
their differentiation potential. Stem Cell Res. 10 (2013) 67-84.

V. Nehls & D. Drenckhahn. Heterogeneity of microvascular pericytes for smooth
muscle type alpha-actin. J Cell Biol. 113 (1991) 147-154.

P. Dore Duffy. Isolation and characterization of cerebral microvascular pericytes.
Methods Mol. Med. 89 (2003) 375-382.

M. Vanlandewijck, L. He, M. A. Mée ef al. A molecular atlas of cell types and
zonation in the brain vasculature. Nature. 554 (2018) 475.

A. Zeisel, H. Hochgerner, P. Lonnerberg et al. Molecular Architecture of the Mouse
Nervous System. Cell. 174 (2018) 999-1014.e1022.

Z. Zhao, A. R. Nelson, C. Betsholtz & B. V. Zlokovic. Establishment and
Dysfunction of the Blood-Brain Barrier. Cell. 163 (2015) 1064-1078.

M. Potente, H. Gerhardt & P. Carmeliet. Basic and therapeutic aspects of
angiogenesis. Cell. 146 (2011) 873-887.

77



118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

78

R. Daneman, D. Agalliu, L. Zhou ef al. Wnt/beta-catenin signaling is required for
CNS, but not non-CNS, angiogenesis. Proc. Natl. Acad. Sci. U.S.A. 106 (2009) 641-
646.

S. Liebner, M. Corada, T. Bangsow ef al. Wnt/beta-catenin signaling controls
development of the blood-brain barrier. J Cell Biol. 183 (2008) 409-417.

R. Daneman, L. Zhou, A. A. Kebede & B. A. Barres. Pericytes are required for
blood-brain barrier integrity during embryogenesis. Nature. 468 (2010) 562-566.

N. R. Saunders, R. Daneman, K. M. Dziegielewska & S. A. Liddelow. Transporters
of the blood-brain and blood-CSF interfaces in development and in the adult.
Molecular Aspects of Medicine. 34 (2013) 742-752.

R. D. Bell, E. A. Winkler, A. P. Sagare et al. Pericytes control key neurovascular
functions and neuronal phenotype in the adult brain and during brain aging. Neuron.
68 (2010) 409-427.

A. M. Nikolakopoulou, A. Montagne, K. Kisler et al. Pericyte loss leads to
circulatory failure and pleiotrophin depletion causing neuron loss. Nature
Neuroscience. 22 (2019) 1089-1098.

P. C. Stapor, R. S. Sweat, D. C. Dashti, A. M. Betancourt & W. L. Murfee. Pericyte
dynamics during angiogenesis: new insights from new identities. J. Vasc. Res. 51
(2014) 163-174.

Z. Tahergorabi & M. Khazaei. A review on angiogenesis and its assays. [ran J Basic
Med Sci. 15 (2012) 1110-1126.

C. Ruhrberg, H. Gerhardt, R. Watson ef al. Spatially restricted patterning cues
provided by heparin-binding VEGF-A control blood vessel branching
morphogenesis. Genes & Development. (2002) 2684-2698.

D. Virgintino, F. Girolamo, M. Errede et al. An intimate interplay between
precocious, migrating pericytes and endothelial cells governs human fetal brain
angiogenesis. Angiogenesis. 10 (2007) 35-45.

D. Ribatti, B. Nico & E. Crivellato. The role of pericytes in angiogenesis. Int. J. Dev.
Biol. 55 (2011) 261-268.

H. Gerhardt, M. Golding, M. Fruttiger et al. VEGF guides angiogenic sprouting
utilizing endothelial tip cell filopodia. J Cell Biol. 161 (2003) 1163-1177.

H. C. Nystrom, P. Lindblom, A. Wickman et al. Platelet-derived growth factor B
retention is essential for development of normal structure and function of conduit
vessels and capillaries. Cardiovasc. Res. 71 (2006) 557-565.

A. N. Stratman, K. M. Malotte, R. D. Mahan, M. J. Davis & G. E. Cavis. Pericyte
recruitment during vasculogenic tube assembly stimulates endothelial basement
membrane matrix formation. Blood. 114 (2009) 5091-5101.

A. N. Stratman, A. E. Schwindt, K. M. Malotte & G. E. Davis. Endothelial-derived
PDGF-BB and HB-EGF coordinately regulate pericyte recruitment during
vasculogenic tube assembly and stabilization. Blood. 116 (2010) 4720-4730.

D. von Tell, A. Armulik & C. Betsholtz. Pericytes and vascular stability. Exp. Cell
Res. 312 (2006) 623-629.



134

135

136
137

138

139

140

141

142

143

144

145

146

147

148

149

A. Abramsson, P. Lindblom & C. Betsholtz. Endothelial and nonendothelial sources
of PDGF-B regulate pericyte recruitment and influence vascular pattern formation in
tumors. J. Clin. Invest. 112 (2003) 1142-1151.

A. Gaceb, M. Barbariga, 1. Ozen & G. Paul. The pericyte secretome: Potential impact
on regeneration. Biochimie. (2018).

A. Gaceb & G. Paul. Pericyte Secretome. Adv. Exp. Med. Biol. 1109 (2018) 139-163.

A. Gaceb, 1. Ozen, T. Padel, M. Barbariga & G. Paul. Pericytes secrete pro-
regenerative molecules in response to platelet-derived growth factor-BB. Journal of
Cerebral Blood Flow & Metabolism. 1 (2017) 0271678X1771964.

I. Ozen, J. Boix & G. Paul. Perivascular mesenchymal stem cells in the adult human
brain: a future target for neuroregeneration? Clinical and Translational Medicine. 1
(2012) 30-31.

N. B. Hamilton, D. Attwell & C. N. Hall. Pericyte-mediated regulation of capillary
diameter: a component of neurovascular coupling in health and disease. Front
Neuroenergetics. 2 (2010).

C. M. Peppiatt, C. Howarth, P. Mobbs & D. Attwell. Bidirectional control of CNS
capillary diameter by pericytes. Nature. 443 (2006) 700-704.

M. Yemisci, Y. Gursoy-Ozdemir, A. Vural ef al. Pericyte contraction induced by
oxidative-nitrative stress impairs capillary reflow despite successful opening of an
occluded cerebral artery. Nat. Med. 15 (2009) 1031-1037.

R. A. Hill, L. Tong, P. Yuan et al. Regional Blood Flow in the Normal and Ischemic
Brain Is Controlled by Arteriolar Smooth Muscle Cell Contractility and Not by
Capillary Pericytes. Neuron. (2015) 1-32.

D. Jansson, J. Rustenhoven, S. Feng ef al. A role for human brain pericytes in
neuroinflammation. J Neuroinflammation. 11 (2014) 104-120.

S. Wang, M.-B. Voisin, K. Y. Larbi ez al. Venular basement membranes contain
specific matrix protein low expression regions that act as exit points for emigrating
neutrophils. J Cell Biol. 173 (2006) i11-i11.

M.-B. Voisin, D. Probstl & S. Nourshargh. Venular Basement Membranes
Ubiquitously Express Matrix Protein Low-Expression Regions: Characterization in
Multiple Tissues and Remodeling during Inflammation. The American Journal of
Pathology. 176 (2010) 482-495.

C. Pieper, J. J. Marek, M. Unterberg, T. Schwerdtle & H.-J. Galla. Brain capillary
pericytes contribute to the immune defense in response to cytokines or LPS in vitro.
Brain Res. 1550 (2014) 1-8.

W. E. Thomas. Brain macrophages: on the role of pericytes and perivascular cells.
Brain Res. Brain Res. Rev. 31 (1999) 42-57.

M. Mazl6, B. Gasz, A. Szigeti, A. Zsombok & F. Gallyas. Debris of "dark"
(compacted) neurones are removed from an otherwise undamaged environment
mainly by astrocytes via blood vessels. J. Neurocytol. 33 (2004) 557-567.

A. P. Sagare, R. D. Bell, Z. Zhao et al. Pericyte loss influences Alzheimer-like
neurodegeneration in mice. Nat Commun. 4 (2013) 2932.

79



150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

80

T. Nakagomi, S. Kubo, A. Nakano-Doi ef al. Brain vascular pericytes following
ischemia have multipotential stem cell activity to differentiate into neural and
vascular lineage cells. Stem Cells. 33 (2015) 1962-1974.

R. M. Farahani, S. Rezaei-Lotfi, M. Simonian, M. Xaymardan & N. Hunter. Neural
microvascular pericytes contribute to human adult neurogenesis. Journal of
Comparative Neurology. 527 (2019) 780-796.

N. Guimaraes-Camboa, P. Cattaneo, Y. Sun et al. Pericytes of Multiple Organs Do
Not Behave as Mesenchymal Stem Cells In Vivo. Cell Stem Cell. (2017).

W. Cai, H. Liu, J. Zhao et al. Pericytes in Brain Injury and Repair After Ischemic
Stroke. Translational Stroke Research. 8 (2017) 107-121.

T. Dalkara, L. Alarcon-Martinez & M. Yemisci. Pericytes in Ischemic Stroke in
Pericyte Biology in Disease Vol. 1147 Springer International Publishing (2019) 189-
213.

M. Tagami, A. Kubota, Y. Nara & Y. Yamori. Detailed disease processes of cerebral
pericytes and astrocytes in stroke-prone SHR. Clin Exp Hypertens. (1991) 1069-
1075.

C. N. Hall, C. Reynell, B. Gesslein et al. Capillary pericytes regulate cerebral blood
flow in health and disease. Nature. 508 (2014) 55-60.

M. Kamouchi, T. Kitazono, T. Ago et al. Hydrogen peroxide-induced Ca2+
responses in CNS pericytes. Neurosci. Lett. 416 (2007) 12-16.

F. Fernandez-Klett, J. R. Potas, D. Hilpert et al. Early loss of pericytes and
perivascular stromal cell-induced scar formation after stroke. J. Cereb. Blood Flow
Metab. (2012) 1-12.

E. Gonul, B. Duz, S. Kahraman et al. Early pericyte response to brain hypoxia in
cats: an ultrastructural study. Microvasc. Res. 64 (2002) 116-119.

B. Duz, E. Oztas, T. Erginay, E. Erdogan & E. Gonul. The effect of moderate
hypothermia in acute ischemic stroke on pericyte migration: an ultrastructural study.
Cryobiology. 55 (2007) 279-284.

S. Liu, D. Agalliu, C. Yu & M. Fisher. The role of pericytes in blood-brain barrier
function and stroke. Curr. Pharm. Des. 18 (2012) 3653-3662.

J. Shen, Y. Ishii, G. Xu ef al. PDGFR-&beta; as a positive regulator of tissue repair
in a mouse model of focal cerebral ischemia. 32 (2011) 353-367.

R. Villasefior, B. Kuennecke, L. Ozmen et al. Region-specific permeability of the
blood-brain barrier upon pericyte loss. J. Cereb. Blood Flow Metab. 37 (2017) 3683-
3694.

J. Shen, G. Xu, R. Zhu ef al. PDGFR- restores blood-brain barrier functions in a
mouse model of focal cerebral ischemia. J. Cereb. Blood Flow Metab. (2018)
271678X18769515.

J. Shen, Y. Ishii, G. Xu et al. PDGFR-B as a positive regulator of tissue repair in a
mouse model of focal cerebral ischemia. J. Cereb. Blood Flow Metab. 32 (2012)
353-367.



166

167

168

169

170

171

172

173

174

175

176

177

178

179

180

S. Gurnik, K. Devraj, J. Macas et al. Angiopoietin-2-induced blood-brain barrier
compromise and increased stroke size are rescued by VE-PTP-dependent restoration
of Tie2 signaling. 131 (2016) 753-773.

Y. Wang, E. Kilic, U. Kilic ef al. VEGF overexpression induces post-ischaemic
neuroprotection, but facilitates haemodynamic steal phenomena. Brain. 128 (2005)
52-63.

Y. Bai, X. Zhu, J. Chao et al. Pericytes contribute to the disruption of the cerebral
endothelial barrier via increasing VEGF expression: implications for stroke. PLoS
ONE. 10 (2015) e0124362.

Y. S. Park, N. H. Kim & 1. Jo. Hypoxia and vascular endothelial growth factor
acutely up-regulate angiopoietin-1 and Tie2 mRNA in bovine retinal pericytes.
Microvasc. Res. 65 (2003) 125-131.

H. J. Marti, M. Bernaudin, A. Bellail et al. Hypoxia-induced vascular endothelial
growth factor expression precedes neovascularization after cerebral ischemia. The
American Journal of Pathology. 156 (2000) 965-976.

T. Hayashi, N. Noshita, T. Sugawara & P. H. Chan. Temporal profile of angiogenesis
and expression of related genes in the brain after ischemia. Journal of Cerebral
Blood Flow & Metabolism. 23 (2003) 166-180.

K. Tihara, M. Sasahara, N. Hashimoto & F. Hazama. Induction of platelet-derived

growth factor beta-receptor in focal ischemia of rat brain. Journal of Cerebral Blood
Flow & Metabolism. 16 (1996) 941-949.

T.A.M.K.K.N. K. I. J. K. H. S. H. O. T. S. Koichi Arimura & T. Kitazono. PDGF
Receptor  Signaling in Pericytes Following Ischemic Brain Injury. Current
Neurovascular Research. 9 (2012) 1-9.

O. Renner, A. Tsimpas, S. Kostin et al. Time- and cell type-specific induction of
platelet-derived growth factor receptor-beta during cerebral ischemia. Brain Res.
Mol. Brain Res. 113 (2003) 44-51.

N. Makihara, K. Arimura, T. Ago ef al. Involvement of platelet-derived growth
factor receptor B in fibrosis through extracellular matrix protein production after
ischemic stroke. Exp. Neurol. 264C (2014) 127-134.

S.-L. Lin, T. Kisseleva, D. A. Brenner & J. S. Duffield. Pericytes and Perivascular
Fibroblasts Are the Primary Source of Collagen-Producing Cells in Obstructive
Fibrosis of the Kidney. The American Journal of Pathology. 173 (2008) 1617-1627.
B. D. Humphreys, S.-L. Lin, A. Kobayashi et al. Fate Tracing Reveals the Pericyte
and Not Epithelial Origin of Myofibroblasts in Kidney Fibrosis. The American
Journal of Pathology. 176 (2010) 85-97.

C. Goritz, D. O. Dias, N. Tomilin et al. A pericyte origin of spinal cord scar tissue.
Science. 333 (2011) 238-242.

Z. C. Hesp, R. Y. Yoseph, R. Suzuki et al. Proliferating NG2 cell-dependent
angiogenesis and scar formation alter axon growth and functional recovery after
spinal cord injury in mice. J. Neurosci. (2017) 3953-3916.

G. A. Gundersen, G. F. Vindedal, O. Skare & E. A. Nagelhus. Evidence that
pericytes regulate aquaporin-4 polarization in mouse cortical astrocytes. Brain Struct
Funct. 219 (2014) 2181-2186.

81



181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

82

B. Jeynes. Reactions of granular pericytes in a rabbit cerebrovascular ischemia
model. Stroke. 16 (1985) 121-125.

G. Llovera, S. Roth, N. Plesnila, R. Veltkamp & A. Liesz. Modeling stroke in mice:
permanent coagulation of the distal middle cerebral artery. J Vis Exp. (2014)
€51729-e51729.

D. Bonkowski, V. Katyshev, R. D. Balabanov, A. Borisov & P. Dore Duffy. The
CNS microvascular pericyte: pericyte-astrocyte crosstalk in the regulation of tissue
survival. Fluids and Barriers of the CNS. 8 (2011) 8.

M. J. Haley & C. B. Lawrence. The blood-brain barrier after stroke: Structural
studies and the role of transcytotic vesicles. Journal of Cerebral Blood Flow &
Metabolism. 37 (2016) 456-470.

C. J. Sommer. Ischemic stroke: experimental models and reality. 133 (2017) 245-
261.

S. T. Carmichael. Rodent models of focal stroke: size, mechanism, and purpose.
NeuroRx. 2 (2005) 396-409.

M. Balkaya, J. M. Krdber, A. Rex & M. Endres. Assessing post-stroke behavior in
mouse models of focal ischemia. J. Cereb. Blood Flow Metab. 33 (2013) 330-338.

R. Carlsson, I. Ozen, M. Barbariga et al. STAT3 precedes HIF 1o transcriptional
responses to oxygen and oxygen and glucose deprivation in human brain pericytes.
PLoS ONE. 13 (2018) e0194146.

L. Duan, X.-D. Zhang, W.-Y. Miao ef al. PDGFRbeta Cells Rapidly Relay
Inflammatory Signal from the Circulatory System to Neurons via Chemokine CCL2.
Neuron. (2018) 1-27.

J.-M. Daniel, A. Prock, J. Dutzmann et al. Regulator of G-Protein Signaling 5
Prevents Smooth Muscle Cell Proliferation and Attenuates Neointima
FormationSignificance. Arterioscler Thromb Vasc Biol. 36 (2016) 317-327.

J. J. Gunaje, A. J. Bahrami, S. M. Schwartz, G. Daum & W. M. Mahoney. PDGF-
dependent regulation of regulator of G protein signaling-5 expression and vascular
smooth muscle cell functionality. American Journal of Physiology - Cell Physiology.
301 (2011) C478-C489.

D. Knowland, A. Arac, K. J. Sekiguchi et al. Stepwise recruitment of transcellular
and paracellular pathways underlies blood-brain barrier breakdown in stroke.
Neuron. 82 (2014) 603-617.

H. Jiao, Z. Wang, Y. Liu, P. Wang & Y. Xue. Specific role of tight junction proteins
claudin-5, occludin, and ZO-1 of the blood-brain barrier in a focal cerebral ischemic
insult. J. Mol. Neurosci. 44 (2011) 130-139.

T. Kago, N. Takagi, I. Date et al. Cerebral ischemia enhances tyrosine
phosphorylation of occludin in brain capillaries. Biochem. Biophys. Res. Commun.
339 (2006) 1197-1203.

K. S. Mark & T. P. Davis. Cerebral microvascular changes in permeability and tight
junctions induced by hypoxia-reoxygenation. Am. J. Physiol. Heart Circ. Physiol.
282 (2002) H1485-1494.



196

197

198

199

200

201

202

203

204

205

206

207

208

209

T. Koto, K. Takubo, S. Ishida et al. Hypoxia disrupts the barrier function of neural
blood vessels through changes in the expression of claudin-5 in endothelial cells. The
American Journal of Pathology. 170 (2007) 1389-1397.

B. Chelluboina, J. D. Klopfenstein, D. M. Pinson et al. Matrix Metalloproteinase-12
Induces Blood-Brain Barrier Damage After Focal Cerebral Ischemia. Stroke. 46
(2015) 3523-3531.

S. Hori, S. Ohtsuki, K. i. Hosoya, E. Nakashima & T. Terasaki. A pericyte-derived
angiopoietin-1 multimeric complex induces occludin gene expression in brain
capillary endothelial cells through Tie-2 activation in vitro. J. Neurochem. 89 (2004)
503-513.

E. A. Winkler, J. D. Sengillo, R. D. Bell, J. Wang & B. V. Zlokovic. Blood—Spinal
Cord Barrier Pericyte Reductions Contribute to Increased Capillary Permeability.
Journal of Cerebral Blood Flow & Metabolism. 32 (2012) 1841-1852.

R. Muramatsu, M. Kuroda, K. Matoba et al. Prostacyclin Prevents Pericyte Loss and
Demyelination Induced by Lysophosphatidylcholine in the Central Nervous System.
J. Biol. Chem. (2015) jbc.M114.587253.

D. Y. Park, J. Lee, J. Kim et al. Plastic roles of pericytes in the blood-retinal barrier.
Nat Commun. 8 (2017) 15296.

H. Zhang, J. H. Park, S. Maharjan et al. Sac-1004, a vascular leakage blocker,
reduces cerebral ischemia-reperfusion injury by suppressing blood-brain barrier
disruption and inflammation. J Neuroinflammation. 14 (2017) 122.

V. Agrawal, S. Maharjan, K. Kim et al. Direct endothelial junction restoration results
in significant tumor vascular normalization and metastasis inhibition in mice.
Oncotarget. 5 (2014) 2761-2777.

A. Zechariah, A. ElAli, T. R. Doeppner et al. Vascular Endothelial Growth Factor
Promotes Pericyte Coverage of Brain Capillaries, Improves Cerebral Blood Flow
During Subsequent Focal Cerebral Ischemia, and Preserves the Metabolic Penumbra.
Stroke. 44 (2013) 1690-1697.

A. Zechariah, A. El1Ali, N. Hagemann et al. Hyperlipidemia Attenuates Vascular
Endothelial Growth Factor—Induced Angiogenesis, Impairs Cerebral Blood Flow,
and Disturbs Stroke Recovery via Decreased Pericyte Coverage of Brain Endothelial
Cells. Arterioscler Thromb Vasc Biol. 33 (2013) 1561-1567.

A. Nishimura, T. Ago, J. Kuroda et al. Detrimental role of pericyte Nox4 in the acute
phase of brain ischemia. Journal of Cerebral Blood Flow & Metabolism. 36 (2015)
1143-1154.

R. G. Underly, M. Levy, D. A. Hartmann et al. Pericytes as Inducers of Rapid,
Matrix Metalloproteinase-9-Dependent Capillary Damage during Ischemia. J.
Neurosci. 37 (2017) 129-140.

M. W. Halterman, C. C. Miller & H. J. Federoff. Hypoxia-inducible factor-1alpha
mediates hypoxia-induced delayed neuronal death that involves p53. J. Neurosci. 19
(1999) 6818-6824.

R. Brouns, A. Wauters, D. De Surgeloose, P. Marién & P. P. De Deyn. Biochemical
markers for blood-brain barrier dysfunction in acute ischemic stroke correlate with
evolution and outcome. Eur. Neurol. 65 (2011) 23-31.

83



210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

225

84

K. Ishitsuka, T. Ago, K. Arimura ef al. Neurotrophin production in brain pericytes
during hypoxia: a role of pericytes for neuroprotection. Microvasc. Res. 83 (2012)
352-359.

A. Montagne, S. R. Barnes, M. D. Sweeney ef al. Blood-brain barrier breakdown in
the aging human hippocampus. Neuron. 85 (2015) 296-302.

E. C. Watson, M. N. Koenig, Z. L. Grant et al. Apoptosis regulates endothelial cell
number and capillary vessel diameter but not vessel regression during retinal
angiogenesis. Development. 143 (2016) 2973-2982.

D. C. Darland, L. J. Massingham, S. R. Smith et al. Pericyte production of cell-
associated VEGF is differentiation-dependent and is associated with endothelial
survival. Dev. Biol. 264 (2003) 275-288.

K. Hayashi, S. Nakao, R. Nakaoke ef al. Effects of hypoxia on endothelial/pericytic
co-culture model of the blood-brain barrier. Regul. Pept. 123 (2004) 77-83.

A. Armulik, A. Abramsson & C. Betsholtz. Endothelial/pericyte interactions. Circ.
Res. 97 (2005) 512-523.

M. Franco, P. Roswall, E. Cortez, D. Hanahan & K. Pietras. Pericytes promote
endothelial cell survival through induction of autocrine VEGF-A signaling and Bcl-w
expression. Blood. 118 (2011) 2906-2917.

R. Erber, A. Thurnher, A. D. Katsen et al. Combined inhibition of VEGF and PDGF
signaling enforces tumor vessel regression by interfering with pericyte-mediated
endothelial cell survival mechanisms. FASEB J. 18 (2004) 338-340.

M. L. Allende & R. L. Proia. Sphingosine-1-phosphate receptors and the
development of the vascular system. Biochim. Biophys. Acta. 1582 (2002) 222-227.

H. T. Yuan, E. V. Khankin, S. A. Karumanchi & S. M. Parikh. Angiopoietin 2 is a
partial agonist/antagonist of Tie2 signaling in the endothelium. Molecular and
Cellular Biology. 29 (2009) 2011-2022.

P. C. Colorado, A. Torre, G. Kamphaus et al. Anti-angiogenic cues from vascular
basement membrane collagen. Cancer Res. 60 (2000) 2520-2526.

T. M. Mundel & R. Kalluri. Type IV collagen-derived angiogenesis inhibitors.
Microvasc. Res. 74 (2007) 85-89.

F. Lebrin, S. Srun, K. Raymond et al. Thalidomide stimulates vessel maturation and
reduces epistaxis in individuals with hereditary hemorrhagic telangiectasia. Nat.
Med. 16 (2010) 420-428.

W. Zhu, W. Chen, D. Zou et al. Thalidomide Reduces Hemorrhage of Brain
Arteriovenous Malformations in a Mouse Model. Stroke. (2018)
STROKEAHA.117.020356.

A. Dar, H. Domev, O. Ben-Yosef ef al. Multipotent vasculogenic pericytes from
human pluripotent stem cells promote recovery of murine ischemic limb.
Circulation. 125 (2012) 87-99.

W. M. Mahoney Jr, J. Gunaje, G. Daum, X. R. Dong & M. W. Majesky. Regulator of
G-Protein Signaling — 5 (RGSS5) Is a Novel Repressor of Hedgehog Signaling. PLoS
ONE. 8 (2013) e61421.



226

227

228

229

230

231

232

233

234

235

236

237

238

239

240

241

Q. Yao, M.-A. Renault, C. Chapouly ef al. Sonic hedgehog mediates a novel pathway
of PDGF-BB-dependent vessel maturation. Blood. 123 (2014) 2429-2437.

J. Veevers-Lowe, S. G. Ball, A. Shuttleworth & C. M. Kielty. Mesenchymal stem
cell migration is regulated by fibronectin through a5p1-integrin-mediated activation
of PDGFR-f and potentiation of growth factor signals. J. Cell. Sci. 124 (2011) 1288-
1300.

M. D. Tallquist, W. J. French & P. Soriano. Additive Effects of PDGF Receptor f3
Signaling Pathways in Vascular Smooth Muscle Cell Development. PLoS Biol. 1
(2003) e52.

P. Kocabayoglu, A. Lade, Y. A. Lee et al. B-PDGF receptor expressed by hepatic
stellate cells regulates fibrosis in murine liver injury, but not carcinogenesis. Journal
of Hepatology. 63 (2015) 141-147.

P. Rajendran, T. Rengarajan, J. Thangavel et al. The vascular endothelium and
human diseases. Int. J. Biol. Sci. 9 (2013) 1057-1069.

D. O. Dias, H. Kim, D. Holl et al. Reducing Pericyte-Derived Scarring Promotes
Recovery after Spinal Cord Injury. Cell. (2018) 1-36.

V. S. LeBleu, G. Taduri, J. O'Connell et al. Origin and function of myofibroblasts in
kidney fibrosis. Nat. Med. 19 (2013) 1047-1053.

Y. Komuta, X. Teng, H. Yanagisawa et al. Expression of Transforming Growth
Factor-B Receptors in Meningeal Fibroblasts of the Injured Mouse Brain. Cell Mol
Neurobiol. 30 (2009) 101-111.

C. Soderblom, X. Luo, E. Blumenthal et al. Perivascular Fibroblasts Form the
Fibrotic Scar after Contusive Spinal Cord Injury. J. Neurosci. 33 (2013) 13882-
13887.

K. K. Kelly, A. M. MacPherson, H. Grewal et al. Collal+ perivascular cells in the
brain are a source of retinoic acid following stroke. BMC Neuroscience 2016 17:1.

17 (2016) 49.

T.-R. Riew, J.-H. Choi, H. L. Kim, X. Jin & M.-Y. Lee. PDGFR-B-Positive
Perivascular Adventitial Cells Expressing Nestin Contribute to Fibrotic Scar
Formation in the Striatum of 3-NP Intoxicated Rats. Front. Mol. Neurosci. 11 (2018).
A. J. Bahrami, J. J. Gunaje, B. J. Hayes et al. Regulator of G-Protein Signaling-5 Is a
Marker of Hepatic Stellate Cells and Expression Mediates Response to Liver Injury.
PLoS ONE. 9 (2014) e108505.

H. Li, C. He, J. Feng et al. Regulator of G protein signaling 5 protects against cardiac
hypertrophy and fibrosis during biomechanical stress of pressure overload. Proc.
Natl. Acad. Sci. U.S.A. 107 (2010) 13818-13823.

M. Bertossi, F. Girolamo, M. Errede, D. Virgintino & L. Roncali. Effects of 6-
aminonicotinamide gliotoxin on blood-brain barrier differentiation in the chick
embryo cerebellum. Anat. Embryol. 207 (2003) 209-219.

M. V. Sofroniew. Astrocyte barriers to neurotoxic inflammation. Nature Reviews
Neuroscience. 16 (2015) 249-263.

M. V. Sofroniew. Molecular dissection of reactive astrogliosis and glial scar
formation. Trends Neurosci. 32 (2009) 638-647.

85



242 C. Schachtrup, J. K. Ryu, M. J. Helmrick ef al. Fibrinogen triggers astrocyte scar
formation by promoting the availability of active TGF-beta after vascular damage. J.
Neurosci. 30 (2010) 5843-5854.

243 R.J. McKeon, R. C. Schreiber, J. S. Rudge & J. Silver. Reduction of neurite
outgrowth in a model of glial scarring following CNS injury is correlated with the

expression of inhibitory molecules on reactive astrocytes. J. Neurosci. 11 (1991)
3398-3411.

86



I think

I'm quite ready
for another
adventure.

- Bilbo Baggins



LUND

UNIVERSITY

About the Author

Michaela Roth studied Biology at
the University in Basel (Switzerland)
and received a Masters's degree in
Molecular Biology. She started her PhD in
Neuroscience at Lund University within the
Translational Neurology Group in 2015.
Her work centered on elucidating the role
of pericytes and the impact of RGS5 loss
on pericyte response after stroke.

On 25th October 2019, Michaela Roth will defend her PhD
thesis entitled "Functions of Pericytes in Ischemic Stroke” in
Segerfalksalen, Wallenberg Neuroscience Center, Lund University.

w ¢ X

e

Translational Neurology
Department of Clinical Science Lund

FACULTY OF Lund University, Faculty of Medicine
MEDICINE Doctoral Dissertation Series 2019:99

ISBN 978-91-7619-828-5
ISSN 1652-8220

Printed by Media-Tryck, Lund 2019 % NORDIC SWAN ECOLABEL 3041 0903

789176

i
9



