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ABSTRACT OF THE THESIS

Brain Endothelial Nitric Oxide Mediates Increased Expression of Astrocyte-derived VEGF in the

Pathogenesis of Cerebral Cavernous Malformations
by
Shady Ibrahim Soliman
Master of Science in Biology
University of California San Diego, 2019

Mark Howard Ginsberg, Chair
Elizabeth Villa, Co-Chair

Cerebral Cavernous Malformations (CCM) are central nervous system vascular anomalies
that arise primarily due to loss-of-function mutations in KRIT1, CCM2, or PDCD10 (CCM3).
CCM are characterized by endothelial dysfunction and the loss of endothelial junctions, leading to
grossly-dilated blood vessels and increased vascular permeability. Previous studies demonstrate
that CCM are hypersensitive to angiogenesis due to the loss of an anti-angiogenic checkpoint and
increased VEGF signaling. Here, we report that loss of PDCD10 in brain endothelial cells causes

upregulation of eNOS in CCM lesions. Furthermore, elevated eNOS expression results in
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increased secretion of NO, an important intercellular messenger in the CNS responsible for
vascular remodeling and angiogenesis. To analyze the effect of upregulated eNOS and release of
NO during CCM, we prepared co-culture studies using purified astrocytes and mouse brain
microvascular endothelial cells (BMEC) harboring inactivated Pdcdl0 (Pdcd10*%°). Increased
levels of eNOS in Pdcd10*“%° BMEC induced upregulation of astrocyte-derived Vegfa. The
increase in astrocyte-derived Vegfa mRNA was specific to the upregulation of eNOS because
genetic inactivation of one copy of the Nos3 gene in Pdcd05“° BMEC was sufficient to prevent
Vegfa upregulation in astrocytes. Moreover, upregulation of eNOS in Pdcdl0*“° BMEC was
correlated with HIF-1a protein stabilization in astrocytes during co-culture studies. These studies
identify that increased expression of eNOS during CCM may lead to augmented levels of NO
capable of stabilizing HIF-la protein and inducing astrocyte-derived VEGF. Therefore, we
propose the possibility that CCM lesion formation and progression can be exacerbated by the non-

cell-autonomous release of VEGF from perivascular astrocytes.
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ABBREVIATIONS

BEC — Brain endothelial cell

BBB — Blood-brain barrier

CCM - Cerebral Cavernous Malformations

GFAP — Glial fibrillary protein

KLF2 — Kruppel-like Factor 2

KLF4 — Kruppel-like Factor 4

eNOS — Endothelial nitric oxide synthase

NO — Nitric oxide

VEGF — Vascular endothelial growth factor

BMEC — Brain microvascular endothelial cell

HIF-1a - Hypoxia inducible factor — 1o



1. Introduction

1.1. Anatomy of the central nervous system vasculature

The central nervous system (CNS) makes up only 2% of the human body’s mass, yet
constitutes nearly 20% of the body’s energy at rest.! Confined by its limited capacity for energy
storage, the CNS is highly vascularized; forming a specialized network of blood vessels that
provide oxygen and nutrients to CNS-resident cells. In the brain, blood enters through major
arteries that converge at the circle of Willis located at the base of the brain, and exits through the
cerebral veins and superior sagittal sinus.? Interposed between these two circulatory passages is
the cerebral microvasculature, where most oxygen and nutrient transfer occurs. The cerebral
microvasculature is composed of the following: 1) arterioles (15-75um) that penetrate the cerebral
tissue from the basilar brain 2) brain capillaries (4-10um) that are ~50-100 times tighter than
peripheral capillaries and branch out to encompass a large surface area where major exchange
between blood and the brain occurs;* and 3) venules (10-100um) that contain a looser arrangement

of tight junctions and are the main area of leukocyte infiltration.*
1.2. Structure and components of the central nervous system microvasculature

Over a century ago, it was first observed that the systemic injection of water-soluble trypan
blue dye stained several tissues in the body, but failed to stain the brain.! Those initial experiments
led to the idea of a cellular barrier that restricts the free entrance of hydrophilic molecules from
blood to brain and brain to blood. While Lewandowsky introduced the term “blood-brain barrier”
(BBB) by 1900, it was not until the late 1960s with the development of electron microscopy
techniques that the anatomical localization of the BBB was identified by Reese, Karnovsky, and

Brightman.® In two independent studies, their collective observations established that the BBB is
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localized at the level of the brain endothelial cells (BEC) and due to the presence of highly complex
tight junctions along the brain capillaries.” More recently, the CNS vasculature has been
considered a cellular complex-structure termed the “neurovascular unit” that comprises a dynamic
communication and feedback network of cells including BECs, pericytes, astrocytes, microglia,
smooth muscles, and neurons, as well as the extracellular matrix and endothelial glycocalyx.
(Figure 1).° Importantly, it is the molecular and cellular interactions among the neurovascular unit
that allow a coordinated response necessary to maintain a functional BBB.”® However, it has been
reported that the neurovascular unit can be uncoupled due to stress and pathological conditions
such as neurodegenerative diseases, neuroinflammation, and vascular abnormalities, among

others.3:6:%-10

Basal lamina
Interneuron

Microgli ~

Figure 1. Neurovascular Unit. The neurovascular unit is composed of CNS-resident neurons and glia that interact
with vascular cells to support normal vascular functions. The BBB forms at the center of the neurovascular unit
through tight endothelial interactions. Adapted with modifications from “Astrocyte—endothelial interactions at the
blood—brain barrier” by J. Abbott, L. Ronnback, E. Hansson, Nature Reviews Neuroscience, 2006, vol. 7, p. 41-53



1.2.1 Brain microvascular endothelial cells

Blood vessels of the CNS are composed of a continuous layer of BECs that shape the
tubular vessel walls. BECs act as “gatekeepers” by allowing the entrance of nutrients such as
glucose, amino acids, and other blood-borne substances such as insulin. At the same time, the
BECs remove waste products out of the CNS for proper neuronal function.'’!> BECs can also act
as a “physical barrier” by the presence of complex intercellular junctions and their lack of
fenestrations that maintain the integrity of the BBB.!*!3 The intercellular junctions in BECs are
comprised of both tight junctions and adherens junctions which consist of transmembrane proteins
that seal the intercellular space between BECs.>*!3 Both adherens and tight junctions indirectly
interact with the cytoskeleton by a number of cytoplasmic adaptors and scaffolding proteins to
regulate and strengthen the cell-cell junctions (Figure 2).%!! The firmly-sealed BECs prevent the
paracellular movement of hydrophilic molecules, permitting the passage of only small lipophilic
molecules <400 Daltons, such as ethanol, and the free diffusion of gases, such as oxygen, carbon
dioxide, and nitric oxide.'

VE-cadherin
—_—

PECAM-1

JAM-A/B/C

] |

Occludin

Figure 2. CNS Endothelial Cell Junctions. Adherens and tight junctions consist of transmembrane proteins that seal
the intercellular space between BECs and interact with the cytoskeleton through cytoplasmic adaptors that can
strengthen cell-cell interactions. Adapted from “Blood-Brain Barrier: From Physiology to Disease and Back” by M.
Sweeney, Z. Zhao, A. Montane, A. Nelson, and B. Zlokovic, Physiological Reviews, 2018, vol. 99, p. 21-78
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1.2.2 Pericytes

Pericytes are contractile mural cells that share a basement membrane with BECs.
Perivascular pericytes are intermittently present throughout the entire brain vasculature, but found
most frequently in the brain capillaries where they have been shown to regulate cerebral blood

flow,'> maintain BBB properties, !¢ and promote blood vessel stabilization.’
1.2.3 Neurons

Neurons are specialized cells whose synapses transmit signals to the CNS vasculature by
communication with interposed astrocytes.® Neurons are capable of communicating with brain
capillaries through neurotransmitters in order to regulate cerebral flow and permit the movement
of substrates across the endothelium, a process that has been termed neurovascular coupling.®'’
In addition, neurons have been tied to vascular functions by facilitating tight junction maintenance’

and angiogenesis' through vascular-neuronal cross-talk.

1.2.4 Astrocytes

Astrocytes serve as important glial cells in the CNS that maintain BBB functions!! and
regulate cerebral blood flow.> Astrocytes reside ~6-10um from the outer surface of BECs and
project their end-foot processes towards BECs and pericytes.!®!%2% Cross-talk between the BECs
and astrocytes occurs through various soluble secreted factors that get released by the perivascular
endfeet of astrocytic glia into the basal lamina, where they can bind to receptors of BECs and

induce signaling pathways.”!!

Among these astrocyte-released factors are: angiotensin-1,
transforming growth factor-f (TGF-B) and vascular endothelial growth factor (VEGF), which
modulate multiple BBB properties.®”%?! During diseases that affect the CNS, astrocytes can

become activated (astrogliosis) leading to morphological changes including an increase in glial
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fibrillary acidic protein (GFAP)?? and production of a wide range of molecules including growth
factors, cytokines, chemokines, and reactive oxygen species that contribute to BBB

breakdown.3:10-22

1.3. Vascular dysfunction in central nervous system diseases

Alterations in the cerebral vasculature can lead to progressive or permanent changes in
BEC morphology and function that can contribute to uncoupling of the neurovascular unit,
resulting in neurological diseases.® Moreover, recent studies suggest that cerebrovascular
dysfunction may be an initiating trigger for neurological disorders and subsequent neurological
disease manifestation.>*!% For example, vascular dysfunction in Alzheimer disease has been
reported to be a hallmark of this syndrome.? In this context, amyloid-beta (AB) peptide, the main
component of amyloid plaques, can form deposits onto and around the cerebral vasculature leading
to a decrease in cerebral blood flow, BEC dysfunction, and subsequent accumulation of
neurotoxins, all of which can contribute to neuronal death.>* In contrast, Cerebral Cavernous
Malformations (CCMs) arise as a primary cause of BEC dysfunction that results in neurological

disabilities as described below.?

1.4. The pathogenesis of cerebral cavernous malformations

CCMs are “mulberry”-like vascular anomalies that affect the CNS (Figure 3).262” CCMs
are characterized by dilated blood-filled vessels within the venous-capillary vascular bed and are
prone to hemorrhage. CCM lesions show marked BBB dysfunction and leakiness associated with
changes in BEC morphology and function, which lead to the loss of tight and adherens junctions.’
CCMs are found in ~0.5% of humans leading to risk of strokes, focal seizures, and neurological

deficits.?82° Currently, no pharmacologic therapy exists for CCM, and malformations can only be



removed through surgical resectioning when possible.?’3! CCMs occur as a sporadic (80% of
patients) or familial form (20% of patients), and can be transmitted in an autosomal dominant
pattern with incomplete penetrance and variable expressivity.?®*? Sporadic forms of the disease
typically result in a single lesion, while familial CCMs are characterized by multiple vascular
lesions.?®33 CCMs are associated with loss-of-function mutations of three genes: KRITI (Krevl
interaction trapped gene 1, CCM1), CCM2 (Cerebral cavernous malformation 2 protein), and
PDCDI0 (Programmed cell death protein 10, CCM3).3435 The KRITI"" genotype is the most

common cause of the familial form of CCM, while the PDCD10"" genotype results in the most

33,36

aggressive form of the disease.

Cerebral Cavernous Malformation
(Brainstem)

- Cavemous malformation in the
pontomedullary juncation

Figure 3. Cerebral Cavernous Malformations. CCMs are mulberry-shaped vascular aberrations that occur in the
venous capillaries of the brain. Adapted from the Dartmouth-Hitchcock “Cerebrovascular Disease and Stroke
Program” by R. Singer, 2014.

Moreover, analysis of the incomplete penetrance in CCM patients suggests that a Knudson
two-hit mechanism is involved in the pathogenesis of the vascular abnormalities.’” This

mechanism proposes that the formation of CCM requires the complete loss of function of a CCM



gene on both alleles of affected cells. The loss of function in one allele (first hit) is inherited as a
germline mutation and the loss of a second allele (second hit) would occur randomly in the CNS
at any age, leading to the vascular abnormalities formed.?® Heterogeneity of the CCM disease in
patients with the same genetic mutation suggests that there may be other genes®® or environmental
factors that trigger disease onset and progression, and may contribute to variable expressivity of

CCM.

1.5. Cellular and molecular mechanisms of cerebral cavernous malformations

Proteins encoded by the genes KRITI, CCM2, and PDCDI0 play a major role in
cardiovascular development and integrity**#! by forming a protein complex.*>** Our lab and
others have shown that the CCM protein complex stabilizes endothelial cell-cell interactions by
suppressing the activation of the RhoA-ROCK signaling pathway.* In addition, our group has
shown that the loss of junctional integrity due to the loss-of-function of KRIT1 leads to increased
WNT/b-catenin signaling and increased expression of b-catenin-driven genes such as VEGF-a. 4346
Increased VEGF signaling could contribute to a dramatic disassembly of brain endothelial
intercellular junctions and cerebrovascular dysfunction and leakiness.!%*6447 Moreover, loss of
endothelial KRIT1 suppresses the expression of a key angiogenic checkpoint protein,
thrombospondinl (7hbs1, which encodes TSP1).%¢ In addition, the loss of TSP1 from the brain

endothelium positively alters VEGF signaling and TSP1 replacement inhibits the augmented

VEGEF signaling and subsequent formation of CCM.*¢

Other studies have implicated additional angiogenic signaling pathways including
expression of endothelial metalloproteinases,* loss of Notch signaling,*’ and increased expression

of transcription factors KLF2 and KLF4.3%** In addition, disruption of endothelial apical-basal



polarity®® and endothelial-to-mesenchymal transition, where stable endothelium of the blood
vessels shift to possess stem-like characteristics, have been implicated in the pathophysiology of

CCM.!
1.6. KLF2 and KLF4 regulate gene expression in cerebral cavernous malformations

The upregulation of KLF2 and KLF4 has been recognized to be an important hallmark and
biomarker of CCMs.*!»%3 Our group has recently performed a genome-wide transcriptome
analysis of murine brain microvascular endothelial cells (BMEC) following time-controlled
genetic inactivation of Kritl or Pdcdl( in order to elucidate the pathogenesis of CCM (Figure
4).265% An important finding was upregulation in KLF2 and KLF4, confirming previous reports in
murine endothelium and zebrafish endocardium.*>23% Upregulation of endothelial KLF2 and
KLF4 contributes to CCM formation, in part, by silencing TSP1 expression thereby contributing
to an increased angiogenic phenotype and to abnormal vascular development.® Moreover,
increased expression of KLF2 and KLLF4 leads to upregulation of thrombomodulin (7%bd, which
encodes TM) that in part can contribute to formation of an anticoagulant vascular domain that

predisposes the CCM lesions to hemorrhages.?

PDCD10 48
614

eNOS
Endothelial nitric oxide synthase

Figure 4. CCM Genome-Wide Transcriptome Analysis. Genome-wide RNA sequencing data from brain
microvascular endothelial cells with inactivated Krit! or Pdcdl0 genes.



1.7. Objectives of the present study

Based on the transcriptome analysis, we selected Nos3, which encodes endothelial nitric
oxide synthase (eNOS), for further investigation based on the following criteria: 1) Nos3 was
upregulated in both CCM3 (PDCD10) and CCM1 (KRIT1); 2) Nos3 was among the highest
upregulated factors; 3) eNOS can promote angiogenesis and vascular permeability, well known
features of CCM; and 4) nitric oxide (NO) derived from eNOS can affect both the endothelium

and perivascular astrocytes.

Here, I investigated the upregulation of eNOS and NO release observed following loss of
brain endothelial PDCD10. eNOS expression results in increased production and secretion of NO,
an important intercellular messenger in the CNS that has been implicated in molecular and cellular
processes that lead to angiogenesis and vascular permeability.!%3%5 In particular, NO has been

implicated in the upregulation of VEGF,>® a factor that has been associated with CCMs,36:43:46.57

Hence, the aims of the present work are:

1) To establish an in vitro CCM model by genetic inactivation of Pdcdl0 (Pdcdl0Fk©)
BMEC:s in a time-controlled manner and determine changes in eNOS expression and NO
release.

2) To establish the isolation and culture of mouse primary astrocytes and determine astrocyte-
derived VEGF production in response to exogenous NO.

3) To investigate whether upregulation of eNOS expression and subsequent NO release in
Pdcd10Fk0 BMECs induces astrocyte-derived VEGF by performing co-culture studies.

4) Based on novel findings observed in the previous aim, to further investigate the molecular

mechanisms involved in astrocyte-induced exacerbation of CCMs.



2. Materials and Methods

2.1. Genetically modified mice

Endothelial-specific conditional Pdcdl0-null mice were generated by crossing a Pdgfb
promoter-driven tamoxifen-regulated Cre recombinase (iCreERT2)*® with loxP-flanked Pdcd10
(Pdcd10/™"; generous gift from Wang Min, Yale University; Pdgfb-iCreERT2,;Pdcd10"") mice.
eNOS-deficient mice (Nos3”") were obtained from Jackson Laboratory and crossed with Pdgfb-
iCreERT2;Pdcdl("/ mice to generate Pdgfb-iCreERT2,; Pdcdl("/;Nos3” and Pdgfb-iCreERT2;
Pdcd10";Nos* mice. On postnatal day 1, 2, and 3, mice were administered 50 ug of tamoxifen
[T5648; Sigma-Aldrich] by intragastric injection to induce genetic inactivation of the endothelial
Pdcdl0 gene in littermates with iCreERT2 (Pdcd10°K0), and Pdcdl0™" mice were used as
littermate controls. On postnatal day 1, 2, and 3, mice were administered 50 pg of tamoxifen
[T5648; Sigma-Aldrich] by intragastric injection to induce genetic inactivation of endothelial
Pdcdl0 gene in littermates with iCreERT2; Nos™ or iCreERT2; Nos” (Pdcdl0“%9;Nos*" and
Pdcd105°%0; Nos™" ) and Pdcd1 (0" Nos* or Pdcd10™"; Nos” mice were used as littermate controls,
respectively. Vegfa™! ¥ mice, expressing a B-galactosidase (LacZ) reporter gene inserted into

the 3’ untranslated region of the Vegfa gene, were obtained from the Jackson Laboratory.
2.2. Isolation of primary astrocytes

Vegfa™!-1Nagy mice at postnatal day 5-7 were sacrificed, and their brains were isolated and
placed into cold solution A (0.5% bovine serum albumin (BSA) in DMEM and 1 pg/ul glucose,
10mM HEPES, 1x penicillin-streptomycin). Brain cortices were separated from the brain and
rolled on dry filter paper to detach and remove the meninges. Cortices from 8-11 mice were pooled

and minced with scissors in solution A, and the tissue was centrifuged at 215g for 5 minutes at
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4°C. The tissue pellet was digested with a papain solution (0.7mg/ml papain suspension
[LS003126; Worthington], 20units/ml DNase 1 [11284932001; Sigma-Aldrich], and 0.150pg/ml
tosyl-lysine-chloromethyl-ketone [T7254; Sigma-Aldrich]) at 37°C for 25 min with vigorous
shaking every 10min. The tissue suspension was triturated using thin-tipped Pasteur pipettes until
partially homogenous and centrifuged at 215g for 5 minutes. The pellet was resuspended with
solution B (25% BSA in DMEM and 1pg/ul glucose, 10mM HEPES, 1x penicillin-streptomycin)
and centrifuged at 1000g for 20min at 4°C. The lighter phase containing astrocytes was extracted,
resuspended in 50ml of solution C (DMEM-1pug/ul glucose, 10mM HEPES, 1x penicillin-
streptomycin), and centrifuged at 215g for 10 minutes at 4°C. The pellet was resuspended again

in 50 ml of solution C and centrifugation was repeated.

2.3. Astrocyte culture conditions

The purified primary astrocytes were plated on a Poly-L lysine-coated plate (2.4 Growth
surface preparation) cultured in astrocyte media comprised of 1:1 Neurobasal media and DMEM
(1pg/ul glucose) supplemented with the following: 0.lmg/ml BSA, 0.1 mg/ml transferrin,
0.016mg/ml putrescine, 0.025ug/ml progesterone, 0.016pug/ml sodium selenite, Sng/ml H-BEGF,
Sug/ml N-acetyl cysteine, ImM sodium pyruvate, 1x penicillin-streptomycin, and 292pug/ml L-
glutamine. The primary astrocyte culture identity and purity were confirmed by GFAP and integrin

B5 immunofluorescence (Figure 10).

2.4. Growth surface preparation

Poly-L lysine (P8920-100ml, 0.1% (w/v) in H20, Sigma-Aldrich) stock solution was
diluted 1 in 10 in Hank’s balanced salts solution plus calcium (HBSS+Ca) (14025092, Sigma-

Aldrich) and left for 1h at 37°C on the plastic surface of 6-well plate format. Collagen type I
11



(C8919, 0.1% (w/v) in 0.1 M acetic acid) stock solution was diluted 1 in 20 in HBSS+Ca and left
for 1h at room temperature (RT) on the plastic surface of 6-well plate format. For experiments that
used transwell polyester membrane inserts (0.4 pum pore, CLS3450 24mm or CLS3460 12mm
diameter, Corning Costar), the filters were first coated with Poly-L lysine as described. Coating

solutions were removed, and cells were seeded onto the plastic surface or inserts.

2.5. Isolation of primary brain microvasculature endothelial cells

Adult mice 2-4 months old were sacrificed, and brains were isolated and placed into cold
solution A. Meninges and choroid plexus were detached and removed, and the brains of 5-6 mice
were pooled together and minced with scissors in solution A (2.2 Isolation of Astrocytes). Brain
tissue suspension was centrifuged at 215g for 5 minutes at 4°C. The tissue was digested with a
collagenase/dispase solution (Img/ml collagenase/dispase [10269638001; Sigma-Aldrich], 20
units/ml DNase I [11284932001; Sigma-Aldrich], and 0.150pg/ml tosyl-lysine-chloromethyl-
ketone [T7254; Sigma-Aldrich] in DMEM)]) at 37°C for 1h with vigorous shaking every 10min.
Then the tissue suspension was triturated using thin-tipped Pasteur pipettes until fully homogenous
and centrifuged at 215g for 5 minutes. The pellet was resuspended in cold solution B (2.2 Isolation
of Astrocytes) and centrifuged at 1000g for 20min at 4°C. The lighter phase was discarded and the
heavy phase containing the brain microvasculature was digested in collagenase/dispase a second
time for 30min at 37°C with vigorous shaking every 10min. After incubation, the suspension was
centrifuged (215g for Smin at 4°C) and the pellet was resuspended in BMEC-media that comprised
of EBM-2 medium (Lonza) supplemented with the following: 0.025% recombinant human EGF,
0.1% insulin-like growth factor, 0.1% gentamicin, 0.04% ascorbic acid, 0.04% hydrocortisone,

and 20% FBS. The BMECs were plated in collagen-coated wells (0.005% collagen in HBSS
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[C8919, Sigma-Aldrich]) and cultured in 10pg/ml of puromycin for 2 days, followed by 2ug/ml
for 2 days. Primary BMEC culture identity and purity were confirmed by RNA expression levels

of endothelial-specific genes, morphology, and immunofluorescence.
2.6. Inactivation of Kritl or Pdcdl0 gene in primary BMECs

After 5 days in culture at 37°C in 95% air and 5% CO», primary BMEC (2.5 Isolation of
primary brain microvasculature endothelial cells) from mice bearing Pdcdl(0"" or Pdgfb-
iCreERT2;Pdcd10™" (2.1 Genetically modified mice) were passaged to equal confluency (~ 2.5 x
105 cells) on collagen-coated 6-well plates. On day 6-7 from initial culture, Pdgfb-
iCreERT2;Pdcd10" BMECs were treated with SuM of 4-hydroxy-tamoxifen (H7904; Sigma-
Aldrich) for 48h to delete PdcdI0 (Pdcd10F°KC). Pdcd10"" BMECs were also treated with 4-
hydroxy-tamoxifen and used as a control. The deletion of Pdcdl0 in Pdcd105“X° BMECs was
verified by RT-qPCR analysis (Figure 5A). The medium was replaced with fresh BMEC-media
(2.5 Isolation of primary brain microvasculature endothelial cells) and changed again every two

days.
2.7. Co-culture of BMECs and astrocytes

Pdcd10°K0 and Pdcd10™" BMECs at passage 1-3 were plated on collagen-coated 6-well
plates (2.5 Isolation of primary brain microvasculature endothelial cells and 2.6 Inactivation of
Kritl or Pdcdl0 gene in primary BMECs) and maintained in BMEC-media for 15-20 days, while
mouse primary astrocytes (~3.5 x 10° cells) were seeded on poly-L-lysine coated transwell filters
(3450; Sigma-Aldrich) and maintained in astrocyte-media (2.3 Astrocyte culture conditions).

Astrocytes were maintained for 3 days before transwells were placed onto the BMEC wells

13



containing astrocyte media supplemented with 500uM L-arginine. BMEC and astrocytes were

maintained in co-culture for the time indicated in each experiment.

2.8. Immunofluorescence microscopy

Astrocytes were grown on poly-L-lysine coated 12-well transwell filters (CLS3460;
Sigma-Aldrich) or cover glasses (12-545-81; Thermo Fischer Scientific) (2.3 Astrocyte culture
conditions and 2.4 Growth surface preparation). For -gal staining, cells were fixed for Smin at
RT in a B-gal fixation solution (5SmM EGTA, 2.5mM MgCl,, 0.2% Glutaraldehyde, 1.3% PFA in
PBS) and washed for 5 min at RT with -gal washing buffer (2mM MgCly, 0.02% NP-40 in PBS).
A B-gal staining was performed at 37°C for 3h in 0.02% X-Gal, SmM K3Fe(CN)s, SmM
K4Fe(CN)g, 2mM MgClz in PBS. After staining, astrocytes were fixed again with 4% PFA for 10
min at RT, pH 7.4, and permeabilized with 0.5% Triton X-100 in PBS for Smin. For astrocytes not
undergoing [-gal staining, the cells were fixed for 10 min at RT with 4% PFA in PBS, pH 7.4, and
permeabilized with 0.5% Triton X-100 in PBS for 5 min. The cells were blocked with 0.5% BSA
for 30min and incubated with rat polyclonal antibodies anti-GFAP (1:80; 13-0300; Thermo Fischer
Scientific), sheep polyclonal antibodies anti-ITB5 (1:40, R&D Systems), and rabbit polyclonal
antibodies anti-HIF-1a (1:150; NB100-134; Novus Biologicals) overnight at RT. Cells were
washed four times with PBS and incubated with anti-rabbit Alexa Fluor 594 and anti-rat Alexa
Fluor 488 secondary antibody (1:300, Thermo Fischer Scientific) in PBS for 1h at RT. Astrocyte
nuclei were stained with DAPI and mounted with Fluoromount-G mounting medium

(SouthernBiotech).
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2.9. Immunohistochemistry

Brains from Pdcdl07¢%0 and littermate control Pdcdl0"" mice at postnatal day 10 were
isolated and fixed in 4% PFA at 4°C overnight. After cryoprotection in 30% sucrose dissolved in
PBS, brains were embedded and frozen in O.C.T compound (23-730-571; Fischer Scientific).
Cerebellar tissues were cut into 12-um coronal sections onto Superfrost Plus slides (12-550-15;
VWE International). Sections were blocked and permeabilized in a permeabilization solution
(0.5% Triton X-100, 5% goat serum, 0.5% BSA, in PBS) for 2h and incubated in rabbit polyclonal
antibodies against eNOS (1:200; PA1-037; Thermo Scientific) in PBS at room temperature
overnight. Preparations were washed one time in brain-Pblec buffer (PBS, ImM CaCl,, ImM
MgCl,, 0.1 mM MnCl,, and 0.1% Triton X-100) and incubated with isolectin B4 FITC conjugated
(1:80, L2895; Sigma-Aldrich) in Pblec buffer at 4C overnight. Tissue sections were washed four
times in PBS and incubated with suitable anti-rabbit Alexa Fluor 594-coupled secondary antibody
(1:300, Thermo Fischer Scientific) in PBS for 1h at RT. Cell nuclei were stained with DAPI and

mounted with Fluoromount-G mounting medium (SouthernBiotech).
2.10. Western blot analysis

BMECs were lysed using a solution containing ImM sodium orthovanadate, protease
inhibitor cocktail (11836170001; Roche), and 100uL of radioimmunoprecipitation assay buffer
(Thermo Scientific). A Micro BCA protein assay kit (500-0116; Thermo Scientific) was used to
determine the protein concentration and 25ug of cell lysates were heated for 5 minutes at 95°C to
denature all proteins. The cell lysates were subjected to a 4% to 20% gradient sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (XP04200, Thermo Fischer Scientific) and a wet

transfer was used to transfer proteins to nitrocellulose membranes (Amersham). Membranes were
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blocked for 1h at RT using a blocking solution (TBS 1x, 10% nonfat milk), and polyclonal rabbit
antibodies directed against eNOS (1:500; PA1-037; Thermo Scientific) or HIF-1a (1:150; NB100-
134; Novus Biologicals) were incubated at 4°C overnight. Several washes were performed and
then the membranes were incubated with appropriate IRDye/Alexa Fluor-coupled secondary
antibodies (1:10,000, 926-68070; 926-32211; Li-COR) for 1h at RT. A mouse monoclonal
antibody against beta-actin (1:5000; A5441; Sigma-Aldrich) was used as a control for protein

loading. Membranes were imaged and analyzed using Odyssey CLx Infrared Imaging (Li-COR).

Lysis solution: radioimmunoprecipitation assay (RIPA) buffer [25mM Tris/HCI pH 7.6,
150mM NaCl, 0.1% sodium dodecyl sulfate (SDS), 1% NP-40, 1% sodium deoxycholate],

protease inhibitor cocktail (11836170001, Roche), and 1mM sodium orthovanadate.

Laemmli’s sample buffer 4 X: 0.01% bromophenol blue, 40% glycerol, 8% SDS, 15mg/ml

D,L-dithiothreitol, in 250mM Tris/HCI pH 6.8

Running buffer: 125mM Trizma base, 1M glycine, and 0.01% (v/v) SDS in ddH,O

prepared from 10X stock.

Transfer buffer: SOmM Trizma base, 40mM, 20% (v/v) methanol in ddH,O

Blocking buffer: 0.1% tween-20, 10% fat-free dried milk dissolved in TBS at pH 7.4.

Washing buffer: 0.1% tween-20 dissolved in TBS at pH 7.4.

Molecular weight marker: Precision Plus Protein dual color standard (1610374, BioRad).

2.11. RNA isolation

Total RNA from cultured astrocytes and BMECs (2.2 Isolation of primary astrocytes and
2.5 Isolation of primary brain microvascular endothelial cells) were isolated by TRIzole as
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specified by the manufacturer’s protocol (Thermo Fischer Scientific). Briefly, 1ml of TRIzole
reagent was added per well. Cell homogenization was completed by pipetting up and down several
times throughout the entire surface area where cells were growing. Cell lysates were transferred to
Phase Lock Gel 2ml tubes (2302830; VWR). Then, 200ul of chloroform (ICN19400290; Thermo
Fischer Scientific) was added to each tube and mixed vigorously for 15 seconds, followed by a 3-
minute incubation at room temperature prior to centrifugation at 12,000g for 15 minutes at 4°C.
The aqueous phase containing RNA was collected and transferred to a 1.5ml DNAse/RNAse free
microfuge tube. To precipitate the RNA, 500ul of isopropanol was added, resuspended, and
incubated for 10 minutes at room temperature followed by centrifugation at 12,000g for 10 minutes
at 4°C. The supernatant was removed, and the pellet was washed with 1ml of 75% ethanol followed
by centrifugation at 7,500g for 5 minutes at 4°C. The supernatant was removed, and the pellet was
air-dried at room temperature and dissolved in 11ul-20ul of DNAse/RNAse free water. To
determine the concentration and purity, lul of each sample was analyzed using UV

spectrophotometry at 260 and 280 nm using NanoDrop 1000 Spectrophotometer.
2.12. RT2-qPCR analysis

10ng of total RNA was used to produce single-stranded complementary DNA (cDNA)
using random primers according to the manufacturer’s protocol (48190011; 18080093; Thermo
Fischer Scientific). Briefly, 10ng of RNA was added to a master mix containing 1X First-Strand
buffer, 1ul 0.1M DTT, 1mM dNTPs, 1ul RNaseOUT recombinant RNase inhibitor, SuperScript
III reverse transcriptase, and 0.5ug random primers. The mixture was placed in a thermal cycler

(C1000 Touch, Bio-Rad) at 25°C for 10 minutes, and then incubated at 50°C for 1 hour followed

by inactivation of the reaction by heating at 70°C for 15 minutes. 300ng of cDNA was run with
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the Kapa SybrFast qPCR mix (Kapa Biosystems) using S0uM of primers to distinguish between
the relative levels of genes in each condition. The PCR reaction was placed in a thermal cycler
(C1000 Touch, Bio-Rad) using an initial step at 95°C for 15 minutes, followed by 40 cycles (30sec
at 95°C, 30sec at 55°C, and 30sec at 72°C). Analysis of the data was performed using the 2-24¢T

method,’® and the relative quantification was determined as follows:

Threshold cycle (Ct) values were determined by the cycle number at which the
fluorescence curve crosses a predetermined threshold, usually 10 to 50 times the standard deviation
of baseline fluorescence. The threshold for each experiment was assigned to be within the linear
phase of the amplification curve. Differences in Ct between target genes (i.e. Pdcdl0, Nos3) and

the internal control (Actin) was calculated using the following formula:
ACt= Crtarget - Cr internal control

The difference in ACtbetween each condition and that of the appropriate control or vehicle

(AACrt) was calculated using the following formula:
AACt = ACrt condition - ACt control
Relative levels of mRNA were normalized to those measured in control samples, and then

transformed into absolute values using the following formula:

Comparative mRNA expression levels = 2 “2A¢T

2.13. NO Determination

Pdcd10°K0 and Pdcd 10" BMECs (2.6 Inactivation of Pdcdl0 gene in primary BMECs)
were maintained in BMEC media supplemented with 500uM L-Arginine and deficient in fetal

bovine serum and ascorbic acid for 36 hours. Then, the BMEC media was collected, and a
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colorimetric total nitric oxide assay was performed as specified by manufacturers protocol
(KGEO001; R&D Systems). 50ul of undiluted BMEC media samples and nitrate (NO3) standards
ranging 100uM to 1.565uM were plated on clear polystyrene microplates (DY990; R&D
Systems). To measure total nitrites (NO) and nitrates, 25ul of nitrate reductase and 25ul of NADH
were added to each well to convert all available nitrates to nitrite. The plate was covered with an
adhesive strip and incubated at 37°C for 30 minutes. After incubation, 50ul of Griess reagent I and
Griess reagent II were added to all wells and incubated at room temperature for 10 minutes. A two-
step diazotization reaction occurs in which NO; reacts with sufanilic acid to produce a diazonium
ion, which is then coupled to N-(1-naphthyl) ethylenediamine to form an azo-derivative that
absorbs light at 540nm. The optical density (O.D.) of each well was read using a microplate reader
(Infinite 200 PRO, Tecan) at 540nm with a wavelength correction of 690nm. Duplicate readings
were averaged and normalized to the blank. A standard curve was generated for each experiment
by plotting optical density against concentration (M), and total nitrate/nitrite concentrations were

determined using the linear trendline.

2.14. Statistics

Statistical analysis for single comparisons was performed using a two-tailed student’s #-
test and analysis for multiple comparisons was performed using ANOVA followed by a Bonferroni

post hoc test. The threshold for statistical significance was set at a p-value of 0.05.

Chapter 2, in part, is currently being prepared for submission for publication of the
material. Soliman, Shady; Hale, Preston; Pham, Angela; Lai, Catherine; Lagarrigue, Frederic; Sun,
Hao; Ginsberg, Mark H. and Lopez-Ramirez, Miguel A. The thesis author is a coauthor of this

material.
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3. Results

3.1. Brain endothelial genetic inactivation of Pdcd10 (CCM3) increases eNOS expression

Recently, our lab performed a genome-wide transcriptome analysis of cultured BMECs
after genetic inactivation of Pdcd10 (Pdcdl0“X9) or Kritl (Krit]*“%°) and identified increased
Nos3 mRNA levels.’®>* To validate that finding, we repeated experiments by isolating BMECs
from mice carrying floxed alleles in the Pdcdl0 (Pdcd10"") gene in the presence or absence of a
Cre-recombinase gene under the control of an endothelial-specific promoter (Pdgfb-iCreERT?2).%
Treatment of Pdgfb-iCreERT2;Pdcdl(™ BMECs with 4-hydroxy-tamoxifen deleted Pdcdl(
(Pdcd10F%9) and reduced Pdcd10 mRNA by ~98.2% within 9 days compared with 4-hydroxy-
tamoxifen treated Pdcdl10"" BMECs (Figure 5A). We observed by RT-qPCR analysis that
upregulation of Nos3 mRNA (~19.2 fold increase) was associated with increased eNOS protein
expression (~8.9 fold increase) in Pdcd10°“K° BMECs when compared to Pdcdl("/' BMEC
control as assessed by Western blot analysis (Figure 5B,C). These results indicate that upon
genetic inactivation of Pdcdl(0 in BMECs, there is a significant increase in eNOS mRNA and

protein levels.
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Figure 5. Inactivation of Pdcd10 in BMECs increases eNOS expression. A) RT-qPCR analysis of Pdcdl0) mRNA
levels from inactivated Pdcd10°°K° BMECs compared to Pdcd10™ BMECs (control) (SEM, n = 3). B) RT-qPCR
analysis of Nos3 mRNA in Pdcdl07““° BMECs compared to Pdcdl10™ BMECs (control) (SEM, n = 3). C)
Quantification of eNOS protein from Pdcd10°K° BMECs compared to Pded10™ BMECs (SEM, n = 3). Student’s
t-test, ** P <0.01.
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3.2. Loss of brain endothelial Pdcd10 increases the expression of eNOS in situ

To determine if the loss of endothelial Pdcd10 also induced increased expression of eNOS
mRNA and protein in situ, we analyzed the hindbrains of Pdcd10°“%° or Pdcdl0™" mice and
performed analysis by RT-qPCR, Western blot, and immunofluorescence. At P9, Pdcd105“K0
hindbrains show notable vascular lesions when compared with littermate Pdcd10"" controls
(Figure 6).

Pdcd10ECKO Pdcd10™

2rmm

Figure 6. Inactivation of endothelial Pdcd10 induces CCM lesions in mouse hindbrains. 50 pg of tamoxifen was
injected intragastrically on postnatal days 1,2, and 3. At P9, the brains were isolated, and the cerebellum was analyzed.
Scale bar, 2mm.

Consistent with results observed in cultured experiments, Pdcd 1070 hindbrains showed
~3.3 fold increase in Nos3 mRNA levels compared with littermates Pdcdl("" control.
Furthermore, Western blot analysis showed a ~5.8 fold increase in eNOS protein expression in
Pdcd10F°KO hindbrains relative to Pdcd10™" hindbrains (Figure 7A,B). Analysis of hindbrain
sections revealed that eNOS was upregulated in the CCM lesions. As showed in Figure 7C, we
observed that eNOS staining was increased in Pdcd 10¥°KC vasculature as showed by colocalization
of antibodies specific against eNOS and isolectin B4-FITC, which specifically labels the brain
vasculature (Figure 7C). Together these results demonstrate that eNOS mRNA and protein

expression is increased as a result of the loss of endothelial Pdcd10.
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Figure 7. Loss of brain endothelial Pdcd10 induces the expression of eNOS in situ. A) RT-qPCR analysis of
Nos3 mRNA in Pdcdl0°“¥0 hindbrains compared to Pdcd1(0"/ hindbrains. (SEM, n = 5). B) Quantification of
eNOS protein from Pdecdl10°K° hindbrains compared to Pdcdl(™" hindbrains (SEM, n = 4). C)
Immunofluorescence staining of eNOS (red) and isolectin B4 (green) in cerebellar sections from Pdcd0°K° or
Pdcd10™ mice at P9. DAPI staining (blue) was used to reveal the nuclei of sections. Asterisks indicate the vascular
lumen of CCM lesions. Scale bar, 100um. Student’s t-test, *** P < 0.001.
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3.3. Loss of brain endothelial Pdcdl0 increases nitric oxide production

Endothelial cells metabolize L-arginine via eNOS to produce nitric oxide (NO), therefore

we next investigated if upregulation of eNOS led to elevated NO production in Pdcd 0K
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Figure 8. Loss of brain endothelial Pdcdl0 increases nitric oxide production. A) Total nitrite and nitrate
concentration was determined by colorimetric assay analysis from the media of Pdcd10°“%° and Pdcd10™ BMECs
that are Nos3"*cultured for 36hrs (SEM, n = 7). B) Pdcd105°K° and Pdcd1("! BMECs that are Nos3** or Nos3*"
were compared to determine the fold change of total nitrites and nitrates in cultured media. The NOS inhibitor, L-
NAME (150uM), was supplemented in culture media (n = 3). C) RT-qPCR analysis of Nos3 mRNA levels in
Pdcd105°K° Nos3** and Pdcd105°K° Nos3"- BMECs relative to control (n = 2). D) Quantification of eNOS protein
from Pdcd10K° Nos3** and Pdcd105“K° Nos3'- BMECs relative to control (n = 5). Culture media was
supplemented with 500uM L-Arginine and was deficient in serum. Student’s t-test, *P < 0.05, ** P <0.01, *** P
<0.001.
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BMEC. Using a colorimetric assay to quantitatively measure total NO2 and NOs (nitrites and
nitrates) in the culture media, we observed that Pdcd10°“k0 BMEC possessed a ~1.7 fold increase
in NO release when compared with Pdcd10""BMEC control (NO basal levels: 5.47uM) (Figure
8A). This result is consistent with the increased Nos3 mRNA and eNOS protein levels observed
in Pdcd10F“%° BMEC. The increase in NO release is ascribable in part to the upregulation of
eNOS, because genetic inactivation in one copy of the Nos3 gene (Nos3"") significantly reduced
NO production in Pdcd10*“%° BMEC (Figure 8B). Consistent with these results, low levels of
Nos3 mRNA and eNOS protein in Pdcd10°K9:Nos3"- BMEC were observed (Figure 8C,D).
Moreover, addition of a nitric oxide synthase (NOS) inhibitor, L-NAME, reduced NO production
(Figure 8B) without changing eNOS mRNA and protein levels (data not shown). Taken together,
these studies show that the loss of Pdcdl0 in BMECs lead to an increase in eNOS expression and

subsequent endothelial NO release.
3.4. Astrocytes support CCM lesion formation

Postnatal hindbrain sections of Pdcd0*“%° mice were labeled with anti-CD34 antibodies
to label the vasculature and anti-GFAP antibodies to label astrocytes. Grossly-dilated blood
vessels were observed in Pded 0Pk hindbrains when compared to Pded (0" control sections
that showed conserved vascular integrity. Strikingly, lesions occurred only in areas that were
enriched with astrocytes and that were residing in regions of the white matter (Figure 9). These
observations suggested that astrocytes associated with the CCM lesions could be contributing to

CCM onset and exacerbation.
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Figure 9. Astrocytes support CCM lesion formation. Immunofluorescence staining of GFAP (red) and CD34
(green) in cerebellar sections from Pded105KC or Pdcd10™" mice at P9. DAPI staining (blue) was used to reveal the
nuclei of sections. Asterisks indicate the vascular lumen of CCM lesions.

3.5. Nitric oxide increases astrocyte-derived VEGF

Previously, it has been shown that NO donors, such as DETANONOate, increase
angiogenesis by upregulation of VEGF in an animal model of ischemic stroke.’® To investigate
whether NO stimulates the expression of VEGF in astrocytes, we prepared primary mouse
astrocyte cultures from VEGF-LacZ reporter mice (Vegfa™!-/Ne&"), a reporter line that carries a
nuclear-localized beta-galactosidase knock-in at the 3’ UTR of the Vegfa gene locus that permits
single-cell monitoring of VEGF expression.®® We observed that the purity of cultured astrocytes
was high as determined by cells that are double positive for specific astrocyte markers GFAP and

integrin B5 (Figure 10).
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GFAP ITGB5 DAPI

Figure 10. Primary cultured astrocytes. Immunofluorescence staining for GFAP (red) and integrin 5 (cyan) of
primary cultured astrocytes from Vegfa™!-!Ne¥ mice. Scale bar, 100pum, 50pm.

We observed that primary cultures of astrocytes (as shown by positive staining for GFAP)
treated with 0.5mM DetaNONOate (NO donor) for 24h led to a dramatic increase in 3-gal staining,
an indicator of increased VEGF expression,® when compared with vehicle-treated astrocytes
(Figure 11A). We also observed that the effect of DETANONOate inducing increased [-gal
staining can be prevented when astrocytes are pre-treated with 15uM CPTIO, a NO scavenger.
Moreover, lower -gal staining was observed in astrocytes pre-treated with only CPTIO when
compared with control astrocytes (Figure 11A). These results are consistent with our observations
using RT-qPCR analysis. The addition of DETANONOate in astrocyte culture media induced a
~7 fold increase in astrocyte Vegfa and an ~11.50 fold increase in astrocyte f~ga/ mRNA levels
(Figure 11B), an effect that was prevented in astrocytes pre-treated with CPTIO (Figure 11C).
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These results indicate that our primary astrocyte cultures respond to exogenous NO and that

elevated levels of NO can increase astrocyte-derived VEGF.
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Figure 11. Nitric oxide induces astrocyte-derived VEGF. A) Immunofluorescence staining of GFAP (red) and
B-gal staining of primary cultured astrocytes from Vegfa™!!N*&Y mice cultured for 24 in with 0.5mM DETA
NONOate and 15uM CPTIO. Scale bar, 100um. B) RT-qPCR analysis of Vegfa and f~ga/ mRNA in primary
cultured astrocytes treated with 0.5mM DETA NONOate for 24hrs. (SEM, n =4). C) RT-qPCR analysis of Vegfa
and f-gal mRNA in primary cultured astrocytes treated with 15uM CPTIO for 24hrs (n = 1). Student’s t-test, **
P <0.01, *** P <0.001.



3.6. Brain endothelial nitric oxide induces astrocyte-derived VEGF following loss of Pdcd10

VEGEF signaling is enhanced in CCM>7-2 and can contribute to the pathogenesis of
CCM.3¢ To investigate if brain endothelial NO induces astrocyte-derived VEGF during CCM, we
co-cultured purified astrocytes and Pdcd10°°K0 or Pdcdl1("/' BMECs in serum-free conditions
supplemented with L-arginine and measured changes in the gene expression of the astrocytes.
We observed that Pdcd105“K° BMEC significantly increase astrocyte-derived Vegfa mRNA
levels (Figure 12A) in a co-culture system. In addition, using the bicistronic expression of f-gal
as a Vegfa reporter, we also found that ~gal mRNA levels in astrocytes were significantly
elevated when co-cultured with Pdcd105““° BMEC compared to Pdcd10™ BMEC control
(Figure 12B). Furthermore, we observed that the increase in astrocyte-derived Vegfa or f-gal
mRNA levels was specific to the upregulation of eNOS, because genetic inactivation of one copy
of the Nos3 gene in Pdcd105“%° BMEC was sufficient to prevent Vegfa or f-gal upregulation in
astrocytes (Figure 12A,B). These data provide strong evidence that brain endothelial NO

increases expression of astrocyte-derived VEGF following loss of endothelial Pdcd10.
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Figure 12. Brain endothelial NO induces astrocyte-derived VEGF following loss of Pdcd10. A) RT-qPCR
analysis of Vegfa mRNA in primary cultured astrocytes co-cultured with Pdcd10““ BMEC compared to Pdcd 10"
BMEC control (SEM, n = 4). B) RT-qPCR analysis of fgal mRNA in primary cultured astrocytes co-cultured with
Pdcd105°K° BMEC compared to Pded10™ BMEC control (SEM, n = 4). Student’s t-test, *** P < 0.001.
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3.7. HIF-1a stabilization induces VEGF expression

Brain endothelial NO has been reported to stabilize hypoxia inducible factor 1 alpha (HIF-
la) in astrocytes and augment synthesis of VEGF in response to mild hypoxia.®* Therefore, we
next investigated whether brain endothelial NO induces astrocyte-derived VEGF expression by
stabilizing HIF-1a following the loss of Pdcdl0. For these studies, we co-cultured purified
astrocytes and Pdcd10FK0 or Pdcd 10" BMECs in astrocyte serum-free conditions supplemented
with L-arginine for 48h. Immunocytochemistry revealed elevated levels of HIF-1a in astrocytes
co-cultured with Pdcdl0“%° BMEC as compared with co-cultures in control Pdcd10™ BMEC

(Figure 13A).
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Figure 13. Brain endothelial NO stabilizes astrocyte HIF-1a following the loss of Pdcdl0. A) Immunofluorescence
staining for HIF-1a (green) and GFAP (red) of primary cultured astrocytes co-cultured with Pdcdl0“%° BMEC
compared to Pded10™" BMEC control for 48hrs. Scale bar, 50pum. B) Quantification of HIF-1o protein from primary
cultured astrocytes co-cultured with Pded 0“0 BMEC compared to Pdcd10™" BMEC control for 48hrs (SEM, n = 2).
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Consistent with the observation of increased HIF-1a staining, western blot analysis confirmed an
increase in HIF-1aw protein levels in astrocytes co-cultured with Pdcd 0“0 BMEC (Figure 13B).
The increase in HIF-1a. protein was specific to the upregulation of eNOS, because genetic
inactivation of both copies of the Nos3 gene (Nos3”") reduced HIF-lo protein stability in

Pdcd10*k0 BMEC (Figure 13B).

Chapter 3, in part, is currently being prepared for submission for publication of the
material. Soliman, Shady; Hale, Preston; Pham, Angela; Lai, Catherine; Lagarrigue, Frederic; Sun,
Hao; Ginsberg, Mark H. and Lopez-Ramirez, Miguel A. The thesis author is a coauthor of this

material.
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4. Discussion

CCMs are hypersensitive to angiogenesis due to the loss of an anti-angiogenic checkpoint®¢

and increased VEGF signaling, leading to disassembly of brain endothelial tight junctions, dilation
of vessels, and vascular leakage.***¢ Here, we report that loss of PDCD10 in brain endothelial cells
causes upregulation of eNOS mRNA and protein, as well as increased eNOS staining in CCM
lesions. Furthermore, elevated eNOS levels results in an increased production and secretion of NO,
an important intercellular messenger in the CNS responsible for vascular remodeling and
angiogenesis.’>%+% To analyze the effect of upregulated eNOS and elevated release of NO during
CCM, we prepared co-culture studies using purified astrocytes and Pdcd10*“*° BMEC. Increased
brain eNOS induced upregulation of astrocyte-derived Vegfa. The increase in astrocyte-derived
Vegfa mRNA levels was specific to the upregulation of eNOS because genetic inactivation of one
copy of the Nos3 gene in Pdcd105“K° BMEC was sufficient to prevent Vegfa upregulation in
astrocytes. Moreover, upregulation of eNOS in Pdcdl(0*““° BMEC was correlated to HIF-1a
protein stabilization in astrocytes during co-culture studies, suggesting a NO-dependent HIF-1a
stabilization. These studies identify that an increase in expression of eNOS during CCM may lead
to a sustained increase in NO levels and induce astrocyte-derived VEGF production by HIF-1a
protein stabilization. Therefore, we propose the possibility that CCM lesion formation and
progression can be mediated by the non-cell-autonomous release of VEGF from perivascular

astrocytes.

Elevated levels of endothelial-derived NO can induce non-cell-autonomous signaling
during CCM. The diffusion of NO from endothelial cells to perivascular astrocytes increased

astrocytic HIF-1a stabilization and subsequent synthesis of VEGF. At physiological levels of
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oxygen, prolyl hydroxylases (PHDs) catalyze the iron-dependent hydroxylation of proline residues
in HIF-1oo (Pro-402 and Pro-564). As a result, von-Hippel-Lindau protein binds to HIF-1a and
targets it for ubiquitin-dependent proteasomal degradation. Under hypoxic conditions, PHDs
become inactivated, leading to HIF-1a stabilization. HIF-1a. then translocates to the nucleus where
it dimerizes with HIF-1f and binds to the hypoxia-responsive element in the promoter region of
several target genes, including VEGF-A.%>-¢7 In addition to being regulated by oxygen, previous
studies have demonstrated that high concentrations of NO can also stabilize the HIF-1a complex,
rendering it active. Proposed mechanisms include the following: NO may bind to the iron co-factor
of PHD and inhibit its ability to target HIF-1aw for degradation; NO could increase reactive
oxidative species that stabilize HIF-1a; and NO may directly nitrosylate cysteine residues on HIF-
lo that prevent its degradation.®®%® Evidence that VEGF-A is a direct target of HIF-1a is well
documented.®*$7-% However, in the context of CNS diseases, Argaw et. al reported that
GfapCre:Hifld"" mice displayed insignificant changes in VEGF-A expression or vascular
permeability in murine Multiple Sclerosis models.!® But these findings assessed the role of HIF-
la in CNS models of inflammation and did not investigate the ability of astrocytic HIF-1a to
induce VEGF-A expression in models of ischemia or vascular dysfunction where NO levels are
augmented.”® In fact, we show that NO donors (DETA NONOate) were sufficient to induce
dramatic increases in VEGF-A and B-gal expression in primary astrocytes of Vegfa™!-/Ne¢¥ mice.

Moreover, Brix et. al®

reported that endothelial cells, not astrocytes or neurons, represented the
main source of NO that stabilizes astrocytic HIF-1a. Consistent with these findings, we show that
expression of astrocyte-derived VEGF-A is dependent on elevated NO production by eNOS. CCM

has been characterized as an endothelial cell-autonomous disease, marked by changes in the

endothelium due to the loss of KRITI, CCM2, or PDCD10.’%"" Our findings that endothelial-
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derived NO can stabilize astrocytic HIF-1a to induce the expression of VEGF suggests that CCMs

also involve non-cell-autonomous signaling.

Astrocyte-derived VEGF promotes vascular permeability and can contribute to the
exacerbation of CCM. In the CNS, VEGF is capable of disrupting the expression of
interendothelial junctions claudin-5 and occludin,*’ and has been shown to disrupt VE-cadherin
stabilization, resulting in vascular permeability.!® Previous cases report elevated VEGF expression
in the lesions and serum of CCM patients.’”*? Our findings demonstrate that the elevated
expression of VEGF in CCM may be produced by astrocytes. This result augments previous
studies in the lab reporting that the loss of KRIT1 increases VEGF expression through the
regulation of B-catenin signaling in endothelial cells,*** indicating that multiple mechanisms are
likely involved in the upregulation of VEGF during CCM. Furthermore, astrocyte-derived VEGF
has been implicated in BBB disruption for other inflammatory CNS diseases.!%*"-* Consistent
with these findings, this study showed for the first time that astrocytes release soluble secreted
factors that can contribute to the pathology of CCM. Thus, these findings indicate that increased

VEGF signaling may contribute to the exacerbation of CCM.

This study implicates that CNS-resident cells, such as astrocytes, could promote and
contribute to the physiological changes that lead to CCM. New studies are needed to investigate
other astrocyte HIF-1a target genes that are regulated and to evaluate the possibility of other
molecular mechanisms involved in cross-talk between the endothelium and astrocytes during
CCM. In addition, the laboratory recently crossed Pdgfb-iCreERT2; Pdcdl("/;Nos3” mice with
Vegfa™!-"Na2v mice to detect B-gal expression (VEGF) in the lesions of Pdcdl0FK°:Nos3"";

Vegfa™!-"Na2y and Pdcd10“%0; Nos3"; Vegfa™!-'Ne&¥ mice. Future work using these mouse models
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will allow us to assess if eNOS deficiency leads to altered VEGF-A expression and CCM

development in vivo.
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