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Abstract

Arteriovenous malformation (AVM) is a disease where the typical connections between
arteries and veins are abnormal and enlarged, so blood flows more directly from arteries to veins.
These enlarged vessels have compromised integrity and are very susceptible to rupture. Though
it only affects 0.01% of the population, AVM accounts for 2% of all strokes. AVM can also
cause other issues such as aneurism, migraines, and seizures. Treatments for AVM are limited, in
part because of a lack of understanding about how the disease occurs and progresses. This thesis
uses a mouse model of AVM that manipulates an important developmental signaling pathway to
produce AVM-like abnormal arteriovenous connections. Using such disease models, we can

advance our understanding of AVM and of potential treatments for AVM.

Astrocytes are cells in the brain that contribute to tissue homeostasis and the blood-brain
barrier. When the brain sustains damage or disease, astrocytes undergo changes to react and
respond to the injury. These are known as reactive astrocytes. These astrocytes can respond in a
myriad of ways. There is currently very little research on astrocytes in brain AVM. Astrocytes
play such a vital role in brain homeostasis and repair processes that it would be very clinically
relevant to understand how AVM affects them. In this thesis, I sought to determine whether
astrocytes are reactive in the mouse model of AVM by testing hypertrophy and proliferation, two
characteristics of reactive astrocytes. I also assessed levels of glial fibrillary acidic protein
(GFAP) through measuring microscope image area, protein expression, and transcript expression
in astrocytes. I also tested for changes in other transcripts that could provide evidence in support
of astrocyte reactivity. Astrocyte hypertrophy and proliferation increased in the AVM mutant, as
compared to controls, suggesting that astrocytes became reactive during AVM pathogenesis.

Cortical and cerebellar tissue area with GFAP-positive astrocytes trended toward increased area;



however, this analysis needs higher sample size to be able to draw statistical and biological
conclusions. Toward understanding molecular changes to AVM-mutant astrocytes, I isolated an
enriched astrocyte population from early postnatal mouse brain. Using these isolated cells, I
initiated experiments to assess select transcript levels from control and mutant samples.
Preliminary data showed successful amplification of products from Gfap, f-actin, AldhIL1, and
(3 transcripts. These experiments will accelerate our ability to determine gene expression
changes in AVM mutant astrocytes, as compared to controls. The work described in this thesis
represents a new avenue of brain AVM research in our lab and in the field, to understand

consequences to astrocytes during brain AVM.
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INTRODUCTION

Arteriovenous Malformation

The circulatory system delivers nutrients and oxygen to all tissues within the body through
blood circulating in vessels. Arteries are the vessels that carry oxygen-rich blood away from the
heart and to the tissues of the body, and veins are the vessels that carry the blood back to the
heart, once oxygen and carbon dioxide have been exchanged in tissues. Arteries and veins are
connected by a network of thin vessels known as capillaries. Capillaries are where exchange of
oxygen, carbon dioxide, and nutrients take place. Brain vasculature requires special
reinforcement to ensure that pathogens and toxins from the blood do not damage brain tissue.
Such protective specializations comprise the Blood-Brain Barrier (BBB), which is made up of
multiple cells that insulate and support proper exchange between the blood and surrounding
tissue. This specialized vasculature in the brain is just one example of organ-specific vascular

diversity in the body.

Normal AVM

Artery supplying
oxygen-rich blood
from heart to brain

In an AVM, blood passes
quickly from artery to vein,
bypassing the normal

capillary network

S
'Vein carrying

Healthy capillaries
oxygen-depleted

slowly deliver oxygen
to surrounding tissues blood away

from brain

Figure 1. Diagram of normal vascular structure compared to that in AVM (Brain AVM
(arteriovenous malformation) - Symptoms and causes)
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Improper organization of blood vessels can disrupt vascular homeostasis. Arteriovenous

malformation (AVM) occurs when the connections between arteries and veins are abnormal

(Figure 1). The typically small capillaries are replaced by larger vessels that make a direct

connection. This connection causes blood to flow with high pressure and low resistance, which

leads to dilated, weakened vessels and likely insufficient gas exchange. These abnormal

connections are also prone to forming a tangled mass, known as a nidus (Figure 2). Brain AVM

is particularly dangerous, as dilated vessels may rupture, and disrupted blood flow may restrict

oxygen delivery to adjacent tissue, leading to neurological deficits.

Left carotid

:
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Figure 2. AVM shown on an angiogram (Brain AVM (arteriovenous malformation) -
Diagnosis and treatment - Mayo Clinic)

AVM in Humans

Brain AVM is a rare human disease whose underlying causes are not well understood. It is

estimated that brain AVM affects about 0.01% of the general population, but it is difficult to get

an accurate number of cases because it is often asymptomatic (Friedlander, 2007). AVM is also

almost always sporadic, but there are several known genetic mutations that cause AVM,
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including germline mutations that lead to Hereditary Hemorrhagic Telangiectasia (HHT). HHT is
caused by an autosomal dominant mutation in genes involved in the TGF-$ developmental
signaling pathway (Guttmacher et al., 1995). HHT is characterized by frequent nosebleeds,
abnormal blood vessels of the skin, and AVMs on major organs (Park et al., 2009). Animals
models of HHT have suggested that the mutation creates a predisposition for vascular
abnormalities, but AVMs are more likely to form when there is vascular injury or a somatic
mutation — a “second hit” (Park et al., 2009). Thus, an AVM could result from an irregularity in
the vascular repair mechanism. While AVM can occur anywhere in the body, my thesis focuses

on AVM within the brain.

There are several clinical signs and symptoms of brain AVM, and these include impairment
to cerebral blood vessels and to surrounding brain tissue. Between 42% and 72% of AVMs will
hemorrhage, possibly leading to hemorrhagic stroke, and brain AVMs account for 2% of all
strokes (Friedlander, 2007). Microhemorrhages, or leakage from blood vessels, can also occur
but often go undetected (Abla et al., 2015). Other signs of brain AVM include seizures,
migraines, and neurological deficits (Friedlander, 2007). There is currently debate on how AVM
can cause neurological deficits. Since a nidus and/or AV shunt may displace a network of
capillaries, cerebral blood flow does not cover the same surface area that a healthy vascular
network would. One proposed mechanism, vascular steal, states that there could be areas of
tissue that do not receive enough blood to function properly, because an AVM diverts flow
elsewhere (Mast Henning et al., 1995). Another proposed mechanism is that the enlarged vessel
connection or nidus compresses surrounding brain tissue, impairing proper neural function
(Sheth and Bodensteiner, 1995). A third possibility is that blood is flowing at such high pressure

through an AVM that gas and nutrient exchange is unable to take place, leading to hypoxia in



surrounding tissue (Friedlander, 2007). It is also possible that the symptoms and deficits are
caused by a combination of the three proposed effects. Patients can present with any level of any
of the symptoms associated with AVM, so there is a range of severity and symptoms associated

with this vascular abnormality.

Treatment/Management

TABLE 1: Spetzler-Martin Grading Scale for AVMs.

Characteristic Number of points assigned
Size of AVM
Small (<3 cm) 1 point
Medium (3-6 cm) 2 points
Large (>6 cm) 3 points
Location
Noneloquent site 0 points
Eloquent site” 1 point
Pattern of venous drainage
Superficial only 0 points
Deep component 1 point

*Sensorimotor, language, visual cortex, hypothalamus, thalamus, internal
capsule, brain stem, cerebellar peduncles, or cerebellar nuclei.

Figure 3. Spetzler-Martin Grading Scale for AVM (Ajiboye et al., 2014)

Diagnostic tools and treatment options for brain AVM are limited. When asymptomatic,
AVM often go undetected. When symptoms are shown, imaging techniques are often used to
visualize vascular abnormalities, which can help identify the size and location of the brain AVM.

Once a patient has been diagnosed with AVM, treatment usually one of two options —



management of symptoms or invasive surgical methods. In severe cases, when the malformation
is at a high risk of hemorrhage, surgical resection, radiosurgery, and embolization are options for
treatment (Mohr et al., 2014). The risk of hemorrhage increases with increasing patient age,
AVM depth in the brain, and draining vein depth (Stapf et al., 2006). There is also a grading
system for brain AVM to describe the severity of the abnormality and likely treatment outcome
(Figure 3). This system is on a scale of [-V, I being the least severe and V being the most. This
scale takes into consideration size of AVM, severity of the deficit if the brain region is damaged,
and depth of venous drainage (Spetzler and Martin, 1986). As the grade increases, the risk
associated with surgical intervention increases. The scale is meant to be used by physicians to
help determine whether an invasive approach is appropriate for a given patient. One clinical trial
has shown, however, that the risk associated with interventional therapy for brain AVM
outweighs the risk of hemorrhage in any circumstance (Mohr, 2015). Another longitudinal
clinical trial is currently underway, to validate or refute this finding (Teo et al., 2015). The care
team of a patient with brain AVM, which can include general practice physicians,
neurosurgeons, neurologists, neuroradiologists, psychologists, and other specialists, must balance
the risk of hemorrhage with the risk of deficits or damage involved in invasive intervention

based on their own experience and current research.

Notch Signaling

The Notch signaling pathway is a highly conserved juxtacrine signaling pathway. In mammals,
there are four Notch receptors, NOTCHI1, NOTCH2, NOTCH3, and NOTCH 4 (Gridley, 2010).
These receptors interact with transmembrane protein ligands JAG1, JAG2, DLL1, DLL3, and

DLL4. When the Notch ligand and receptor interact, two cleavages occur, first by TACE, also
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known as ADAM17, which releases Notch extracellular domain (NECD) and second by v-
secretase, which releases the Notch intracellular domain (NICD) to the cytosol. NICD is
transported to the nucleus, where it forms a complex with several transcription factors, including
Recombination signal Binding Protein for immunoglobulin kappa J (Rbpj). In endothelial cells,
the cells that line blood vessel walls, this complex initiates transcription of several downstream
target genes, including ephrinB2, Neuropilinl, DII4, Hes1, and CXCR4, which indicate that the

cells are taking on an arterial identity (Gridley, 2010) (Figure 4).
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Figure 4. Molecular mechanism of Notch signaling pathway.

While there are several pathways that play a role in angiogenesis, or the development of
new blood vessels from existing vasculature, the VEGF and Notch signaling pathways are some
of the most studied (Udan et al., 2013). The Notch signaling pathway plays a role in formation of
tip cells (Lawson et al., 2001). Tip cells are cells at the end of sprouts from existing vessels that
sense the environment to guide growth and formation of new capillary beds (Gridley, 2010). The
importance of Notch in arterial/venous differentiation and evidence from human brain AVM
samples that show an increased expression of Notch signaling molecules indicate that abnormal

Notch signaling may play a role in AVM (ZhuGe et al., 2009). It has been shown experimentally
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in mice that both blockade or activation of Notch signaling can cause abnormal arteriovenous
connections that resemble AVM (Krebs et al., 2004; Murphy et al., 2008). The transcription
factor Rbpj complexes with the NICD to activate transcription and is essential for the
downstream genes to be expressed (Yamamizu et al., 2010). The gene for this transcription
factor, Rbpyj, is the target for mutagenesis in a mouse model of brain AVM. Induced deletion of
Rbpj in endothelial cells at birth causes vascular abnormalities characteristic of AVM to develop
(Nielsen et al., 2014) (Figure 5 A-B). As I am interested in understanding how changes in Notch
signaling influence AVM formation, I am using this induced endothelial deletion of Rbpj as the

mouse model of AVM in my thesis.

AVM Mouse Model

Deletion of Rbpj in mouse endothelial cells is carried out using an inducible Cre-loxP
system (Figure 5). Part of the Rbpj gene is flanked by loxP sites. The loxP sites are recognized
by a Cre recombinase protein, and the flanked genetic sequence is excised. To have temporal
control over when Rbpj is deleted, we use a modified Cre that is fused to a mutated estrogen
receptor (CreER"?). When tamoxifen, a synthetic ligand to the estrogen receptor, is administered,
CreER™ is released from sequestration in the cytoplasm and can reach nuclei where it will act as
a recombinase protein. This AVM model is also tissue specific because CreER'? is controlled by
a Cdh5 promoter. Cdh) is exclusively expressed in endothelial cells, so Rbpj is deleted in
endothelial cells. Mutant mice in this model of AVM have the genotype Cdh5-CreER™; Rbpj™/,
and control mice will be Cdh5-CreER™, Rbpj**(Figure 5 C). Both control and mutant mice
received tamoxifen injections at postnatal day (P) 1 and P2 to ensure that the recombinase

protein and tamoxifen are not confounding variables (Nielsen et al., 2014).
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Figure 5. CreER™-dependent, endothelial Rbpj-deficient model of AVM. (a)
Image depicting capillary network of Cdh5-CreER™; Rbpj**Control mouse
brain (Adapted from Nielsen et al., 2014). (b) Abnormal arteriovenous
connection in Cdh5-CreER™; Rbp/** mutant mouse brain. (c) CreER™-
dependent endothelial Rbpj deletion mouse model mating scheme (Selhorst,
2019).
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Neurovascular Unit

The neurovascular unit is a multicellular structure in the brain that provides insulation
and support to microvessels; it is made up of endothelial cells, pericytes, and astrocytes
(Hawkins and Davis, 2005) (Figure 6). There is cooperation and communication between cell
types within the neurovascular unit. These interactions are vital to proper brain development, to
blood-brain barrier function, and to repair after injury (Bell et al., 2020). For example,
communication between glial progenitors and blood vessels play a role in astrocyte
differentiation and communication between endothelial cells and astrocytes plays a role in proper
angiogenesis (Ma et al., 2012; Zerlin and Goldman, 1997). There is also evidence of
communication from neurons to endothelial cells, which promotes revascularization in cases of

ischemia, and communication from endothelial cells to neural stem cells, which regulates their

Neuron
“f & T
| ericyte
| B \ |
Oligodendrocyte ' Endothelium
l Basement
f ' membrane
Microglia
Astrocyte > .

Figure 6. Neurovascular Unit Diagram (Nelson et al., 2016)
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growth (Sato et al., 2017; Wei et al., 2015). Xi et al., (2015) observed that neural migration could
be guided by vasculature in the cerebellum. There is even evidence of Notch signaling between
endothelial cells and astrocytes that upregulates GLT-1, a transporter that is important to
glutamate homeostasis (Lee et al., 2017). With the cells of the neurovascular unit in such close
association and evidence of intercommunication in repair mechanisms, it is important to consider

how manipulation of one cell type could affect the others.

Astrocytes

Astrocytes are known to provide support to neurons, but they also provide significant aid
to brain vasculature. Astrocytes are vital to insulation of the neurovascular unit and play
important roles in development and regulation of blood vessels in the brain. Specifically,
astrocytes are required for proper microvessel growth. Major blood vessels are present in the
brain before astrogliogenesis and there is evidence that endothelial cell signaling is necessary for
glial precursor cells to differentiate into astrocytes (Imura et al., 2008). Once astrocytes are
present, however, they are important for formation of vessel branches and connections. When
normal astrocyte function is suppressed in mice, vessel sprouting is unstable, so proper
capillaries cannot form from existing vessels (Ma et al., 2012). Astrocytes also are involved in
regulating dilation of vessels in response to oxygen demand from nervous tissue (Koehler et al.,
2006). There is a great deal of cooperation between astrocytes and blood vessels; astrocytes play
a significant role in the neurovascular unit and contribute to support and development of brain
vasculature. The endfeet of astrocyte projections also surround microvessels and provide some
barrier function at this level. This is known as the glia limitans. However, the role of astrocytes

and/or the consequences to astrocytes in brain AVM are not understood.
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There are several different types of astrocytes throughout the brain that serve varying
roles based on the needs of the surrounding nervous tissue. Fibrous astrocytes contain longer,
straighter processes and are present in white matter. Fibrous astrocytes also associate with
capillaries to form the glial limiting membrane and with nodes of Ranvier on the axon (Kim et
al., 2019; Oberheim et al., 2012; Tabata, 2015) (Figure 7A). Protoplasmic astrocytes are present
in gray matter and have long, complex branches of processes which form glia limitans and

ensheath synapses (Kim et al., 2019; Tabata, 2015) (Figure 7B).

Protoplasmic astrocytes
Fibrous astrocytes

Presynaptic

Astrocytes terminal

Blood
vessel
Blood

Astrocytes

Postsynaptic

Node of Ranvier Oligodendrocyte dendrite

White Matter Gray Matter

Figure 7. Diagram of fibrous and protoplasmic astrocytes. (a) Fibrous astrocytes are in the
white matter and associate with axons and capillary blood vessels. (b) Protoplasmic astrocytes
in the gray matter associate with capillary blood vessels and synapses. (adapted from Kim et al.,
2019)

In the cerebellum specifically, there are unique astrocytes in the molecular and granule
layer. In the molecular layer, there are Bergmann glia (Figure 8). Bergmann glia are a form of

semi-radial, unipolar protoplasmic astrocytes with long projections that wrap Purkinje cell
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dendrites (Yamada and Watanabe, 2002). In the granule layer, there are velate astrocytes (Figure
8). Velate astrocytes are a type of protoplasmic astrocyte that surround granule cell neurons

(Stevens and Muthukumar, 2016).

Molecular Layer

Granule Layer

Bergmann glia Velate astrocytes

Molecular Layer Granule Layer

Figure 8. Astrocytes in the cerebellum. (a) GFAP stained image of cerebellum with molecular
and granule layers labeled. (b) Diagram depicting astrocytes of the molecular and granular layer
and the neural cells they associate with (adapted from Stevens and Muthukumar, 2016).

Reactive Astrogliosis in Disease and Injury

Reactive astrogliosis occurs when glial cell homeostasis changes, in response to injury in
the brain — either traumatic brain injury or neurological/neurodegenerative disease. While there
are varying reports of how to define reactive astrocytes, in terms of morphological and molecular
alterations, there are several defining attributes of a reactive astrocyte. Reactive astrocytes tend
to undergo 1) proliferation, or cell division; 2) hypertrophy, or an increase in the diameter of the
cell body and processes; 3) increased expression of glial fibrillary acidic protein (GFAP); and 4)
polarization, where processes are extended toward compromised tissue (Bardehle et al., 2013).

Previously, reactive astrocytes caused by neuroinflammation and ischemia were classified as A1l
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and A2, respectively. Those categories of reactive astrocytes were primarily based on differential
gene expression, which were predictive of different functions. A1l reactive astrocytes were
known to have more damaging effects to neurons, whereas A2 astrocytes were thought to release
neurotrophic factors, or factors that promote neuron growth and survival. (Liddelow and Barres,
2017; Liddelow et al., 2017; Shinozaki et al., 2017). Recently, however, a multi-lab, multi-
institute group of astrocyte researchers has established and published new guidelines for the
study of reactive astrocytes. This group has deemed the separation of astrocytes into only two
categories to be insufficient to accurately encompass the diversity of reactive astrocytes, which
can have varying levels of reactivity and neuroprotection/neurotoxicity (Escartin et al., 2021).
These guidelines outlined molecular markers, such as GFAP and C3, and functional assessments,
like proliferation analysis and blood-brain barrier integrity detection, to be used to characterize
astrocyte phenotype and potentially qualify astrocytes as reactive (Escartin et al., 2021). The
characteristics of reactive astrocytes can impact the ability of neural tissue to heal from damage.
Increased expression of astrocytic pro-inflammatory factors was observed in Huntington’s
Disease, Alzheimer’s Disease, ALS, and Multiple Sclerosis, indicating possible neurotoxic
astrocyte reactivity (Liddelow et al., 2017). It has also been observed that reactive astrocytes
express neuroprotective factors in ischemic stroke (Becerra-Calixto and Cardona-Gémez, 2017;
Choudhury and Ding, 2016; Shimada et al., 2011). Altered expression of select transcripts may
help to discern whether reactive astrocytes are more neuroprotective or neurotoxic (Yun et al.,
2018); however, additional features of reactive astrocytes should be described during

investigation into pathological astrocyte reactivity.
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Astrocytes in Brain AVM and Hypothesis

There is currently limited research on astrocytes and brain AVM; in fact, astrocyte
reactivity has not been comprehensively described in human brain AVM or in mouse models of
brain AVM. There has been speculation that astrocytes may play a role in overactive VEGF
signaling related to brain AVM (Li et al., 2018). Existing research focuses primarily on effects
within endothelial cells and with pericytes, support cells specific to the neurovascular unit. (Tu et
al., 2006; Winkler et al., 2018). There has been significant progress toward understanding AVM,
but the role of astrocytes in AVM has not been pursued and could produce useful insight.
Astrocytes play an important role in capillary formation and blood vessel support,and AVM is a
dysfunction in development and repair of arteriovenous connections. Also, it has been
demonstrated that Notch 1 signaling plays a role in regulating astrocyte reactivity and there is
crosstalk within the neurovascular unit to the astrocytes (Shimada et al., 2011; Wolburg-

Buchholz et al., 2009).
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Figure 9. GFAP cerebellum images of Rbpj-mediated AVM model control and
mutant. (a) Sagittal sections were stained with antibodies for astrocytes and
endothelial cells. (b-b’) Control cerebellum astrocytes show thin, straight
projections. (c-c’) Astrocytes in mutant cerebellum show tortuous, abnormal
shape (Unpublished Data, Timothy Wohl, Nielsen Lab)

Unpublished data from the Nielsen lab suggests that in tissue from the Rbpj-brain AVM
model, astrocytes appear abnormal (Figure 9). AVM causes stress on neural tissue, so this
abnormality may indicate that the astrocytes are reactive. While this may only be a result of
dysfunction in endothelial cells, it is worth investigation to determine whether astrocytic
abnormalities are a cause or effect of AVM. Even if abnormal astrocyte function is only a

consequence of brain AVM, it could be of clinical importance to find out if there is further risk
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or damage to be assessed. I have tested the hypothesis that, as a consequence of Rbpj-
mediated brain AVM, astrocytes acquire characteristics of reactivity, including
morphological change, increased proliferation, polarization toward damaged vessels, and

altered molecular expression. I report the following major findings:

1. Width of astrocyte projections significantly increased in Rbpj mutant cerebellum, as
compared to controls.

2. Number of cells double-positive for GFAP and EdU significantly increased in Rbpj
mutant cortex, as compared to controls.

3. GFAP-positive tissue area did not change in cortex, cerebellum, or brain stem; however,
results trended toward an increased GFAP-positive area in mutant cerebellum and cortex,
as compared to controls.

4. An enriched astrocyte population was isolated from control and mutant mouse brain.
Quantitative real-time PCR showed successful amplification of products from fS-actin,
Gfap, AldhIL1, and C3 transcripts, the latter three being astrocyte specific transcripts.
This will allow future assessment of transcripts that could provide more insight into

astrocyte reactivity in the Rbpj model of AVM.
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METHODS:

Mice

Experiments were performed in accordance with Institutional Animal Care and Use
Committee (IACUC) protocol 16H024. Mice were housed and treated in accordance with
IACUC guidelines. The mouse lines Cdh5-CreER"™ (Sérensen et al., 2009) and Rbpj"** (Tanigaki
et al., 2002) were provided by Taconic Biosciences (Rensselaer, New York) and Tasuku Honjo
(Kyoto University), respectively. Cdh5-CreER™; Rbpj™** control and Cdh5-CreER™; Rbpj™/*
experimental mice were injected on P1 and P2 with 100 pg of Tamoxifen (Sigma) in 50 uL of

peanut oil (Planters) intragastrically (Nielsen et al., 2014).

Genotyping

Mice were genotyped to determine controls from mutants. Genotyping was carried out
using fluorescence or polymerase chain reaction (PCR) and gel electrophoresis. 1-2 mm tail

biopsies were collected from each mouse. Rosa™"¢

genotype was determined, based on whether
the sample was positive for mTomato fluorescence (Nikon NiU microscope) or by PCR based
method (follows). To determine the Rbpj and Cre and Rosa™"¢ genotypes, first, DNA was
extracted through the following steps. 200 uL of 50 mM NaOH was added to a microcentrifuge
tube, along with the tail sample. The tube was heated to 95°C for 25-40 minutes, with 30-60
second vortex in the middle and end of incubation. Tissue was heated and vortexed until

completely digested. Then, 50 uL of 1M Tris, pH 8 was added to neutralize, and the mixture was

centrifuged at 14,000 rpm for 5 minutes. 1 uL of extracted genomic DNA was used for PCR.
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Standard PCR protocol was followed, using Taq polymerase (ThermoFisher) for 40 rounds of

amplification and the conditions in Figure 10.

Rbpj

FORWARD:
ACCAGAATCTGTTTGTTATTTGCATTACTG

REVERSE:
ATGTACATTTTGTACTCACAGAGATGGATG

56°C

Flox: 350 bp

WT: 200 bp

Cre

FORWARD:
GCCTGCATTACCGGTCGATGCAACGAGTG

REVERSE:
ATGTACATTTTGTACTCACAGAGATGGATG

56°C

~400 bp

FORWARD:
TACGGCAAGCTGACCCTGAAGTTC

REVERSE:
AAGTCGATGCCCTTCAGCTCGATG

24

65°C

433 bp

Figure 10. PCR conditions for genotyping and gel electrophoresis from PCR




Cre Responsive Genetic Labeling

For certain experiments, Rosa26™7"% was used as a genetic label for endothelial cells
(Figure 11). Rosa26™7"¢ is a Cre-responsive reporter allele (Muzumdar et al., 2007). This

construct expresses mTomato, a red fluorescent protein, whose DNA sequence is knocked into

EC-CreER™ protein
+ Tamoxifen

/mG P

Figure 11. lllustration of the activity of CreER™-loxP on the Rosa26™™/"€ allele.

the ubiquitously expressed Rosa26 locus. Thus, all cell membranes express mTomato, in the
absence of Cre recombinase. If Cre is present in endothelial cells, for example, then mTomato
and a downstream stop cassette are excised, and mGFP, a green fluorescent protein which also
targets the membrane, is expressed. In all cells where the Rosa26™7"¢ allele is recombined, the
cell membranes express mGFP (fluoresce green), while all other cell membranes express
mTomato (fluoresce red). Since CreER™ requires Cdh5 promoter for recombinase activity to

occur, endothelial cells were labeled with mGFP in the Rbpj model of AVM.
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Immunostaining

For certain experiments, endothelial cells and other cells of interest were visualized using
a fluorescent tag expressed by a protein specific to the cell type of interest, known as a cell
marker (Figure 12). For immunostaining, mice were anesthetized with a vaporized mixture of
oxygen and isoflurane. Mice are perfused transcardially with 1% paraformaldehyde (PFA) until
they become stiff and vascularized organs became pale, approximately four minutes. The
exsanguination that takes place during this procedure is an IACUC approved method of
euthanasia. Brain tissue was harvested and fixed in 4% PFA at 4 degrees Celsius overnight.
Tissue was rinsed in phosphate-buffered saline solution (PBS) and cryoprotected in 30% sucrose
at 4 degrees Celsius overnight. The tissue was then frozen in optimal cutting temperature (OCT)
solution in molds on dry ice. Tissue was stored at -80 degrees Celsius until sectioned with a

Leica Cryostat CM 1950 (Ohio University Histopathology Core) at 10-14 um thickness.

To achieve cell-specific labeling, indirect immunofluorescence was used. The GFAP
primary antibody (Millipore, AB5541) was applied, and fluorophore-conjugated secondary
antibodies that recognize primary antibodies were subsequently applied. The resultant
fluorescence was visualized using an upright Nikon NiU microscope. Images were captured

using Nikon Elements software.

For GFAP images, brain tissue sections were treated with a donkey serum blocking step
(Jackson ImmunoResearch), followed by chicken anti-GFAP (1:200, Millipore, AB5541)
primary antibody, then donkey-anti-chicken secondary antibody conjugated to Cy3 (1:500,

Jackson Laboratories, 703-165-155).
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Figure 12. lllustration of indirect antibody immunofluorescence

Proliferation Assay/EdU

Cell proliferation was measured using Click-It™ EdU proliferation kit (ThermoFisher).
This kit measures proliferation through the S-phase of the cell cycle. It uses 5-ethynyl-
2’deoxyuridine (EdU), which is a nucleoside analog for thymidine and is incorporated during
DNA synthesis. A catalyzed covalent reaction takes place between an alkyne group on EAU and
a picolyl azide group on Alexa Fluor dye, leaving the two conjugated and able to be detected

through fluorescence microscopy.

Pups were injected intraperitoneally with 10 ug EdU/g body weight for 3 days (P12, P13,
P14), and brains were harvested 4 hours after the injection on the third day of EAU pulse. Brains
were perfused intracardially with 1x PBS and post-fixed in 1% PFA in PBS overnight. Brains

were then dehydrated in 30% sucrose solution in PBS overnight to prevent formation of ice
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crystals. 12 um tissue sections were cut on a cryostat and fixed in 4% PFA in PBS for 15 minutes
at room temperature. Sections were then washed in 3% BSA in PBS. Sections were then
permeabilized in 0.5% Triton X-100 in PBS for 20 minutes. Then the Click-iT reaction cocktail
was prepared and the permeabilization buffer was removed by washing sections with 3% BSA in
PBS. Any accompanying antibody staining was performed, as described above, then 100 mL of
the Click-iT™ cocktail, prepared as specified by manufacturer instructions, was added to each
section. The tissue was incubated for 2x 30 minutes, away from light, then washed with 3% BSA
in PBS, washed again with 1X PBS, stained with DAPI for 5 minutes to label DNA, washed with

1X PBS, and mounted with Prolong Gold (Fisher Scientific) under glass coverslips.

Western Blot

Western Blot was performed by taking a sample of brain tissue and isolating and
separating the proteins within the tissue. Whole sample brains were homogenized by adding a
tissue lysis buffer made of Tris-HCI, MgCl,, NaCl, 1% NP-40, 0.1% SDS, and protease
inhibitor. Next, the lysate is sonicated and centrifuged. Proteins were separated by size using 8%
sodium dodecyl sulphate—polyacrylamide gel electrophoresis (SDS-PAGE) and transferred from
the gel onto a PVDF blotting membrane via wet transfer for 3 hours. The membrane then was
treated with blocking solution and incubated with various primary antibodies, which bound to
protein antigens of interest. The primary antibodies used were chicken anti-GFAP (Millipore,
AB5541) and mouse anti-Aldh1L1 (Millipore, MABN495). The membrane was incubated with
appropriate horseradish peroxidase (HRP)-conjugated anti-chicken and anti-mouse secondary
antibodies (Jackson ImmunoResearch). Protein bands were then visualized with BioRad Gel Doc

Imaging System and digitally imaged and analyzed with ImageLab software.

28



Astrocyte Cell Isolation

Astrocytes were isolated through magnetic-activated cell sorting (MACS), with an
astrocyte-specific antibody. MACS is a cell sorting method that uses antibody-bound magnetic
beads to bind target antigens and capture antigen-expressing cells inside a column, placed
between magnets. To isolate astrocytes, mice were decapitated at P14, in accordance with
IACUC protocol 16H024. Brains were harvested and minced and triturated with Milltenyi
enzyme mix (130-107-677) in a petri dish. The tissue was incubated in the enzyme mix at 37
degrees Celsius for 45 minutes, with periodic trituration. The tissue-buffer mixture was
suspended by trituration, strained with a 40 pm strainer, centrifuged at 300 g for 10 minutes, and
decanted. Then, the suspension was run through a Percoll gradient (GE Health) to remove
myelin. The remaining sample was centrifuged at 400 g for 30 minutes, washed, and the pellet

was collected.

For the MACS separation step, the sample was centrifuged at 300 g for 10 minutes, and
the supernatant was aspirated into a waste container. The remaining sample was incubated in
FcR Blocking Reagent (Miltenyi) at 4 degrees Celsius. Then, Anti-ACSA-2 MicroBeads
(Miltenyi) were added, mixed, and incubated at 4 degrees Celsius for 15 minutes. The mixture
was then washed, centrifuged at 300 g for 10 minutes, aspirated, and resuspended. A column was
placed within the magnetic field of a MACS Separator. The column was primed with a MACS-
specific buffer made of FBS and EDTA in 1% PBS at pH 7.4 and the cell suspension was
applied. The column was then washed with buffer to wash out cells not bound to antigen on
magnetic beads. The column was removed from the separator, and remaining cells were eluted

with the MACS buffer and a plunger. This final elution contained ACSA-2-positive astrocytes.
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qPCR

Quantitative real-time PCR (qPCR) was performed to analyze relative levels of transcript
expression in tissue of interest. Total RNA was isolated from cells, using a QIAGEN RNeasy
Plus Micro kit. Next, cDNA was prepared from total RNA with reverse transcriptase and random
hexamer primers (Invitrogen). Concentration of total RNA and cDNA were measured using a
Nanodrop spectrophotometer. The cDNA, along with appropriate primers (Eurofins Genomics),
outlined below in Table 1, were loaded into a BioRad thermal cycler, which rapidly changed
temperature within the samples, while a beam of light detected fluorescence emitted by the
excited fluorophore. The fluorescence was measured repeatedly, while the
temperature/amplification cycles took place. The AACt method was used to determine relative
abundance, between control and mutant samples at a given time, which indicated that the level of

transcript expression in the isolated astrocytes from mutant vs. control mice.

Primer Forward Reverse

H2-T23 GGACCGCGAATGACATAGC GCACCTCAGGGTGACTTCAT
(Histocompatibility
2, D region locus 3)

Serpin G1 ACAGCCCCCTCTGAATTCTT GGATGCTCTCCAAGTTGCTC
(Serpin family G

member 1)
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H2-DI
(histocompatibility 2,

D region locus 1)

TCCGAGATTGTAAAGCGTGAAGA

ACAGGGCAGTGCAGGGATAG

Gbp2 GGGGTCACTGGTCTGACCACT GGGAAACCTGGGATGAGATT
(Guanylate Binding

Protein 2)

Tgml CTGTTGGTCCCGTCCCAAA GGACCTTCCATTGTGCCTGG
(Transglutaminase 1)

Ptx3 AACAAGCTCTGTTGCCCATT TCCCAAATGGAACATTGGAT
(Pentraxin 3)

S$100al0 CCTCTGGCTGTGGACAAAAT CTGCTCACAAGAAGCAGTGG
(S100 Calcium

Binding Protein A10)

Cdil109 CACAGTCGGGAGCCCTAAAG GCAGCGATTTCGATGTCCAC
(Cluster of

Differentiation 109)

C3 CCAGCTCCCCATTAGCTCTG GCACTTGCCTCTTTAGGAAGTC

(Complement C3)

ll-1a
(Interleukin 1 alpha)

GCACCTTACACCTACCAGAGT

AAACTTCTGCCTGACGAGCTT
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Clg
(Complement C1q A
Chain)

TCTGCACTGTACCCGGCTA

CCCTGGTAAATGTGACCCTTTIT

TNF o

(Tumor Necrosis

Factor)

CCCTCACACTCAGATCATCTTCT

GCTACGACGTGGGCTACAG

Table 1. Primers used for gPCR.

Analyses

Imagel software was used to measure the width of astrocyte projections and to quantify

GFAP-positive areas of brain tissue. Four image fields and sixteen projection widths were

measured per experimental unit. Three control and three mutants were used for this analysis.

Adobe Photoshop was used to quantify number of cells positive for EQU, GFAP, and

DAPI. Five image fields were measured per experimental unit. Three control and three mutant

mice were used for this analysis.

For statistical analyses, Graph Pad by Prism software was used. To compare control and

mutant data, unpaired T-tests with Welch’s correction were run. P values under 0.05 were

considered significant (*P < 0.05, **P < 0.01, ***P < 0.001, ns = not significant). Data are

reported as [control mean, RbpjiAEC mutant mean, p value, control N-number, mutant N-

number].
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RESULTS:

Astrocyte projection diameter increased in cerebellum of P14 RbpjiAEC mutant mice

The first characteristic of astrocyte reactivity I tested was hypertrophy. To test whether
astrocytes underwent hypertrophy in response to endothelial deletion of Rbpj, width of astrocyte
projections was measured in the cerebellum. The cerebellum provides an advantage to measuring
astrocyte hypertrophy, because of the unique morphology of Bergmann glial cells. The long
astrocyte projections of these molecular layer astrocytes allow for consistent measurement.

Sagittal sections of P14 control and RbpjiAEC mutant mouse brains were stained with GFAP,

fluorescence microscope images were taken in the cerebellum, and astrocyte projection width
was measured in ImageJ (Figure 13 A-C’). At this timepoint, astrocyte projection width was

increased in RbpjiAEC mutant cerebellum, as compared to controls. (Figure 13 D) [control: 1.1

um, Rbpj IAEC mutant: 1.5 um, p=0.0051, N=4 controls, N=4 mutants]. The increased diameter

of astrocyte projections in mutant cerebellum suggests that astrocyte hypertrophy is taking place,

following endothelial deletion of Rbpj.
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Figure 13. Astrocyte projection diameter increased in P14 Rbpj mutant cerebellum. (a)
Diagram depicting sagittal tissue section and cerebellum brain region imaged. (b,c) Sample
images and regions of interest for cerebellum Bergmann glia projection measurement. (b’,c’)
Digitally zoomed cerebellum images. Example of astrocyte projection width measurement. (d)
Quantification of astrocyte projection width measurement. Astrocyte projection width
increased in Rbpj'“E¢ mutant compared to control: p=0.0051, N=4 controls, N=4 mutants.
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Number of GFAP and EdU double-positive cells increased in P14 RbpjiAEC cortex

The next characteristic of reactive astrocytes I tested was hyperproliferation. To measure

whether proliferation increased in Rbpj IAEC 1hutant astrocytes, as compared to controls, mice

were injected with EAU for 3 days (P12, P13, P14), so that proliferating cells could be detected
through incorporation of a fluorescent S-phase marker. Sagittal brain sections were stained with
GFAP and DAPI to visualize astrocytes and nuclei, respectively (Figure 14 A). Astrocyte
proliferation was measured by the number of cells positive for GFAP, EdU, and DAPI per mm?
of cortex area (Figure 14 B-K). Due to the morphology of astrocytes in the mouse cortex, cell
bodies were able to be clearly visualized, allowing for more reliable selection of GFAP and EAU
double-positive cells. There were an increased number of EAU positive astrocytes in the mutant
cortex, compared to control (Figure 14 L) [control: 1.5, mutant: 7.3, p=0.0009, N=4 controls,
N=4 mutants]. Increased number of EQU and GFAP double-positive cells suggests that GFAP+

astrocytes were proliferating in P14 mutant cortex following endothelial deletion of Rbp;.
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Figure 14. Number of GFAP+/EdU+
cells increased in P14 Rbpj mutant
cortex. (a) Diagram depicting
sagittal tissue section and cortex
region imaged. Tissue was stained
with GFAP (b,g), EdU (c,h), and DAPI
(d,i). (e,j) Merged image. (f,k)
Images digitally zoomed to
demonstrate selection of cells
positive for EAU, GFAP, and DAPI. (l)
Quantification of cells positive for
both GFAP and EdU per mm? cortex
area. Number of GFAP and EdU
positive cells increased in Rbpj*t¢
mutant compared to control:
p=0.0009, N=4 controls and N=4
mutants.



GFAP positive area did not change in mutant cortex, cerebellum, and brain stem

In the Rbpj-mediated model of AVM, abnormal arteriovenous connections do not
develop in all brain regions with the same severity (Nielsen et al., 2014); thus, I investigated
multiple brain regions to assess whether GFAP expression was spatially regulated among brain
regions. To test whether GFAP expression was altered following endothelial deletion of Rbpy,
GFAP-positive area was measured in microscope images. Sagittal brain tissue sections were
stained with GFAP and fluorescence microscope images were taken in the cortex (Figure 15 A),
cerebellum (Figure 15 E), and brain stem (Figure 15 I) at a 1 second exposure, and GFAP
positive area was measured in NiS Elements BR software by defining a “GFAP-positive”
threshold and measuring the area of images that reached and surpassed the threshold. The change
in astrocyte area was not significant in the cortex (Figure 15 B-D) [control: 3400 wm?, mutant:
58000 um?, p=0.14, N=3 controls, N=3 mutants] or the cerebellum (Figure 15 F-H) [control:
45000 pm?, mutant: 96000 pm?, p=0.11, N=3 controls, N=3 mutants]. In the brain stem, there
was no change in GFAP-positive area (Figure 15 J-L) [control: 12000 pm?, mutant: 15000 pm?,
p=0.79, N=3 controls, N=3 mutants]. None of the three brain regions showed significant changes
in astrocyte area. These results suggest that endothelial deletion of Rbpj does not lead to
increased GFAP-positive area of brain tissue, regardless of whether arteriovenous shunts are

present.
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Figure 15. GFAP positive area was not significantly altered in the cortex, cerebellum, or brain
stem with endothelial Rbpj deletion. Sagittal tissue sections of P14 brain tissue were stained
with GFAP and imaged with a 1 second exposure time in the cortex (a), cerebellum (e), and
brain stem (i-1). In the cortex, the increase in astrocyte area from the control (b) to the mutant
(c) was not significant. (d) Quantification of cortex astrocyte area analysis: p=0.1438, N=3
controls and N=3 mutants. (f-g) Change in GFAP-positive area in the cerebellum was not
significant. (h) Quantification of cerebellum astrocyte area analysis: p=0.1101, N=3 controls and
N=3 mutants. There was no significant change in GFAP-positive area in the brain stem from
controls (j) to mutants (k). (I) Quantification of brainstem astrocyte area analysis: p=0.79, N=3

controls and N=3 mutants.

38



Aldh1L1 protein expression did not change in Rbpj mutant

Given that the total area of GFAP-

A

positive tissue did not significantly change

, . . . Control Rbpja&Ec
following endothelial deletion of Rbpj and

given that GFAP is known to be Aldh1L1 ——

R
upregulated in reactive astrocytes, I aimed
GAPDH | e
to measure GFAP expression at the protein

level. Unfortunately, the attempts to

complete a Western blot analysis on GFAP B

1.5

J T x

0.0

were unsuccessful. Instead, a Western Blot
ns

was performed on whole brain tissue from

control and Rbpj*“EC mice, using an

antibody against Aldh1L1 (Figure 16 A).

Normalized Fold Change (a.u.)

T LR
Control  Rbpj®E¢

Aldh1L1 is a universal astrocyte marker

and is not reported to be upregulated in

reactive astrocytes; thus, Aldh1L1 was used  Figure 16. Aldh1L1 protein levels did not
change in Rbpj mutant. (a) Aldh1L1 and
as to compare GFAP expression in control GAPDH loading control Western blot bands.

(b) Quantification of control and mutant
and mutant tissue. As expected, there was no  |evels of Aldh1L1: p=0.16, N=3 controls and

N=3 mutants.
change in Aldh1L1 expression in mutant
brain, as compared to controls (Figure 16 B) [control: 0.82 a.u., mutant: 0.57 a.u., p=0.16, N=3
controls, N=3 mutants]. This result suggests that protein expression of Aldh1L1 is not altered by

endothelial deletion of Rbpyj.
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Transcript expression did not show significant change in enriched astrocyte cell population

of Rbpj mutant

To test whether there were changes in astrocytes on the transcript level in response to
endothelial deletion of Rbpj, I sought to conduct a quantitative PCR (qPCR) analysis on RNA
from isolated astrocytes. I used MACS to separate astrocytes from whole-brain single-cell
suspension, and I isolated RNA to be used for analysis. First, I used conventional PCR to
complete an enrichment analysis, which revealed that isolated cells expressed astrocyte
transcripts Gfap and Aldh1L1 (Figure 17 A). This analysis also revealed that there was very
little-to-no contamination by neurons, because the neuronal transcript Snap25 was amplified to
very low levels (Control 1, Mutant 3 in Figure 17 A) or was not detectable (Control 2, Control 3,
Mutant 1, Mutant 2 in Figure 17 A), despite 35 cycles, using conventional PCR. For all
transcripts, one sample from whole brain was used, as positive control. For all cell samples,

expression of Actb housekeeping gene Actb (B-actin) was used as positive control.

To begin to test for differential transcript expression, between astrocytes isolated from
control and mutant brain, I used primers for the transcripts Gfap, C3, AldhiL1, s100al0, and S-

actin. Gfap was used as a marker of astrocyte reactivity, Aldh1L1 was used as a general astrocyte

primer, C3 was a marker for astrocyte reactivity and had previously been published as an “al”
marker, s/00al0 had previously been published as a marker for “A2” astrocytes, and f-actin
served as a positive control. None of the primers used showed significant difference between
real-time amplification between control and Rbpj-mutant (Figure 17 B), though the fold-change
of reactive astrocyte-transcript levels is intriguing and warrants repeating the experiment. These

results show successful methodology to enrich for astrocytes and use total RNA from those cells
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to complete qPCR experiments. Additional experiments, with larger sample size, are necessary,

to determine whether endothelial deletion of Rbpj leads to an alteration in the expression of

Gfap, C3, AldhlL1, and s100al0 transcripts.

9y

10+
Gfap Aldh1L1 Snap25 Actb & s
(astrocyte) (astrocyte) (neuron) (all cells) 3 84
r (S . L 1 - o
£ e R £ FERTROSTR 6
\-CNM"CNM‘E ﬂNM’lNMs !“NMF‘NME !'CNI'IFCNME ns
ESE EEE o 4
§553328 555823% 5552335 5552:2:% ; - —
600bp z ]
- —— - e -- |E
- - - - - P 100 bp 0
Q S5 N0
QV‘ <o N4 d
) v\s(‘ ;‘Q

Figure 17. Isolated astrocytes contaminated and transcript levels did not change in Rbpj
mutant. (a) Enrichment analysis PCR reaction results. MACS isolation yielded astrocyte-
enriched cell population, as evidenced by expression of astrocyte transcripts Gfap and
Aldh1L1 and very low expression of neuronal transcript Snap25. Actb (8-actin) was used as
positive control. cDNA from whole brain was used as positive control for all transcripts. (b)

gPCR analysis showed no significant change in GFAP, C3, Aldh1L1, and s100a10 in Rbpj
mutant, as compared to control.

41



DISCUSSION:

This thesis is a first step into investigating astrocyte reactivity in Rbpj mediated brain
AVM. There is currently little research investigating whether reactive astrocytes are present in
AVM models. The goal of this thesis was to gather evidence to suggest whether astrocytes were
reactive in the brains of mice in the endothelial Rbpj-mediated model of AVM. Increased
astrocyte projection width in the cerebellum and increased proliferation in the cortex are both
evidence in support of astrocyte reactivity. Future experiments to analyze expression of factors
reported to be associated with astrocyte reactivity are needed, to further understand

consequences to astrocytes in the Rbpj model of AVM.

Morphological diversity presents challenges to assessing hypertrophy among astrocytes
in different brain regions. The morphology of Bergmann glia in the cerebellum is unique. The
presence of long, thin projections allowed for a consistent, reliable way to test for cellular
hypertrophy. Beyond the molecular layer of the cerebellum, the morphology of astrocytes
becomes irregular. The star shape of velate astrocytes in the granule layer and the astrocytes in
the cortex make measuring hypertrophy in other brain regions more difficult. The increase in
projection width does provide evidence that astrocytes show hypertrophy in the cerebellum, but
it would be useful to assess whether astrocytes in other regions also show hypertrophy in the

AVM model mutant.
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The same morphology that lends itself to ideal measurement of hypertrophy makes it
difficult to count EdU positive astrocytes (Figure 18). The cell body of Bergman glia are
typically in line with Purkinje cell bodies as depicted in figure 8. There was a great deal of EQU
signal in mutant P14 cerebellum (Figure 18 E), but it is difficult to discern whether an EAU
positive cell body belongs to an astrocyte or neuron, because both types of cell bodies are
arranged in the same row. Proliferation analyses in the cerebellum could be optimized with a
cell-body or nucleus specific astrocyte antibody marker and a neural marker to highlight which
EdU positive cell body belonged to which cell. Astrocytes in the mouse cortex, however, showed
a distinct cell body when stained with GFAP. This allowed for clearer selection of which cells
were positive for EAU in the soma. From this, I found that the number of GFAP and EdU
positive cells increased in the Rbpj mutant, as compared to controls. This provides evidence of

astrocyte proliferation, a hallmark of astrocyte reactivity, taking place in the cortex.

Control

Rb pjiAEC

Figure 18. Microscope images of GFAP and EdU cerebellum. Control (a-c) and mutant (d-f) images
with GFAP and EdU staining to depict expression in cerebellum. Note: EdU signal is concentrated
along edge of molecular layer (b,e).
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For astrocyte area analyses, there were not significant changes in GFAP positive area in
any of the three brain regions tested. This was expected in the brain stem, because in the Rbpj
model of AVM, abnormal vessels are less likely to form in the brain stem (Nielsen et al., 2014).
The results followed what was expected, because there was no change in GFAP area with
endothelial deletion of Rbpj. On the other hand, abnormal vessels are often found in the
cerebellum and cortex. There was variability in the results and there were only three controls and
three mutants. While the data did not show a significant change, the results from the cortex and
cerebellum were trending toward an increase in GFAP area in the Rbpj mutant. This result may
raise the question of whether astrocyte reactivity would be localized to the area surrounding
abnormal vessels. This would be similar to glial scar formation, which is when astrocytes
surround an acute injury as a protective mechanism (Shinozaki et al., 2017). In this case, the
abnormal vessel connection may be the “injury” and potential astrocyte reactivity would be
localized to the surrounding tissue. I do not believe this is the case, though, because glial scars
form in focal injury and deletion of Rbpj is a genetic lesion that causes widespread vascular
abnormalities. In the Rbpj-mediated model of AVM, there is a range in phenotypic severity,
much like how there is variable severity of AVM as it arises in humans. It is possible that, with
the range of vascular phenotypes, there could be a range of astrocyte reactivity. In this case, an
increased sample size would reveal if there were increased GFAP area in the cerebellum of the

Rbpj mutant.

The lack of significant change in GFAP-positive area in the cerebellum, while astrocyte
projections in the cerebellum were shown to have increased width, is somewhat contradictory. It
is possible that mutant cerebellar astrocytes are reactive, and if the sample number were

increased or abnormal vessels were taken into consideration, that GFAP-positive area would

44



increase in the Rbpj mutant cerebellum. Based on qualitative observation of control and mutant
cerebellum, Bergmann glia do appear to be affected by the endothelial deletion of Rbpj. 1
assessed these morphological changes from the lens of astrocyte reactivity, but there could be
other factors at play in the mutant cerebellum. Bergmann glia share the molecular layer with
Purkinje cells, which have been shown to decrease in number with endothelial deletion of Rbpj
(Chapman, 2018). Previous studies have shown that Bergmann glia rely on local granular
neurons for proper differentiation during development and neurons rely on blood vessels and
astrocyte projections as scaffolding for cell migration (Araujo et al., 2019; Xi et al., 2015;
Yamada and Watanabe, 2002). It is likely that the endothelial deletion of Rbpj could affect one
or more of the steps of cerebellar development. The abnormal morphology of astrocytes in the
Rbpj mutant cerebellum may be due to a perturbation in the development process. It would be
useful to gather similar data at an earlier timepoint to assess any differences in the cerebellar

development process.

The relationship between the significantly increased number of cells positive for EQU and
GFAP and the lack of significance in the increase in astrocyte area in the Rbpj mutants should
also be considered. Increased proliferation might suggest increased number of astrocytes, so the
two results are somewhat contradictory to each other. There are visible differences in the
morphology of astrocytes of the Rbpj mutant (Figure 19). Again, the cortex is a region with
higher instances of abnormal arteriovenous connections in the Rbpj model of AVM. There was a
range of results for the cortex, which may suggest a range in phenotypic severity as mentioned
before. An increased sample size would reveal trends in GFAP-positive area in the cortex. Also,
the morphology of astrocytes is difficult to visualize in the control cortex with GFAP staining

(Figure 19 A-B). It may be beneficial to incorporate an additional astrocyte antibody for imaging
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purposes. It may also be useful to implement new morphological analyses to accommodate for

the diverse morphology of astrocytes in the cortex.
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Figure 19. Control and mutant astrocytes in the cortex. Microscope images of GFAP-stained sagittal
sections taken in the control (a-b) and Rbpj mutant (d-e) cortex. (a,d) images. (b,e) Images digitally
zoomed to show detail.

One of the primary hallmarks of reactive astrocytes is increased expression of the GFAP
protein. Despite many attempts at a Western blot analysis, I was unable to produce results to
analyze and report. This is most-likely due to nonideal experimental parameters. When
conducted at optimal conditions and, likely, a high sample number to account for variability in
mutant phenotype, there is promise for this method to yield important information for the study

of astrocyte response to endothelial deletion of Rbpj. Because of the success of the astrocyte
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enrichment, it may be beneficial to use protein from isolated astrocytes, to complete the

quantitative Western blotting experiments and analysis.

In order to conduct the qPCR analysis, I first had to isolate astrocytes from the whole
brains of my experimental mice. I did so by creating a single cell suspension and separating cells
through MACS, but there was variability in isolation yield between experimental samples. The
enrichment analysis revealed that there was some contamination by microglia and
oligodendrocytes (data not shown), but the sample showed limited contamination by neurons.
The results for astrocyte enrichment, presented in Figure 17 of this thesis, represent the first-time
astrocyte isolation was attempted in our lab. The success of these first isolations, with no time
suggests adjusting parameters and troubleshooting, will allow future experiments, using RNA

and proteins from the enriched astrocyte populations.

Though there was a great deal of variability in the qPCR results, there is also promise for
this method to reveal valuable insight into how endothelial deletion of Rbpj affects astrocytes.
The variability in this result could be attributed to multiple factors. The inconclusive qPCR data
may be a result of inconsistent experimental conditions, for example three brains were harvested
and used for one sample, while one brain was used for another sample. Because of time
limitations and mouse availability, we moved forward with qPCR, despite such inconsistencies.
The parameters will be adjusted moving forward. The variability may also have been due to the
variation in phenotypic severity. This experiment will require replication with increased sample
size and improved experimental parameters to yield reliable results. Due to time and tissue

constraints, [ was also not able to run qPCR analysis on every transcript that I planned to assess.
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To optimize astrocyte cell isolations and qPCR, sample size needs to be increased, and

experimental conditions need to be developed specifically for astrocytes.

The heterogeneity of astrocytes throughout the brain allows them to serve unique
functions based on the needs of the tissue surrounding them. The diversity of astrocyte function
leads to the diversity of astrocyte reactivity. In Escartin et al., 2021, where proper definitions and
guidelines were established for the study of reactive astrocytes, authors asserted that the binary,
A1/A2 astrocyte labels were too general to encompass the complexity of astrocyte function and
reaction. One of the initial goals of this thesis was to determine whether reactive astrocytes in the
Rbpj AVM model brain are “A1” or “A2,” based on the levels of several transcripts that had
previously been used to determine the identity of reactive astrocytes (Liddelow et al., 2017).
With the publication by Escartin et al. in February 2021, in the middle of development of this
thesis, came a reimagined approach to assessing the identity of astrocytes. Instead of specific
markers to fit a binary label, the authors recommended an approach shifted to analyses of altered
astrocyte functions (Escartin et al., 2021). Regardless, astrocyte reactivity must first be

established before astrocytes’ impact on surrounding tissue can be investigated.

In this thesis, the approach I took to study astrocytes was to investigate if they became
reactive to the “injury” that is the model of AVM. It is important to acknowledge that there is
complex communication taking place between cells within the neurovascular unit and it is
difficult to point to exactly what is a cause and what is an effect. Astrocytes may react to
abnormal vessel connections in the brain, but they may also react to the change in intercellular
signaling that takes place, following the endothelial deletion of Rbpj. Astrocytes also do not react

completely on their own. Previous studies have shown that microglia may play an important role
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in astrocyte reactivity (Liddelow et al., 2017; Shinozaki et al., 2017; Streit et al., 1999). This was
known more broadly as “gliosis”, but the term may now be outdated because of the
establishment of “reactive astrogliosis” as a more accepted term. In previous papers, several of
the transcripts that were supposedly indicative of Al or A2 astrocyte identity were pro and anti-
inflammatory markers (Clarke et al., 2018; Das et al., 2020; Liddelow et al., 2017). Inflammation
may be an important factor in astrocyte reactivity and microglia would be a good target for

further investigation.
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FUTURE DIRECTIONS

For future investigation into astrocyte reactivity in response to endothelial deletion of

Rbpj, 1 recommend the following:

1.

10.

Increasing the sample size for analysis of GFAP-positive area in different brain regions to
account for variability in AVM phenotype severity.

Expanding EdU proliferation analysis in cerebellum using astrocyte cell body/nuclear
marker and neural marker to aid in identification of Bergman glia and Purkinje cells.
Expanding hypertrophy analysis to more brain regions.

Expanding image analyses to include an alternate antibody for astrocytes and
supplemental morphology analyses.

Conducting a Western blot experiment to measure GFAP protein expression in control
and Rbpj mutant.

Optimizing astrocyte isolation protocol to improve purity.

Increasing sample size for qPCR, optimizing experimental parameters, and running the
full cohort of transcript primers. This would increase the quality of the results and
increase statistical power.

Using reactive astrocyte markers beyond GFAP. In Escartin et al., 2021, authors stated
that GFAP was a strong indicator, but not an absolute marker for reactive astrocytes. This
paper includes a list of potential additional markers, such as vimentin and S100 f3.
Implementing functional analyses, possibly including some in Escartin et al., 2021
Investigating the relationship between astrocyte reactivity and microglia

activation/infiltration in mutant brain.
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CONCLUSION

This thesis is a novel study of astrocyte reactivity in brain AVM. To my knowledge, this
will be one of the first comprehensive studies to determine whether and how astrocytes are
affected during brain AVM pathogenesis, and it will be the first study on astrocytes in
Notch/Rbpj-mediated brain AVM. My data showed evidence for two characteristic signs of
reactive astrocytes: hypertrophy and proliferation. Qualitatively, GFAP-positive area appeared
increased in mutant brain, though more experiments are necessary for quantitative results. Taken
together, my data suggest that astrocytes likely become reactive, following endothelial deletion
of Rbpj, and in the context of Rbpj mediated brain AVM. I believe increased sample sizes will
increase the statistical power and bring conclusive results to the qPCR analysis, allowing us to
describe the molecular signature of these likely-reactive astrocytes. There is room within the
experiments from this thesis for technical and statistical improvement, and there is potential for
new, reimagined approaches to assessing astrocyte reactivity and the consequences it may have

on surrounding brain tissue. This field has great potential and should be investigated further.

With increasing knowledge on the interactivity and communication between cellular
members of the neurovascular unit, it is reasonable to assume that a lesion in one cell type may
influence the others. My thesis data suggest there may be consequences to astrocytes in response
to endothelial deletion of Rbpj. It is clinically relevant to understand if and how astrocytes can
affect AVM pathology, because astrocytes play such a major role in the nervous system, and
they have the potential to modify the severity of damage incurred to the brain, by AVM. This
thesis provides a foundation for future work to determine whether astrocytes play active roles

during Rbpj-mediated brain AVM.
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