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ABSTRACT OF THE DISSERTATION

Repair of the Cerebral Vasculature After Traumatic Brain Injury and the Influence
of Beta-Catenin in New Vessel Formation and Injury Outcome

by

Arjang Salehi

Doctor of Philosophy, Cell Molecular and Developmental Biology Program
University of California, Riverside, June 2019
Dr. Andre Obenaus, Co-Chairperson
Dr. Nicole Zur Nieden, Co-Chairperson

Traumatic brain injury (TBI) often results in damage to the cerebral
vasculature which leads to hypoperfusion, edema, and hemorrhage. Repairing
the injured vasculature after TBI is critical for neuroprotection and improving
outcomes. While numerous studies have shown that the cerebral vessels are
damaged after TBI, there are scant studies looking at repair of the vessel
network following brain injury. Furthermore, there is a paucity of studies that have
examined the molecular mechanisms underlying vascular repair after TBI. One
possible signaling factor is B-catenin, which promotes blood vessel formation
during embryonic development. To address this gap in knowledge, we developed
a novel method to stain, visualize, and analyze the cerebral vasculature in the
entire rodent brain. This technique, referred to as Vessel Painting (VP),
effectively stains pial, penetrating, and parenchymal vessels and cerebral
vessels can be imaged by wide-field fluorescent microscopy to acquire whole

brain images. We introduce two complimentary methods to analyze vessel

vii



morphology and complexity in the whole brain. Our novel VP and analysis
protocol was used to study the vascular alterations after TBI. Adult male mice
received a moderate controlled cortical impact followed by VP at 1 and 7 days
post injury (dpi). We assessed [3-catenin inside blood vessels around the injury
site and utilized a Wnt reporter mouse line (TCF/LEF:H2B-GFP) to monitor Wnt
gene expression. We report that TBI results in vascular loss at 1 dpi followed by
an increase in new vessels at 7 dpi. We observed an acute increase in (3-catenin
expression and increased Wnt reporter activity in cerebral vessels after TBI. To
assess the role of 3-catenin in vascular repair, we utilized Lithium to increase [3-
catenin expression and JW74 to reduce [3-catenin expression. Lithium treatment
after TBI enhanced vascular repair and lead to elongated vessel segments at 7
dpi while JW74 treatment after TBI reduced vascular repair and lead to
fragmented vessels. Overall, these findings suggest that B-catenin becomes
activated after TBI to initiate vascular repair. Treatment strategies to enhance -
catenin appear to contribute to vascular repair after TBI and represents a

potential target for future therapeutics.
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Chapter 1

Introduction

Preface

This chapter has been adapted from... Salehi, A., J. H. Zhang and A. Obenaus
(2017). "Response of the cerebral vasculature following traumatic brain injury."
Journal of Cerebral Blood Flow and Metabolism 37(7): 2320-2339 with

permission from SAGE Publishing

This chapter describes vascular complications that occur after traumatic brain
injury, the temporal response of the cerebral vasculature to injury, and putative
signaling factors involved in vascular repair. This chapter gives an overview of
beta-catenin and discusses beta-catenin’s role in blood vessel formation during
embryonic development and its involvement in repair processes after traumatic

brain injury.

Reproduced from manuscript: Figure 1.1 — 1.3, 1.6, Table 1.1 — 1.2



Over the last decade, traumatic brain injury (TBI) research has focused
almost exclusively on neuroprotective strategies that reduce neuronal cell loss®.
Unforutantely, this approach has failed to develop any meaningful therapeutics
for clinical treatment. One less explored potential target has been the brain
vasculature and its impact on TBI outcomes?“. A major consequence of TBI is
direct damage to the cerebral vasculature. Hemorrhage, edema, blood flow
abnormalities, and blood brain barrier disruption are immediate and early events
that are commonly observed in patients and in animal models of TBI. These early
events are then later followed by hypoperfusion, altered delivery of metabolic
substrates, and hypoxic and ischemic tissue damage. The vasculature is
comprised of several key cellular elements termed the expanded neurovascular
unit (eNVU) and includes neurons, astrocytes, endothelial cells, pericytes, and
smooth muscle cells. The eNVU elements work together to regulate cellular
metabolism and activity through local blood flow®. After TBI, secondary injury
mechanisms result in the dysregulation of the eNVU leading to subsequent
cellular degeneration in severe injuries to altered function in more mild injuries* ©.

Emerging research now suggests that the injured vasculature attempts to
undergo repair’. Angiogenesis and vasculogenesis are the two primary
processes initiated after TBI. The multiple components of the eNVU are actively
involved in this response and are regulated by a myriad of cellular and molecular
injury-induced signaling factors and processes. A greater understanding of how

these signaling pathways coordinate vascular repair will provide insight into new



potential drug targets and open up unexplored avenues for therapeutic
intervention. Elucidating these pathways will also have broad implications for a

host of other brain injuries that impact the vasculature.

Traumatic Brain Injury

TBI is the most common acquired brain injury worldwide with millions of
individuals affected across a broad age spectrum’®. In the United States, the
incidence of TBI is 1.7 million, resulting in 52,000 deaths annually'. The number
of trauma-related deaths is higher in European countries'. Along with causing
significant mortality, the short and long-term consequences associated with TBI
have become more apparent and include cognitive deficits (loss of memory, loss
of reasoning) and behavioral abnormalities (anxiety, depression, poor social
interactions)'3. Indeed, it is estimated that 43% of TBI survivors develop
subsequent chronic disabilities for which there are no clinically effective
treatments to assist in functional recovery after TBI'4.

TBI is a heterogeneous condition with regards to etiology. In general, TBI
has been defined as damage to the brain caused by an external impact, such as
penetration by an object or blast wave'®. The primary causes of TBI are sports-
related injuries, blast exposures, automobile accidents, and falls. In sports,
concussions (or repeated TBIs) have gained increased public awareness and are
known to increase the risk of dementia and can lead to chronic traumatic

encephalopathy and other cognitive disorders in retired athletes'®. Blast TBIs are



the result of blast pressure waves from explosive devices and are frequently
observed in soldiers from Iraq and Afghanistan'’. Clinical studies usually classify
brain injuries based on severity (mild to severe). However, in studies using
animal models the resulting injury can be sub-classified based on the form of
injury (open or closed head injury), type of impact (impact or blast), location
within the brain (focal or diffuse), and symptoms (sub-concussive or post-
concussive).

The severity of the injury is initially scored on the Glasgow Coma Scale, a
tool used to evaluate a patient’'s motor, verbal, and eye opening response.
Advances in medical imaging, such as computed tomography (CT) and magnetic
resonance imaging (MRI), are used extensively to confirm the existence and
severity of injury. TBI is grouped into three severities: mild, moderate, or severe.
Mild TBI (mTBI) is the most common and results in no overt changes within the
brain. Skull fractures, hemorrhage, and altered brain structure(s) are rarely
observed by CT scan and standard MRI following mTBI'8. mTBI often leaves the
patient with temporary symptoms; however, clinical studies along with research
in animal models show progressive long-term neuropsychological disruptions'®
20, In contrast, moderate and severe TBlIs result in visible neuroimaging changes
within the brain, including hemorrhage and edema?'. Most survivors are left with
permanent cognitive and physical impairments?'. Severe TBls require immediate

medical attention and often exhibit involvement in multiple brain regions. The



long term pathological consequences in these mild to severe TBI cases appears
to be a disruption of the white matter tracts and systemic inflammation?2.
Neuropathology of TBI from the initial primary injury is followed by a
secondary injury cascade. Primary injury is the mechanical damage that occurs
at the time of injury and results in shearing of neurons, glia, and blood vessels.
Primary injury is untreatable and only preventable by limiting exposure to the
inciting event and taking safety precautions. Secondary injury, on the other
hand, occurs over time and initiates a variety of signaling cascades that alter cell
function and/or cause cell death. Some common events include oxidative stress,
excitotoxicity, mitochondrial dysfunction, and inflammation?®. These secondary
events can last hours to years after the injury and can contribute to functional
deficits and long-lasting disabilities?*. Thus, preventing or mitigating the effects of

secondary injury is potentially critical to improving the lives of TBI victims.

Vascular Consequences of TBI

Extensive research has been conducted to identify potential therapeutic
targets for TBI, but none have successfully been translated to the clinic. One
major consequence of TBI that has not been extensively investigated is damage
to the cerebral vasculature. The disrupted vasculature participates in the
pathogenesis of TBI and can lead to secondary injury in the form of hemorrhage,
edema, changes in blood flow, and blood brain barrier disruption. A better

understanding of how these vascular effects after TBI result in chronic disabilities



could lead to the development of improved therapeutics. Here, we will review
different types of cerebrovascular complications that occur after TBI and their

impact on brain pathology.

Hemorrhage

Hemorrhage occurs in 46% of all TBIs and is increasingly prevalent in
moderate and severe injuries?®. An insult to the brain results in bleeding that can
gradually progress over the first 24-48 hours. In some cases, the leaking blood
collects outside the vessel forming a hematoma. Three distinct types of
hemorrhage are reported after TBI and are based on their location in the brain:
epidural hematomas (between the dura mater and skull), subdural hematomas
(between dura and arachnoid mater), and subarachnoid hemorrhage (between
the arachnoid and pia mater). Of the three types, post-traumatic subarachnoid
hemorrhage is the most severe and is associated with increased mortality and
poor outcomes?®. The effects of hemorrhage results in increased intracranial
hypertension, vasospasms, and compression of structures in the brain?’.
However, this depends on the amount and degree of bleeding into the
parenchyma. While most hemorrhage resolves on its own, microbleeds can still
be present causing deposition of hemosiderin that is detectable by MRI28,
Accumulation of ferritin/hemosiderin is known to be toxic to brain cells and can

elicit an inflammatory response?®. Interestingly, preclinical studies demonstrated



that delayed microbleeds following TBI are associated with white matter

damage? 31,

Edema

Cerebral edema, the excess accumulation of fluid within the brain,
accounts for 50% of deaths in severe head injuries3?. Pediatric patients are at
greater risk of developing edema than adults33. After TBI, cerebral edema forms
at the lesion and incorporates into the surrounding tissue. Two distinct types
have been observed, cytotoxic and vasogenic edema. Cytotoxic edema results in
water accumulation in cells and is caused by dysregulation of the sodium and
potassium pumps on the cell surface34. The retention of water and ions can
adversely affect cell function and even lead to apoptosis. The blood brain barrier
remains intact in cytotoxic edema3*. Vasogenic edema results in water
accumulation in the extracellular space and is caused by the disruption of the
blood brain barrier®*. Vasogenic edema is associated with elevated intracranial
pressure, tissue swelling, changes in blood flow, and compression of brain
structures®. Although it has been accepted that cytotoxic edema occurs
immediately after injury and leads to vasogenic edema, recent studies have
expanded on this concept and proposed two transitional forms of edema that
occur after stroke® 34. In this model, anoxic and ionic edema result in
dysregulation of the components of eNVU which leads to increased vascular

permeability and development of vasogenic edema3*.



Changes in Cerebral Blood Flow (CBF)

Altered CBF is one of the most common outcomes of TBI. Both regional
and global changes in blood flow are observed but depends on the size, location,
and type of tissue injury (i.e. contusion, hematoma, or diffuse edema)36. A
majority of TBI patients have significant reductions in CBF within the first 12
hours after injury®® 37, but this is dependent on the severity of the injury. It has
been reported that CBF values can reach ischemic levels falling to 18-20 ml/100
ml/min after severe TBI (normal values in humans are ~45-50 ml/100 ml/min)36:
38 After this initial period, many patients experience hyperemia (increase in CBF
values compared to normal tissue) while others have shown low or normal CBF
values3® 40, Interestingly, at later times after injury there is an apparent
uncoupling between blood flow and tissue metabolism, with long-term outcomes
being vasospasms and hypoperfusion®. These decrements in CBF can result in
ischemic brain injury, which is the leading cause of death after severe TBI®°.
Although CBF typically normalizes within several weeks, therapeutic procedures
to enhance blood flow acutely are needed and could have significant clinical

benefits for TBI patients*’.

Vasospasms

Vasospasms, or the abnormal constriction of blood vessels, can adversely

affect functional recovery after TBI. The reported incidence of vasospasms after



head injury ranges from 19-68%%2. While most vasospasms are short-lived,
severe episodes can last longer but typically resolve by 14 days in closed head
injuries*3. Blast TBI victims have been reported to have a higher frequency of
developing vasospasms than other forms of head injuries and can last up to 30
days after injury*4. The cause of vasospasms after TBI remains undetermined,
but others have suggested that it triggered by hypertension and subarachnoid
hemorrhage®. A study by Dore-Duffy indicated that pericytes release endothelin-
1, a potent vasoconstrictor molecule, near the blood vessels after TBI“®.
Vasospasms can reduce cerebral perfusion to regions of the brain, which could
lead to ischemic injury and infarction if untreated*®. Clinicians undertake
extensive efforts to manage vasospasms early in order to avoid long-term

injuries.

Blood brain barrier (BBB) Disruption

BBB disruption following TBI has been well-established. The most
common technique to assess BBB disruption in humans is by cerebral spinal
fluid/serum albumin quotient, which measures albumin in cerebral spinal fluid in
reference to blood serum. Ho et al. in a retrospective cohort study of patients with
severe non-penetrating TBI found that 44% of patients experience BBB
disruption which was associated with poor long-term outcome*’. Although BBB
disruption typically returns to normal by several weeks, some patients have

reported it to last months and years after mild injuries*®. The BBB regulates the



movement of substrates between the blood and central nervous system (CNS)
and is critical in maintaining cellular homeostasis. This selective barrier is
composed of tightly connected endothelial cells together with astrocytes,
neurons, and pericytes (forming the eNVU). The endothelial tight junction
proteins that seal the BBB become disrupted after TBI, either by the contusion
and/or increased intracranial pressure*®. Neutrophils also exacerbate BBB
disruption by secretion of proteases and cytokines®. The disruption of BBB leads
to the release of harmful molecules into the local injury microenvironment such
as iron, reactive oxygen species, and blood toxins.®'. Such molecules can

augment inflammation and increase the risk of edema and hypertension®’.

Coagulopathy

Altered coagulation profiles after TBI have been reported in numerous
studies®>%4, Harhangi et al.%? in a systematic review of 82 studies confirmed that
coagulopathies were present in TBI patients with a prevalence of 33% and that
there was a significant correlation between mortality and poor outcomes. One
key finding of most studies is that the severity of the TBI is related to the degree
of coagulopathy which is in turn related to outcomes and mortality. Further, the
time course of the coagulation abnormalities is also dependent upon the severity
of injury®®. The coagulation cascade appears to be dramatically altered after
moderate and severe TBIs, initiated in large part by the release of tissue factor

(TF) into the circulation leading to depletion of coagulation factors (extrinsic
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pathway), decreased platelets, altered BBB and leading to increases in
circulating microparticles®-58. Hyperfibrinolysis, with increases in d-Dimer, have
also been proposed to be a marker of outcomes via a potential cascade wherein
TF can increase activation of the extrinsic pathway®°. Alternatively, low platelet
levels may also contribute to increased hemorrhagic evolution particularly early
after hospitalization®?. The hemostasis mechanisms that can be impacted by TBI
are clearly varied but ultimately lead to inflammation, hyperfibrinolysis,
endothelial dysfunction, and platelet abnormalities. Thus, it is clear that early
coagulation mechanisms play a significant role in TBI outcomes but more

research is warranted on improved biomarkers and therapeutic interventions®?. 62,

Chronic Inflammation

While the inflammatory response is initiated minutes after injury and
protects against pathogens, eliminates necrotic cells, and promotes tissue repair,
it has become apparent that chronic inflammation is associated with CNS
damage®? 64. Microglia cells, the resident macrophages in the brain, have drawn
much attention. Microglia are rapidly activated in response to injury and work to
limit the extent of tissue damage®3. However, persistent microglial activation is a
key contributor to secondary brain injury. Several studies have shown that
microglia can become activated for weeks to years after brain injury®%-¢7.
Assessment of postmortem tissue of TBI patients who died months after the

injury revealed increased activation of microglia in the white matter tracts®’.
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Microglia can become over-active in response to danger-associated molecular
pattern factors that are released by damaged cells®®. As a result, over-active
microglia produce high levels of inflammatory cytokines and cytotoxic factors that
cause further neurodegeneration®. Additionally, the sustained release of these
factors disrupts the BBB, resulting in the transit of inflammatory factors and
peripheral immune cells into the brain thereby further increasing the inflammatory

response®’.

Cerebral Vascular Injury: Repair or Patholoqy?

At present, there are scant reports looking at repair of the vessel network
following brain injury. Several studies suggested that the injured cerebral
vasculature is repaired by 14-28 days, but repair results in morphologically
abnormal vessels % 7073, To address this gap in knowledge, we developed a
novel method to stain, visualize, and analyze the cerebral vasculature in the
whole mouse brain and applied this method to study the vascular alterations
following TBI 7. We reported that TBI results in vascular loss followed by an
increase in new vessels at 7 days post injury (dpi) 7. The newly formed vessels
appeared irregular and showed increased branching and smaller vessel
structures in compared to the uninjured vessels. Additionally, we used our novel
vessel staining and analysis technique to document the acute changes to the
cerebral blood vessels after TBI and observed dramatic alterations in vascular

parameters not only at the injury site but also in the contralateral brain in a rat
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model of TBI 6. Extending these early studies we observed that moderate TBI
which results in gross vascular injury is subsequently followed by repair over the
course of 2 weeks (unpublished results, Fig. 1.1). The degree of vascular repair
is dependent on the severity of the injury ® and age 7. Our own recent findings
showed that at 7 dpi male mice have increased vessel number and complexity in
the injured cortex compared to female mice suggesting that vascular repair
mechanisms may be dependent on sex 8. Similarly, blood flow resumes to the
perilesional tissue by 14-21 days 7% 7.8 However, some studies reported
hypoperfusion in the restored vessel network indicating that vascular repair does
not implicitly result in improved vascular function 7 81, Steinman et al.” indicated
that abnormal patterning of the repaired vasculature is associated with
hypoperfusion 4 weeks after controlled cortical impact. Collectively, research
indicates that there is delayed repair of the blood vessels after TBI and that when
repair occurs it can lead to morphological and functional vascular abnormalities.
It is clear that the vascular repair process is influenced by the severity of
the injury. Park et al. ® explored vascular loss and recovery using a fluid
percussion injury model. Their study utilized two injury severities, a moderate (2
atm) and a severe (3 atm) injury and evaluated the vasculature at 1 and 14 days
post injury. Both severities resulted in significant vascular injury at 1 day post
injury compared with sham animals. The moderately injured animals showed
improvements by 14 days after injury, where microvascular density in the injured

cortex recovered to near-sham levels. Conversely, the severely injured animals
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showed a significant reduction in microvascular density in the injured cortex by
14 days post injury. The repaired vasculature of moderately and severely injured
animals was abnormal, with an increase number of irregular and torturous
vessels. This study highlights that vessel repair can be abnormal and may
contribute to the pathological outcomes after brain injuries.

Other studies have noted significant alterations to the newly formed blood
vessels. While morphological changes to the cerebral vessels are apparent early
after TBI®2 83, it appears that these deficits do not fully recover and can persist for
weeks and months after the initial injury. Electron microscopy showed
aberrations to the vessel walls, ridged elastic lamina, swelled and apoptotic
endothelial cells, and degraded extracellular matrix34-86. Both large and small
vessels appear to be affected. In a fluid percussion injury model, injured rats had
fragmented capillaries and reduced capillary diameter at 30 days post injury 3.
Gama Sosa et al. 72 utilized a blast model of mTBI and observed a unique
vascular pathology that led to chronic changes in the vessels 6 months after
injury. These malformed vessels likely increase the risk of delayed hemorrhage,
hypoperfusion, and other secondary effects3' 87, Also an outcome of poor
vascular repair when coupled with cerebrovascular dysfunction can lead to
further exacerbation of tissue injury. Thus, damaged and abnormal repair of the
vasculature may be an important contributing factor to poor outcomes often

observed after TBl in humans and in rodent models.
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New Vessel Formation Following Injury

The formation of new blood vessels (or vascular repair) after acquired
brain injury has increasingly gained interest. It has been well-documented that
after TBI two primary mechanisms, angiogenesis and vasculogenesis occur (Fig.
1.2). While both angiogenesis and vasculogenesis are active during embryonic
development and lead to the formation of a primitive vascular network, they also
play a role in promoting vascular repair in the adult after injury. These complex
but distinct processes play an important role in repairing the injured vasculature

after TBI.

Angiogenesis

Angiogenesis is the formation of new blood vessels from an existing
vasculature. New vessels form by sprouting from the main vessels (sprouting
angiogenesis) or splitting in two daughter vessels (intussuscepted angiogenesis).
Sprouting angiogenesis is commonly observed after injury and is mediated by
resident endothelial cells (ECs), which line the luminal surface of the blood
vessels forming the endothelium?8. As previously mentioned, new vessel sprouts
are detected at a relatively short time after injury with many studies reporting
increased capillary density after TBI7- 70.89 where new capillaries appear to
migrate from the peri-lesional tissue into the injury site”®.

Tissue hypoxia, or low tissue oxygenation, is one of the primary triggers of

angiogenesis. Clinical studies have reported the presence of hypoxia after TBI,
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which is typically caused by cerebral hypoperfusion and ensuing ischemia3” .
Experimental TBI animal models revealed an up-regulation of hypoxia-driven
molecules in the injured brain. One key reporter molecule is Hypoxia-inducible
factor-1a (Hif-1a)% ®1, which has been associated with vascular repair in stroke
and other disease models. Low oxygen inhibits the degradation of Hif-1a where it
accumulates and binds to hypoxia-inducible factor-1f3. This transcription factor
promotes expression of a number of angiogenic growth factors®2. These factors
constitute a class of signaling molecules that are involved in vascular repair. For
example, VEGF exhibits robust expression in the latter stages of experimental
and clinical TBI% ®4, Other factors are also up-regulated and contribute to
vascular repair (a more thorough discussion of angiogenic factors will be
described later in this review).

Sprouting angiogenesis is an important repair process that requires the
coordinated interactions of ECs. The endothelium is activated in response to
brain trauma®. The hypoxic tissue causes release of angiogenic growth factors
into the nearby tissue®. These factors signal to the nearby vessels to detach the
pericytes and degrade the local extracellular matrix®2. ECs form vessel sprouts
and then migrate and proliferate in the direction of the hypoxic tissue®. To
facilitate this process, ECs specialize into distinct phenotypes known as
endothelial tip and stalk cells: tip cells migrate and lead the vessel sprout while
neighboring stalk cells proliferate and form the vessel lumen®. Initially, an

immature and unstable vascular structure is formed. Following recruitment of the
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pericytes, this immature vessel is remodeled to form a stable, functioning

vessel?,

Vasculogenesis

Vasculogenesis is the de novo formation of new blood vessels. The term
vasculogenesis has been used in various injury models and refers to a subset of
bone marrow-derived cells with vasculogenic potential. Increasing evidence
suggests that endothelial progenitor cells (EPCs) play an important role in
postnatal vasculogenesis®’. These CD34+ cells originate from the bone marrow
and circulate through the vasculature in response to injury. Many TBI studies
have detected increased numbers of EPCs in the blood as well as blood vessels
at the injury site®-1%0,

The initiator(s) of vasculogenesis has been a subject of debate, but many
speculate that it is triggered in a hypoxic-dependent fashion. A prime example
where this is known to occur is in tumor biology, in which many tumors create a
hypoxic environment that leads to vascularization. In hypoxic tumors, Hif-1
mobilizes EPCs to induce vascular growth'®!. Stromal-derived factor-1a. (SDF-
1a), a chemo-attractant factor that is regulated by Hif-1, helps recruit EPCs to the
tumor site’%2. Similar to tumors, tissue hypoxia is evident at the TBI lesion site
and leads to the expression of angiogenic growth factors including SDF-1a%.
These factors enter the blood circulation and signal to the bone marrow to

mobilize EPCs. Serum VEGF and angiopoietin-1 levels show a significant
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correlation with circulating EPCs in patients with severe TBls suggesting that
these growth factors may mediate recruitment of EPCs into the blood stream®,
Thus, hypoxia is likely the driving force for vasculogenesis after moderate and
severe TBI.

Unlike angiogenesis, vasculogenesis is initiated in the bone marrow.
EPCs remain adhered to the marrow stromal cells under physiological conditions.
After injury, EPCs become activated where they are released from the stromal
cells and enter the blood stream9'. In TBI patients, EPC levels decrease at 1-2
days post injury and rapidly increase and peak by 5-7 days after injury®8 99 103,
Within the blood, EPCs mature and acquire similar phenotypes as ECs'%. EPCs
are known to home to sites of vascular injury''. Gou et al.’® detected CD34+
EPCs around the lesion at 1 day after TBI which peaked at 7 days post injury.
The levels of EPCs correlated with angiogenesis after TBI. The function of EPCs
has been much debated, but many studies suggest that EPCs play a dual
structural and instructive role in vasculogenesis. EPCs can incorporate into the
injured vessels and differentiate into new ECs’- 190, Additionally, others have
shown that EPCs act as supporting cells that release trophic factors to the injured
vessels'%% 1% These secreted factors induce angiogenesis by promoting

proliferation and migration of ECs"%.
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Supportive role of the eNVU

Various cells types participate in angiogenesis and vasculogenesis after
injury. Although EPCs and ECs are considered the two primary players in these
repair processes, the other components of the eNVU, such as astrocytes,
pericytes, and neurons, also possess angiogenic functions and have been largely
overlooked in TBI repair. Additionally, macrophages and perivascular
macrophages are thought to play a significant role in the vascular response to

injury (Table 1.1).

Astrocytes

Astrocyte activation after injury has been well described and are known to
accumulate around a lesion, in a process known as astrogliosis. These cells
perform numerous functions, some of which are related to vascular repair.
Reactive astrocytes are known to secrete trophic factors that promote
angiogenesis and BBB repair. Astrocytes are an important source of angiogenic
growth factors after TBI, including VEGF and SDF-108% 197, High mobility group
box 1 (HMGB-1), a danger-associated molecular pattern molecule, has been
suggested to have beneficial effects in the chronic stages after brain injury.
HMGB-1 mediates crosstalk between astrocytes and ECs and EPCs after injury
and can lead to neurovascular remodeling'%®-110, Additionally, astrocytes can
produce tenascin, thrombospondin, and other proteins found in the extracellular

matrix'1.
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Astrocytes also participate in glial scarring. Although much of the focus
has been placed on its inhibition related to axonal regeneration after injury''?,
glial scarring may play a beneficial role in vascular repair. During scarring,
reactive astrocytes have close interactions with peri-lesional vessels''3. These
intimate interactions with blood vessels are evident at 7-60 days post injury,
which coincides with the formation of the new vasculature. Astrocytes are integral
components of the BBB and are essential for normal BBB function''4. Thus,
these astrocyte-vessel interactions may function in stabilizing the blood vessels

and restoring blood flow to the injured tissue.

Pericytes

Accumulating evidence suggests that pericytes are important players in
vascular repair. Pericytes, or mural cells, cover the surface of the micro-vessels
where they reside within the basement membrane in direct contact with the
endothelium®. The pericyte population declines in the first few days after
controlled cortical impact (CCI)'"®. Additionally, a majority of the pericytes are
observed leaving the blood vessels after weight drop impact. Their detachment
from the vessels facilitates a critical step for angiogenesis*®, as pericytes are
required to destabilize and detach from the vessel wall which allows ECs to form
vessel sprouts. A number of angiogenic factors are responsible for their

detachment from the vessels''’.
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At later stages of injury, pericytes become reactive and dramatically
increase around the lesion, in a process known as pericytosis. When active,
pericytes secrete angiogenic growth factors that mediates EC activity and
vascular integrity''5. Angiopoietin-1 is one such factor and has been shown to
induce expression of the tight junction protein occludin''®. Along with providing
trophic support, active pericytes make close interactions with newly formed
vessels'"®. Pericyte recruitment is critical for the latter stages of angiogenesis

and contributes to stabilizing the new vessel'"°.

Neurons

While neurons are essential for functional recovery after injury, there is
some evidence that they may also participate in vascular repair. Following brain
injury increased neurogenesis is observed in the sub-ventricular zone'?°, in which
new neurons are localized to the peri-lesional vessels'?!. Administration of neural
progenitor cells after TBI results in a transient increase in angiogenesis adjacent
to the lesion border'?2. Neural stem and progenitor cells are known to secrete
trophic factors into the injury microenvironment, including a number of angiogenic
growth factors'?3. Interestingly however, one study showed that neurons limit
angiogenesis by binding and sequestering angiogenic factors in the retina'4,
Although this work was specific to retinal neurons, it is plausible that cortical

neurons act in a similar manner and may guide angiogenic branching toward the
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injury site. Thus, this raises the possibility that neuronal cells may be important in

regulating post-injury angiogenesis.

Macrophages

Macrophages, a monocyte-derived cell that is part of the inflammatory
response, have been implicated in vascular repair. Activated macrophages are
grouped into two forms: classically activated, anti-angiogenic macrophages (M1)
or alternatively activated, pro-angiogenic macrophages (M2 including the M2a
and M2c subsets)'?®. However, primary human M1 macrophages have been
shown to secrete pro-angiogenic molecules in vitro'?6. After CCl macrophages
are broadly activated adopting both an M1 and M2 phenotype 2% 127, but appear
to be a shift to M1 phenotype at later time points'?8. Macrophages can express
angiogenic growth factors and matrix remodeling proteases after TBI, including
VEGF, FGF, and MMP-98% 129 |n fact, they contribute significantly to late
increases in VEGF levels®®. Additionally, macrophages may mediate vascular
pruning through secretion of pro-apoptotic factors'. Along with providing trophic
support, these cells physically interact with the sprouting vessels. Liu et al.3
demonstrated that macrophages promote repair of cerebrovascular ruptures in a
zebrafish model. Macrophages were seen adhering to the ends of the ECs and
ligating the ruptured vessels. Also, during development macrophages mediate
fusion between endothelial tip cells leading to vessel growth and

anastomoses'32.
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Perivascular macrophages

Unlike peripheral macrophages that infiltrate the brain parenchyma,
perivascular macrophages reside in the perivascular space and are closely
associated with vessel walls'33. After weight drop injury, there was a significant
increase in the number of CD163+ perivascular macrophages between 2-4 days
post injury, which was mainly localized to the lesion site'®*. The extent to which
perivascular macrophages mediate vascular repair after TBI is presently
unknown, but are likely to have similar functions as peripheral macrophages.
Perivascular M2 macrophages have been implicated in tumor angiogenesis and
depletion of these cells attenuates vascularization and tumor growth'3S,
Additionally, perivascular macrophages are critical in maintaining vascular
integrity under physiological conditions'33. M2 macrophages, but not M1
macrophages, have a significant impact on barrier integrity which is likely due to
strong interactions with the endothelium 33, Thus, perivascular macrophages

may function in stabilizing the new vessels after trauma.

Injury-Induced Signaling Factors Involved in Vascular Repair

The growth of new blood vessels after injury involves an intricate timing of
various angiogenic factors and downstream signaling cascades. There is growing
body of work that suggests TBI increases levels of angiogenic factors into the

injured brain parenchyma to mediate vascular repair. Several growth factors,
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chemokines, protease enzymes, and certain cytokines have been identified and
possess angiogenic functions after TBI. Here we review several important
extracellular factors that are known to directly affect the vasculature and discuss
their respective roles in the vascular repair process (Table 1.2). We propose a
molecular mechanism in which these signaling factors interact and lead to
vascular repair (Fig. 1.3). Other factors, such as pro-inflammatory cytokines, may
indirectly affect vascular repair and will not be described here but have been

reviewed extensively previously'36,

Vascular endothelial growth factor (VEGF)

VEGEF is a key regulator of angiogenesis and modulating its levels has a
significant effect on vessel formation®3. Krum et al.®* utilized a specific
neutralizing antibody to inhibit endogenous VEGF and tested its effect on tissue
repair after brain infusion injury. Neutralizing VEGF levels resulted in a significant
reduction in vessel proliferation and an increase in vessel degeneration.
Administration of VEGF has emerged as a potential treatment for vascular
injuries. Several studies have shown that VEGF treatment enhances
angiogenesis in TBI'37- 138 ischemia’3® 40, and stroke'4'. VEGF signaling is
mediated through Flt-1 (VEGF-R1) and Flk-1 (VEGF-R2) that are expressed on
ECs'#2, Flk-1 is the predominate receptor and is associated with angiogenesis'4?.
Binding of VEGF to Flk-1 (and neurophilin-1 co-receptor) induces down-stream

signaling pathways such as Mitogen activated protein kinase (MAPK) and
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Phosphoinositide 3' kinase (PI3K)'#3. Together these pathways promote EC
proliferation, migration, and survival, which are indispensable for
angiogenesis'43. These effects are prevalent in the chronic stages of TBI, where
VEGF levels are increased around the injury site®.

VEGF has been shown to increase EPC expression and induce vessel
formation after hind limb and myocardial ischemia as well as physiological
conditions, confirming its role in postnatal vasculogenesis®’. As we have stated
earlier in this review, much of the work on VEGF-mediated vasculogenesis was
performed in tumors and its role in TBI is limited to correlative studies in
patients® 44, VEGF regulates EPC activity in a similar manner as ECs. In EPCs,
VEGF binds to Flk-1 and leads to their mobilization and release from the bone
marrow and induces differentiation®'. The effects are mediated by the PI3K
pathway which leads to expression of nitric oxide (NO; a potent vasodilator) and

MMP-9745,

Fibroblast growth factor 2 (FGF2)

Similar to VEGF, FGF2 is a potent mitogen and stimulator of
angiogenesis. Given its angiogenic effects, FGF2 administration has been
utilized in several brain injury models. FGF2 treatment after closed head injury
has been shown to increase vessel density compared with non-treated
animals'3®. However, animals treated with VEGF alone showed higher vessel

growth than FGF2. ECs express both FGF receptors (FGFR-1 and FGFR-2) and
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are sensitive to the FGF family. Binding of FGF2 to its receptors leads to
activation of proliferative, migratory, and survival processes'#¢. MAPK, PI3K, and
Phospholipase C gamma (PLCy) pathways have been linked with these
important angiogenic processes'#6. Alternatively, Kano et al. have proposed a
mechanism involving FGF2 induction of VEGF with FGF2 signaling acting in
conjunction with VEGF signaling to promote angiogenesis'#’.

FGF2 is critical in maintaining vascular integrity. Wang et al.'*8 showed
that FGF2 treatment after CCI preserved BBB integrity and improved
neurological function. The authors found that FGF2 activates the PI3K pathway
and leads to up-regulation of tight junction proteins (claudin-5 and occludin) and
inhibits RhoA, an antagonist of BBB formation. Rac-1, a down-stream effector of
the PI3K, is responsible for FGF-2 protective effects of the BBB'48, Similar
findings were observed in a model of intracerebral hemorrhage, wherein FGF2

treatment reduced BBB damage, cerebral edema, and improved outcomes 49,

Stromal cell-derived factor 1 alpha (SDF-1a)

SDF-1a is an important chemokine for various cell types. Recent studies
found that SDF-1a attracts CD34-expressing cells from the bone marrow, which
include EPCs and ECs. Inhibition of endogenous SDF-1a after TBI reduces the
number of CD34+ cells, which coincides with decreased vessel density around
the injury site'®. Further evidence suggests that exogenous SDF-1a has

angiogenic benefits. Administration of SDF-1a after fluid percussion and weight
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drop impact acceleration injury enhances vessel formation, reduces BBB
damage, and improves neurological outcomes®% 15 The most extensively
studied SDF-1a receptor is CXCR4, which is expressed on EPCs, ECs, and
smooth muscle cells'2. Following injury, neural stem/progenitor cells and other
damaged cells release SDF-1a into the injury microenvironment. ECs are known
to up-regulate SDF-1a. expression when exposed to hypoxia®?. SDF-1o. binding
to CXCR4 activates PLCy and Rho pathways to promote a chemotactic
response’®3. As a result, CD34-expressing cells are activated and migrate toward
the SDF-1a. gradient’4. Along with recruiting cells, SDF-1a. has been shown to

directly regulate EC and EPC function via the PI3K and MAPK pathway 153,

Matrix metalloproteinase-9 (MMP-9)

MMP-9 is a protease enzyme that is necessary for initiating
angiogenesis'®. This enzyme is expressed by ECs and functions by degrading
the extracellular matrix, which provides for sufficient space for EC migration and
the formation of new vessel lumens'. Some matrix proteins that are degraded
by MMP-9 include collagen, laminin, thrombospondin, and fibronectin'7.
Additionally, it is critical in the processing and activation of growth factors thereby
affecting the levels of pro- and anti-angiogenic factors in the tissue'’. For
example, MMP-9 can cleave and release activated VEGF in tumors cells'®’.

MMP-9 also mediates vasculogenesis by affecting EPC activity. In animal

models of TBI, MMP-9 levels increase and localize to EPCs and cortical vessels

27



around the lesion'8. Serum MMP-9 levels correlate with increases in EPC levels
in clinical TBI'#4, Huang et al. '%° showed that MMP-9-deficient mice have
reduced vascularization after ischemic injury resulting from reduced EPC
expression and stem cell activating cytokines such as Kit ligand. These cytokines
promote activation of stem cells into the bone marrow and have been implicated
in hematopoiesis. EPCs are normally quiescent and remain attached to the
stromal cells of bone marrow mediated by membrane bound Kit ligand (inactive
form) 160, After injury, bone marrow cells activate the PI3K pathway to increase
production of NO which in turn up-regulates MMP-9'¢", MMP-9 converts the
inactive Kit ligand to its active soluble form, sKit'®. Consequently, sKitL disrupts
EPC adhesion to the bone marrow allowing for their mobilization and release into

the blood circulation.

Angiopoietin-1 (Ang-1)

Ang-1 promotes vessel stabilization in the latter stages of vascular repair.
Because of its angiogenic effects, delivery of exogenous Ang-1 may have
significant benefits if administered early. Pharmaceutical compounds, such as
simvastatin, can increase Ang-1 expression and are known to improve vascular
function in stroke models'®2. Under physiological conditions, cerebral vessels
express high levels of Ang-1. After cryogenic injury, there is a marked decrease
in Ang-1 in the acute stages’®3. This is accompanied by increases in Ang-2,

which is an Ang-1 antagonist and is associated with BBB breakdown. At 2-6 days
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post injury, Ang-1 levels slowly increase which correlates with angiogenesis'®3.
Ang-1 is primarily produced by pericytes and directly interacts with ECs'%4. Both
Ang-1 and Ang-2 signal through the Tie-2 receptor, with Ang-1 acting as an
agonist and Ang-2 as an antagonist'®4. The balance between Ang-1 and Ang-2
determines its signaling. Ang-1/Tie-2 signaling promotes EC proliferation,
migration, and survival, in part through activation of the VEGF pathway'64.
Ang-1 has also been linked to vasculogenesis. Serum Ang-1 and EPCs
showed similar expression profiles in patients with severe TBls, suggesting a
possible role in mobilizing EPCs from the bone marrow®. The mechanism is not
completely understood, but many suggest that Ang-1 stimulates vasculogenesis
through the VEGF pathway. Activation of the PI3K pathway is critical and leads

to the up-regulation of NO, MMP-9, and sKit"e,

Erythropoietin (EPO)

EPO, a well-recognized hematopoietic cytokine, can act as a growth factor
in different tissues'®. Although EPO controls erythropoiesis (production of red
blood cells), emerging evidence suggests that EPO contributes to angiogenesis.
EPO treatment has shown promising results in animal models of TBI. Delayed
EPO treatment after CCl increases vascularization around the injury site and
improves vascular function in a dose-dependent manner'®®. EPO treatment after
CCl resulted in enhanced CBF induced by L-arginase administration, likely by

stimulating production of NO'67. Although EPO is mostly produced in the kidney,
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increased expression of EPO and its receptor (EPO-R) are evident in ECs,
neurons, and astrocytes after injury'®®. EPO expression is regulated by HIF-1143,
In ECs, EPO/EPO-R signaling stimulates VEGF expression which in turn
activates VEGF signaling'®®.Neural progenitor cells are also affected and may
interact with ECs to promote angiogenesis'’°. In addition, EPO can activate the
PI3K pathway independent of VEGF 6,

The angiogenic effects of EPO are partly the result of vasculogenesis.
Wang et al. """ studied the effects of recombinant human EPO treatment in a rat
fluid percussion injury model. Human EPO treated animals showed significantly
higher EPC levels after TBI, with increased numbers of CD31+ and CD34+ cells
found around the lesion. Treated animals also showed improved spatial learning
and memory. Similarly, EPO has been shown to increase EPC expression and
enhance angiogenesis after myocardial infarction and stroke'”2 73, EPO is
thought to stimulate vasculogenesis through VEGF signaling and the down-

stream PI3K pathway, increasing the expression of NO and MMP-916°,

von Willebrand factor

von Willebrand factor (vWF) is a glycoprotein that is increased in response
to TBI, with elevated serum levels are an indicator of poor outcomes'”4. VWF is
well-recognized for its role in blood coagulation by promoting platelet adhesion to
sites of damaged vessels and aggregation to form the hemostatic plug'’>'"7. It is

also known to complex with coagulation Factor VIII. This protein is normally
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present in its inactive form when bound to vVWF, but is activated and released
following blood vessel damage'”®. Upon release, Factor VIl interacts with other
coagulation factors to promote blood clotting. After vascular injury, the
endothelium rapidly secretes VWF into the plasma and basement membrane'75.
VWF binds to collagen near sites of vessel damage and acts as a bridging
molecule that interacts with circulating platelets. vVWF interaction with the platelet
receptor (GPIb-1X) leads to platelet activation and firm integrin-dependent
adhesion to the vessel wall'"®.

Unlike most growth factors, VWF has been shown to inhibit angiogenesis.
Loss of VWF results in increased vessel formation in vitro and in vivo'’8, vVWF
modulates VEGF-R2 dependent angiogenesis by either interacting with integrin
avB3 on the cell surface and/or affecting storage of Ang-2 within Weibel-Palade
bodies'’®. Thus, VWF likely controls premature vessel formation by countering
angiogenic factors. Additionally, staining for vVWF is routinely used to detect for

activated vessels that are subjected to high levels of pro-angiogenic factors'e,

Whnt/B-catenin in Vascular Repair

Given the need to develop new therapies, it is important to identify other
signaling mechanisms that may be activated after TBl. One novel unexplored
factor is B-catenin, which regulates the canonical Wingless and INT-1 (Wnt)

signaling pathway and cell-cell adhesion.
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Functions of B-catenin and small molecules to modulate B-catenin

Whnts are secreted, lipid modified glycoproteins that are essential for many
biological processes including cell proliferation, migration, polarity, and
differentiation. Wnt ligands activate two types of signaling pathways: canonical
Whnt pathway (or Wnt/B-catenin pathway) which acts through p-catenin and
noncanonical Wnt pathway which acts independently of B-catenin '81. The
noncanonical Wnt pathway encompasses the Wnt/planar cell polarity and
Wnt/Ca?* pathways. Of the three pathways, the canonical Wnt pathway is the
best characterized. Many studies support a role of deficient and aberrant
canonical Wnt pathway in birth defects, cancers, neurodegenerative diseases,
and central nervous system injuries 82 183,

B-catenin is transcriptional coactivator of the canonical Wnt signaling
pathway (Fig. 1.4). In the absence of Wnts, the levels of 3-catenin levels are kept
low by the actions of the destruction complex consisting of Axin, Adenomatous
polyposis coli (APC), Glycogen Synthase Kinase 3 (GSK3), and Casein Kinase 1
(CK1). CK1 and GSK3 phosphorylate B-catenin which targets it for ubiquitination
and degradation by the proteasome. In presence of Wnts, Wnts bind to the
Frizzled receptor and Low density lipid receptor-related protein 6 (LRP5/6) co-
receptor which leads to dissociation of the destruction complex. This results in
accumulation of B-catenin in the cytoplasm where it can enter the nucleus and
bind to Lymphoid enhancer factor/T-cell factor (LEF/TCF) transcription factors to

activate transcription of Wnt target genes. Among the many Wnt target genes is
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CCND1, which encodes the cell cycle regulator Cyclin D1 '8, Wnt components
such as Frizzled, LRP5/6, Axin, and TCF/LEFs, are often positively and
negatively regulated by TCF/B-catenin 187,

In addition to its role in the canonical Wnt signaling pathway, p-catenin is
also an adaptor protein of the adheren junctions involved in cell-cell adhesion. 3-
catenin binds to the cytoplasmic domain of cadherins and in association with o-
catenin links cadherin proteins to the actin cytoskeleton. The cadherin-catenin
complex is regulated by phosphorylation: phosphorylation of 3-catenin leads to
dissociation of the cadherin-catenin complex and loss of cell-cell adhesion while
dephosphorylation of B-catenin has the opposite effect 8. Furthermore,
cadherins act as negative regulators of the canonical Wnt signaling by binding -
catenin to the cell surface and sequestering it from the nucleus 86 187 Thus, the
function of B-catenin is based on its location in the cell (membrane bound vs.
nuclear).

A number of small molecules have been reported to modulate the
canonical Wnt signaling by targeting various components of the pathway. One
commonly used compound is Lithium Chloride (LiCl), which was shown to
increase expression of B-catenin and Wnt genes in multiple studies®-1%0. There
are a few studies that have used LiCl in animal models of TBI'9'-194_ LiCl inhibits
GSK3 of the destruction complex and increases B-catenin levels '8 (Fig. 1.5).
However, GSK3 also regulates multiple other pathways in addition Wnt signaling

including AKT-dependent signaling 9. JW74 is a small molecule which
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increases degradation of B-catenin leading to reduced cellular concentrations'%:
197 JW74 has been utilized in in vivo studies and shown to inhibit growth of
colorectal cancer cells in mouse xenograft models '%. JW74 is an inhibitor of
Tankyrase 1 and 2, which marks Axin for degradation and its inhibition enhances
Axin stability in the destruction complex and leads to B-catenin degradation %7

(Fig. 1.5).

Whnt/B-catenin in Vascular Development and TBI

The canonical Wnt signaling pathway has been demonstrated to promote
blood vessel formation during vascular development. Several studies using Wnt
reporter lines observed increased TCF/LEF activity in endothelial cells of the
central nervous system (CNS) starting at embryonic day (E) 9.5 198 199 followed
by a gradual downregulation as the vessels mature 2%°, Several canonical Wnts,
such as Wnt7a and Wnt7b, are expressed in the neural tube that coincides with
CNS angiogenesis 1%, Loss of Wnt7a/b or endothelial specific deletion of B-
catenin impairs formation of the embryonic vasculature leading to malformed
vessels, diffuse hemorrhage, and ultimately early lethality in utero 198, 199,201,
Endothelial specific increase of B-catenin alters vascular development leading to
reduced length and branching of vessels and loss of venous structures 292,
Developmentally, the timing and access to B-catenin is critical to the formation of

the nascent vasculature.
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The canonical Wnt pathway in conjunction with Notch signaling plays an
important role in the formation of nascent blood vessels 2°2. The canonical Wnt
signaling regulates Sox17 and this transcription factor induces Notch signaling
leading to formation of arteries and veins 2% 204 Furthermore, canonical Wnt
signaling regulates formation of the blood brain barrier by stabilizing adheren
junctions and increasing expression of the glucose transporter Glut-1 198,200, 201,
205_

There are several reports that conclude that the canonical Wnt signaling
pathway is reactivated after brain injury and participates in repair processes.
White et al. 2% using a Wnt reporter line observed increased TCF/LEF activity in
glial progenitor cells and astrocytes after TBI, suggesting that Wnt/B-catenin
signaling may be involved in gliogenesis. Several studies found upregulation of
Survivin and Serum- and glucocorticoid-regulated kinase in neuronal cells after
TBI which were implicated in neurogenesis and neuronal survival 191,207, 208
Survivin and Serum- and glucocorticoid-regulated kinase are anti-apoptotic
factors and inhibitors of GSK3-8. Furthermore, post injury LiCl treatment reduces
neuronal cell death and results in improved cognitive performance 191-1%4, We
recently reported increased B-catenin expression in cerebral vessels after TBI
which coincides with vascular repair . Taken together, the published record
would strongly suggest that Wnt/p-catenin signaling is a key regulator for

neuronal, glial and vascular repair after TBl. However, there have been no
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studies explicitly examining the role of Wnt/B-catenin signaling in TBI and its

temporal evolution (Fig. 1.6).
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Figure legends
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Figure 1.1. TBI results in vascular injury with subsequent repair. A) We induced
a moderate controlled cortical impact (CCl) in the right hemisphere of adult rats
(n=5-6/group). Animals underwent vessel painting to stain the cerebral
vasculature at 1 and 14 days after injury. Our vessel painting technique is
performed by injecting Dil (lipophilic 1,1'-dioctadecyl-3,3,3',3'-

tetramethylindocarbocyanine Perchlorate) solution into the left ventricle followed
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by cardiac perfusion and fixation. Whole brain axial images were obtained using
wide-field fluorescent microscopy (representative images are shown). Moderate
CCl elicits a loss of vasculature that extends beyond the injury site. Over the
ensuing 14 days, there is increased vascular density at the injury site. Injury site
(star). B) We performed a classical vascular analysis to quantify the features of
labeled vessels in the injured and uninjured hemisphere. Vascular analysis of the
injured hemisphere revealed a reduction in vessel density at 1 day in compared
to the uninjured hemisphere (t-test, **p<0.01). Vessel density was restored and
returned to baseline levels by 14 days (t-test, p=0.82). All error bars are

presented as standard error of mean.
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Figure 1.2. New vessel formation after TBI. Brain trauma leads to damage to the
cerebral vasculature with subsequent repair via angiogenic and vasculogenic
processes. Mature endothelial cells, in particular endothelial tip and stalk cells,
are involved in various steps of angiogenesis. Tip cells (blue oval shape) are
found at the end of the vessel sprout and they use their filipodia to guide the
sprout toward the angiogenic growth factor source, while stalk cells (blue
trapezoid shape) are found inside the vessel lumen and they proliferate to extend
the sprout. Circulating endothelial progenitor cells (light blue rectangular shape)
play a key role in postnatal vasculogenesis but also contribute to angiogenesis.
Endothelial progenitor cells are recruited from the bone marrow that then
incorporate into the damaged vessels and differentiate into endothelial cells.
Endothelial progenitor cells also are important for the release of angiogenic
factors, which regulate angiogenesis. Other cell types support or augment

angiogenesis and vasculogenesis. Astrocytes (red), pericytes (green), and
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perivascular macrophages (light purple globular shape) cooperate with the newly
formed vessel and promote vessel stabilization. Neuronal cells (yellow) are
associated with the blood vessels and release angiogenic factors that may guide
the vessel sprout toward the injury site. Macrophages (dark purple star shape)
have been shown to adhere and ligate ruptured vessels in the brain. Additionally,
a majority of these cells release angiogenic growth factors into the hypoxic

tissue.
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Figure 1.3. Possible interactions between signaling molecules. A) The interplay
between these angiogenic factors is critical in understanding the molecular
mechanism(s) of vascular repair. After trauma, active cells release angiogenic
factors into the injured tissue. VEGF is the key inducer of angiogenesis, which
activates PI3K and MAPK pathway leading to EC survival and proliferation.
FGF2, Ang-1, and EPO are also up-regulated at distinct times after TBI and
these factors signal through VEGF signaling, either by increasing expression of
VEGF and/or initiating down-stream PI3K and MAPK pathways. Along with pro-
angiogenic factors, anti-angiogenic factors, including vVWF, have been shown to
inhibit angiogenesis. Migratory processes are controlled by SDF-1a, which
activates down-stream PLCy and RhoA pathway. MMP-9, a target of the PI3K
pathway, is pivotal for EC migration. B) Angiogenic factors are released into the
blood stream which can activate cells from bone marrow. Serum VEGF, EPO,

and Ang-1 are elevated after TBI and have been associated with postnatal

41



vasculogenesis. Similar to angiogenesis, vasculogenesis is mediated by the
VEGF signaling pathway. VEGF causes activation of the PI3K pathway and
leads to the up-regulation of NO and MMP-9. MMP-9 converts the Kit ligand to its
active, soluble form (sKit). sKit is responsible for mobilizing EPCs from the bone
marrow. Activated EPCs then migrate to sites of injury in a process known as
chemotaxis. SDF-1a activates down-stream PLCy and RhoA pathway to induce

EPC migration.
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Figure 1.4. The canonical Wnt signaling pathway. (A) In the absence of Wnt,
cytoplasmic 3-catenin forms a complex with Axin, APC, GSK3, and CK1 and -
catenin is phosphorylated by CK1 (blue) and then by GSK3 (yellow).
Phosphorylated 3-catenin is recognized by B-Trcp and it is ubiquitinated (orange)
and targeted for proteosomal degradation. Wnt target genes in the nucleus are
repressed by TLE-Groucho. (B) In the presence of Wnt, Wnt binds to FZD and
LRP5/6 which recruits DVL. DVL then recruits Axin/CK1/GSK3p to the cell
membrane. This disrupts phosphorylation and degradation of 3-catenin, allowing
B-catenin to accumulate in the cytoplasm and enter the nucleus to serve as a co-

activator of TCF to activate Wnt target gene such as Cyclin D1 and Axin.
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Abbreviations: APC, adenomatous polyposis coli; CK1, casein kinase 1; B-cat, -
catenin; DVL, Dishevelled; FZD, Frizzled; GSK3, glycogen synthase kinase 3 3;
LRP, low-density lipoprotein receptor-related protein; TCF, T cell factor; TLE,
transducing like enhancer of split 1; B-Trcp, B-tranducin repeats containing

protein.
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Figure 1.5. Mechanism of action by Lithium Chloride and JW74 on (3-catenin. (A)
Lithium Chloride inhibits GSK3p which prevents phosphorylation of 3-catenin and
leads to an increase in B-catenin levels. (B) JW74 inhibits Tank1/2 leading to
stabilization of Axin and leads to accumulation of Axin, APC, GSK38, and CK1

complexes that then controls enhanced 3-catenin degradation.

Abbreviations: Tank1/2, Tankyrase1/2
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Figure 1.6. Wnt/Beta-catenin signaling in TBI. The Wnt/B-catenin pathway is
tightly regulated by soluble Wnt factors. In the presence of these factors, 3-
catenin escapes degradation where it accumulates and promotes transcription of
Whnt target genes. The role of Wnt/B-catenin signaling after TBI is not completely
understood, but many suggest that it is involved in regenerative processes such
as astrogliosis and neurogenesis. It is unclear at the present times what role
Wnt/B-catenin signaling plays in vascular repair, but there is compelling data in
support for it. During vascular development, Wnt/p-catenin signaling is required
for the development of CNS blood vessels and works in conjunction with Notch
signaling in arterial-venous specification. Additionally, many angiogenic growth

factors (VEGF), metalloproteases (MMP-9), and tight junction proteins (Claudin 3
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and ZO-1) are both directly and indirectly modulated by the Wnt signaling
cascade. Thus, Wnt/B-catenin pathway and its associated molecules may be

involved in repairing the injured vasculature after TBI.
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Table 1.1. Active cell types in vascular repair.

Cells Functions References
Endothelial cells Proliferation and migration to form new 88
vessels
Endothelial Mobilization from the bone marrow, 98-100, 103
progenitor cells homing to sites of vascular injury, and in
situ differentiation/trophic support
Astrocytes Trophic support, vessel stabilization 111,113,136
Pericytes Triggering angiogenesis, trophic support, 116, 119%
vessel stabilization
Neurons Trophic support, possible role in vessel 122, 123+
guidance
Macrophages Trophic support, vessel adhesion and 89, 131
ligation
133

Perivascular

macrophages

Vessel stabilization

* Papers covers general aspects of vascular repair
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Table 1.2 Role of extracellular factors in modulating vascular response.

Factors Functions References
VEGF Promotes angiogenesis and vasculogenesis 94, 98, 137, 138,
209, 210

FGF2 Promotes angiogenesis and maintains BBB 138, 148, 211
integrity

SDF-1a. Attractant for ECs, EPCs, and other vascular 150, 151, 212, 213
cells

MMP-9 Extracellular matrix degradation and expression 158, 159

of cell activating cytokines

Ang-1 Maintains and stabilizes blood vessels; 98, 163

associated with vasculogenesis

EPO Contributes to angiogenesis and vasculogenesis 166, 171, 214

vVWF Controls hemostasis and inhibits angiogenesis 177,178
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Chapter 2

Novel Protocol to Visualize and Analyze the Cerebral Vasculature

Preface

This chapter has been reproduced from ... Salehi, A., A. Jullienne, K. M. Wendel,

M. Hamer, J. Tang, J. H. Zhang, W. J. Pearce, R. A. DeFazio, Z. S. Vexler and

A. Obenaus (2018). "A Novel Technique for Visualizing and Analyzing the

Cerebral Vasculature in Rodents." Translational Stroke Research with permission

from Springer Nature

This chapter discusses a novel protocol to stain, visualize, and analyze the

cerebral vasculature in the rat and mouse brain.

Reproduced from manuscript: Figure 2.1 — 2.9, Table 2.1
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Abstract

We introduce a novel protocol to stain, visualize, and analyze blood
vessels from the rat and mouse cerebrum. This technique utilizes the fluorescent
dye, Dil, to label the lumen of the vasculature followed by perfusion fixation.
Following brain extraction, the labeled vasculature is then imaged using wide-
field fluorescence microscopy for axial and coronal images and can be followed
by regional confocal microscopy. Axial and coronal images can be analyzed
using classical angiographic methods for vessel density, length and other
features. We also have developed a novel fractal analysis to assess vascular
complexity. Our protocol has been optimized for adult rat, adult mouse, and
neonatal mouse studies. The protocol is efficient, can be rapidly completed,
stains cerebral vessels with a bright fluorescence, and provides valuable
quantitative data. This method has a broad range of applications and we
demonstrate its use to study the vasculature in assorted models of acquired brain

injury.

Introduction

The brain is one of the most metabolically active organs in the body. In
order to satisfy its high metabolic needs, the brain requires an intricate network of
blood vessels that constitutes the cerebral vasculature. Cerebral vessels are
responsible for maintaining constant blood flow throughout the brain?'°.

Perturbations or cessation in blood flow, for example during ischemic stroke, can
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lead to irreparable neuronal injury in a matter of minutes?'6. 217, At the cellular
level, the cerebral vessels engage with neuronal and non-neuronal cells to
regulate blood flow in accordance to neuronal activity (neurovascular
coupling)?'® 218,219 The vascular endothelium forms a restricted barrier called the
blood brain barrier, which controls the entry of molecules into the brain and is
essential for creating a protective environment for neurons?'®. Thus, maintaining
an intact blood brain barrier with blood flow regulated in response to metabolic
need is crucial for cerebral health.

An important challenge facing preclinical research are methods to rapidly
visualize the cerebral vasculature at the whole brain level. The ability to image
cerebral vessels would be invaluable in understanding the vascular anatomy in
healthy developing and mature brains. Neuroscientists need a reliable method to
study cellular and morphological aspects of vascular pathology following a variety
of brain injuries and diseases. In addition, the effects of promising therapeutics
targeting the cerebrovasculature require methods for assessment. Thus, there is
an urgent need to develop sensitive and more efficient techniques to visualize
the cerebral vessels in the entire brain.

Several techniques have been developed that permit for visualization of
cerebral vasculature of the rodent brain. One such technique is called Vessel
Painting (VP), which was originally developed to visualize the 3D blood vessel

network in the retina and was recently modified to stain the cerebral

vasculature??-222. The VP technique utilizes a lipophilic carbocyanine dye, 1,1’
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dioctadecyl-3,3,3',3'-tetramethylindocarbocyanine perchlorate (Dil) to label
endothelial cell membranes. VP is achieved through measured intracardiac
injection of an aqueous Dil solution followed by perfusion brain fixation. When
the Dil molecules come in contact with the vessel lumen, it is incorporated
within the lipid membranes thereby staining the entire vessel lumen?2°.
Originally, a major drawback of this technique was that it had low success rate
and labeled vessels typically exhibited heterogeneous staining, precluding
repeatable quantitative whole or regional analysis. Furthermore, the original
retinal studies were not adapted to stain the cerebral vasculature in rats.
Vascular analysis has been accomplished using manual analytical
programs (ImagedJ plugins) and semi- and full-automated software programs?23
224 A recently developed tool is AngioTool, a fully automated program that
performs a comprehensive quantitative analysis focusing particularly on vessel
network features and computes various morphometric and spatial parameters
including number of vessels, vessel length, branching, lacunarity, amongst
others. AngioTool has been utilized in simple vascular systems such as murine
embryonic hindbrain, retinal and allantois explants??°. AngioTool features have
not been optimized for large scale analysis of the rodent cerebrovasculature.
Use of fractals as a measure of complexity has not been routinely employed in
neuroscience and few reports exist for its utilization in morphological
characterization of cerebral vessels??%: 2?7, Fractal analyses have been used to

evaluate roughness and patterning of neuron structures and microglial
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morphology??8-2%0_ Fractals have recently been used to study tumor and retinal
vessels?3'. 232 and we have been one of the first to use it in evaluation of whole
brain rodent cerebrovasculature?®.

Here, we present a novel protocol to stain, visualize, and analyze the
blood vessels in the rodent brain. Our novel VP technique has been adapted for
the adult rat brain and further improved to label vessels in the adult and neonatal
mouse brain. Unlike previous techniques, our technique stains cerebral vessels
with a bright red fluorescence that allows for visualization by wide-field
fluorescence and confocal microscopy. Another key advantage of our
technique is that it stains the blood vessels in the entire brain (in 3D) across
rodent species and ages. We will introduce two complimentary analysis
approaches that have been adapted for brain vasculature in rodents: classical
analysis to assess vessel characteristics and fractal analysis to measure
vascular complexity. We applied our protocol to analyze the cerebral vasculature
in adult and neonatal mice and obtained quantitative parameters of vessel
density, length, and complexity. Finally, we demonstrate its ability to be used in a
variety of acquired brain injury models where vascular alterations are known to
occur. Further, the protocol is uncomplicated, involves a minimum number of

steps, and requires only a handful of standard laboratory materials.
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Materials

Reagents

Dil (1,1’-dioctadecyl-3,3,3'3’-tetramethylindocarbocyanine perchlorate, Life
Technologies, Carlsbad, CA)

Ethanol (Absolute, 200 proof)

Sodium Nitroprusside (SNP, dihydrate, Sigma Aldrich, Saint Louis, MO)
Heparin, sodium injection 1000 USP units/mL (Sagent pharmaceuticals,
Schaumburg, IL)

Phosphate buffered saline (PBS, 1x; MP Biomedicals, Solon, OH; catalog
number 0928103)

- PBS contains 2.68mM Potassium Chloride, 1.47mM Potassium
Phosphate Monobasic, 136.89mM Sodium Chloride, and 8.10mM Sodium
Phosphate Dibasic at pH 7.4

Paraformaldehyde (PFA, 32%)

Dextrose (Anhydrous, Fisher Scientific, Fair Lawn, NJ)

Preparation of reagents

Dil stock solution: 100mg Dil, 33.4mL 100% ethanol. Cover with aluminum foil
and store at room temperature for up to 1 year.

Diluent solution: 2g dextrose, 1ml 10x PBS, adjust with ddH20 to 50mL. Filter
through a 0.22pum bottle-top filter. Stable at 4°C for several months. Diluent

solution is warmed to 37°C prior to adding the Dil stock solution.
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Dil working solution (see Note 1):
Method 1
i.  Adultrat (250g): 200uL Dil stock solution, 900uL 100% ethanol, adjust
with Diluent solution to 50mL.
ii.  Adult mouse (25g): 40uL Dil stock solution, 180uL 100% ethanol,
adjust with Diluent solution to 10mL.
Method 2
i.  Adult mouse (25g): 50uL Dil stock solution, 450uL Diluent solution.
i.  Neonatal mouse (12g): 25uL Dil stock into 225uL of Diluent solution.
SNP stock solution: 0.75mg SNP, 1ml sterile 1x PBS. Protect from light and
refrigerate at 4°C. Stable for 1 week
SNP-heparin injection solution: 0.75mg/kg SNP stock solution, 2000 units/kg

heparin (see Note 2).

Equipment

Method 1

Nitrogen tank

Two 100mL bottles

PE-50 tubing

Tygon lab silicone tubing, 1/32 inch (Cole-Parmer, Vernon Hills, IL)
Three-way stopcock (cat# WU-30600-02, Cole-Parmer)

22 gauge Luer stub adapters (cat# 724439, Harvard Apparatus, Holliston, MA)
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Male to male Luer lock connectors (cat# 12090, Qosina, Edgewood, NY)
Pressurized air tank, 2L empty plastic bottle with air tight cap

27 gauge Luer stub

30 gauge needle

1mL syringe with plunger cut

10mL syringe

Syringe pump (Harvard Pump |l Plus single syringe, Harvard Apparatus,

Holliston, MA)

Method 2

Two 100mL bottles

FH100 Peristaltic pump (Thermo Fisher Scientific, Waltham, MA)
1mL syringe with 23 gauge needle

1mL syringe with plunger cut

Tygon lab silicone tubing, 1/32 inch (origin)

Methods

Two methods to stain the cerebral vasculature

Method 1 procedure

Method 1 was initially based on a protocol developed for mice by Hughes and
colleagues??° and modifications to the protocol were made to improve the

efficiency and facilitate its use in rats (Fig. 2.1a). The initial protocol utilized a
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pressurized air tank to deliver the perfusion solutions, but air leakage often
resulted in an inability to maintain constant pressure throughout the system.
Thus, to overcome these limitations we switched to nitrogen compressed gas
tank that provided continuous delivery of perfusion solutions under careful and
constant pressure (1.7 PSI). PBS and PFA solutions were then delivered under
constant pressure while the Dil solution was delivered under constant flow rate
using a syringe pump. The three-way stopcock assembly controlled which
solutions were flowing from the outflow port (Fig. 2.7).

1. Assemble the perfusion apparatus. A detailed description of how to
construct the perfusion apparatus can be found in Hughes’ article®?° (Fig.
2.7). As stated above, the pressurized air tank was replaced with a
compressed gas nitrogen tank.

2. Before starting the procedure, it is imperative that the entire system is
airtight and devoid of all air bubbles.

3. Anesthetize mouse or rat by intraperitoneal injection of ketamine
(90mg/kg) and xylazine (10mg/kg) or by other institutionally approved
method.

4. In a perfusion tray, secure the animal on its back. Make an incision along
the thoracic midline to open the abdominal cavity. Cut the diaphragm.
Carefully cut the chest wall on both sides. Take a small hemostat to hold

the sternum and turn it toward the head to expose the chest cavity.
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5. Inject the SNP-heparin solution (0.75mg/kg SNP stock solution and 2000
units/kg heparin) into the left ventricle

6. Insert the butterfly needle from the perfusion device into the left ventricle
and then make a large incision in the right atrium.

7. Rotate the stopcock knob for the PBS to the “on” position. Perfuse with 1x
PBS (rats: 150mL, mice: 10mL) to remove the blood. A sign of a good
perfusion is uninterrupted flow of blood exiting the right atrium.

8. Rotate the stopcock knob for the Dil solution to the “on” position and then
activate the syringe pump. Perfuse with Dil solution (rats: 50mL, mice:
10mL) at a constant flow rate (rats: 10mL/min, mice: 1mL/min). During
perfusion with Dil solution, the nose and palms of the animal will turn
slightly pink.

9. Rotate the stopcock knob for the PFA to the “on” position. Perfuse with 4%
PFA (rats: 200mL, mice: 20mL) to fix the brain tissue.

10.Remove brain from the skull and post-fix in 4% PFA for 24 hours. Brains

can be left in 1x PBS in the dark for several weeks at 4°C.

Method 2 procedure

While Method 1 works in adult mice, visual examination found that a majority
of mice (75%) showed heterogeneous staining of the cerebral vessels. Imaging
of vessel painted brains revealed lack or reduced staining of capillary structures

indicating that the Dil solution was not successfully penetrating into the
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capillaries using nitrogen tank as the pressure source. To improve circulation of
the Dil solution into these fine vessels in the mouse brain, we modified the
Method 1 protocol by direct manual injection of the Dil solution into the left
ventricle of the heart (Fig. 2.1b). By performing an intracardiac injection of Dil
solution into a beating heart prior to the PBS perfusion step, this allows for the Dil
to circulate through the entire cerebral vasculature, thereby labeling all the blood
vessels, including fine capillaries. The PBS and PFA solutions were then
delivered at a pulsating flow rate using a peristaltic pump (9mL/min for adult mice
and 5mL/min for neonatal mice). The labeling efficiency rate for the adult and
neonatal mice was higher with the peristaltic pump than the compressed gas
nitrogen tank because it is likely that the pulsating flow rate perfusion better
mimics the physiological conditions in the mouse than the constant pressure
perfusion. The syringe pump, stopcock assembly, and its associated components
are not needed for Method 2 (see Note 3 for methodological differences between
Method 1 and 2).

1. Before starting the procedure, make sure that the perfusion line is devoid
of air bubbles.

2. Anesthetize mouse or rat by intraperitoneal injection of ketamine
(90mg/kg) and xylazine (10mg/kg) or by other institutionally approved
method.

3. Secure the animal on its back and open the abdominal cavity. See Step 4

in Method 1 for more detail.
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4. Inject the SNP-heparin solution (0.75mg/kg SNP stock solution and 2000
units/kg heparin) into the left ventricle

5. Manually inject the Dil solution (adult mice: 500uL, neonatal mice: 250uL)
into the left ventricle slowly over the course of 10-12 seconds (see Note
4). In a few cases, the heart in neonatal mice stopped beating as the Dil
solution was being injected and the heart was manually pumped using
forceps to assist in circulating the solution (see Note 5). During incubation
with the Dil solution, the nose and palms of the animal will turn slightly
pink.

6. Insert the butterfly needle from the perfusion device into the left ventricle
and then make a small incision in the right atrium

7. Perfuse with 1x PBS (adult mice: 10mL, neonatal mice: 8mL) to remove
the blood. A sign of a good perfusion is uninterrupted flow of blood exiting
the right atrium.

8. Perfuse with 4% PFA (adult mice: 20mL, neonatal mice: 15mL) to fix the
brain tissue.

9. Remove brain from the skull and post-fix in 4% PFA for 24 hours. Brains
can be left in 1x PBS in the dark for several weeks at 4°C.

Different variations of our VP protocol have utilized in other studies and are

described in Note 6.
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Removal of brain and assessment of vessel painting success

To assess the success of our VP, brains were carefully removed from the
cranium without damaging the vasculature or the underlying tissues. The dura
mater was gently removed from the surface of the brain which left the pial
vessels intact within the pial and arachnoid layers. Extracted brains were then
post-fixed in 4% PFA for 24 hours before being placed in 1x PBS. Success of VP
was confirmed by visual inspection of the brain parenchyma. Excellent VP was
determined if brains had uniform pink staining of the surface and deep structures
of the brain (Fig. 2.1c) and excellent labeling of pial, penetrating, and
parenchymal vessels assessed by wide-field fluorescence microscopy (Fig. 2.2).
Animals that did not meet these two criteria were excluded from subsequent
analysis. Method 1 showed excellent vessel staining from 67% (6/9) of adult rats
and 25% (6/24) of adult mice; Method 2 showed excellent vessel staining from
71% (5/7) of adult mice and 37.5% (6/16) of neonatal mice (Table 2.1). Failed
vessel painted brains exhibited heterogeneous staining and pale spots within the
pink tissue (Fig. 2.1c, asterisks). Vessel painted brains with lack of pink staining
were classified as “No staining”. Method 1 and 2 have also been utilized in other

applications and their success rates are reported in Note 7.

Wide-field fluorescence imaging of vessel painted brains

Vessel painted brains were imaged by wide-field fluorescence microscopy

(BZ-X700, Keyence Corp, Osaka, Japan). The BZ-X700 fluorescent microscope
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can image to a depth of 41.7 ym which allows for imaging of the surface cortical
vessels and parenchymal vessels of the brain. Acquisition of whole brain axial
images of the dorsal view was executed through careful positioning of the brain
between two glass slides. Gentle pressure was applied to minimally flatten the
dorsal surface of the brain to facilitate imaging of the entirety of the surface
cortical vascular network of the cerebrum without causing damage (Fig. 2.8). The
brains were gently pressed onto the glass slides until the compression ring is
formed in the outer perimeter of the brain resulting in clear view of the middle
cerebral artery trunk and its branching vessels. Z-stacks of the surface cortical
vessels were obtained at 2x magnification at 1mm depth of field to collect VP
data as the cortical surface curves laterally. Following acquisition, axial Z-stacks
were merged into full focus images using BZ-II Analyzer software (Keyence
Corp, Osaka, Japan). After axial images were collected, coronal images were
obtained by placing brains into an Acrylic Brain Matrix (Ted Pella, Inc., Redding,
CA) and slicing 5mm posteriorly from the olfactory bulbs to create an anterior and
posterior half-brain. The posterior half brain was placed on a glass slide (Fig. 2.8)
and imaged at 2x magnification at 1mm depth of field. The coronal Z-stacks were
merged into a full focus images.

Axial view images revealed uniform staining of the cortical vessels on the
surface of the brain (Fig. 2.2, top row). The pial vessel network, including
branching arteries from the middle, anterior, and posterior cerebral arteries and

leptomeningeal anastomosis, are clearly visible in our axial images. However,
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there was limited staining of the superior sagittal sinus, transverse sinuses, and
other venous structures (see Note 8 for limitations of our VP protocol). Coronal
images of the anterior half brains confirmed well-defined staining of deep vessel
structures within the brain (Fig. 2.2, bottom row). We observed distinct labeling of
the penetrating vessels on the cortical surface and parenchymal micro-vessels in
subcortical brain regions. Furthermore, there was no apparent leakage of the Dil

working solution from the vessels into the cerebral tissue.

High resolution confocal microscopy

The Dil molecule has an intense fluorescence and fades slowly when
exposed to excitation light during image acquisition?34. Given its strong
fluorescence intensity and slow fading properties, we tested whether Dil-labeled
vessels are amendable to laser scanning confocal microscopy. Laser scanning
confocal microscopy (Zeiss LSM 710 NLO, Jena, Germany) was used to acquire
axial images from the dorsal surface of the cortex (wavelength Absorbance:
549nm, Emission: 565nm). Axial views of the brain were obtained between the
middle and anterior cerebral arteries using a 5x magnification with 300um depth
of field. Images were subsequently processed to create maximum intensity
projections using Zeiss software (Zeiss Zen 2010, Jena, Germany).

Axial confocal images revealed uniform staining of the pial, penetrating,
and micro-vessels on the surface of the brain (Fig. 2.2, middle row). Adult mice

stained with Method 1 typically showed heterogeneous staining of large vessels
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and reduced or absent staining of micro-vessels, while adult mice stained with
Method 2 had more uniform staining of large vessels and improved micro-vessel
staining (compare confocal images of adult mice from Method 1 and Method 2).
We detected small red aggregates attached to the vessel lumen using Method 1,
which have been reported in other VP protocols?3> 2% These dye aggregates

were absent from adult mice stained with Method 2.

Classical vascular analysis

Wide-field fluorescence and/or confocal images can be utilized in a broad
range of analysis methods. Quantitative analysis of vessel characteristics has
previously been reported for simple vascular systems such as retinal explants
(AngioTool)??°. For the first time, we demonstrate that AngioTool can be utilized
for large scale vascular analysis of the rodent brain (Fig. 2.3b, c). Analysis of the
cerebrovasculature can be undertaken from the entire cortical surface or in
regional sections based on the scientific question being studied. Herein we
describe our analysis of the blood vessels from the left and right hemispheres.
Using BZ-X Analyzer software, the raw fluorescent images were first processed
for black balance and haze reduction (Blur/Brightness/Reduction: 10/10/1) to
enhance the appearance of the vessels from wide-field fluorescent images (Fig.
2.3a). The processed fluorescent images displayed high resolution of the labeled
vessels with reduced background signal (Fig. 2.9). The processed images were

then imported into Fiji software (https://fiji.sc/) and region of interests (ROls) were
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drawn around the left and right hemispheres. The compression ring was
excluded from the analysis by drawing a ROI that encompassed the brain
surface along the curvature of the brain. The ROls were saved and imported to
AngioTool software. The software then selects vessels based on their diameter
and fluorescence intensity and the values can be individually adjusted. For whole
brain analysis, the vessel diameter was set to 2 which selects vessels with
diameters greater than 2um. The vessel intensity was set from 0 (minimum) to
255 (maximum) which indicates that vessels with a large range of fluorescence
intensity (faint to bright) were included in the analysis. The classical vascular
analysis generates an AngioTool image related to the number of vessels and
their branch points (Fig. 2.3b). The size and color of the features can be adjusted
according to the user, where the AngioTool image displays vessels in red, branch
points in blue, and vessel area outlines in yellow. Additionally, the software
provides vessel morphometric and spatial features, including vessel area, total
number of junctions, number of endpoints, and total vessel length (Fig. 2.3c, see
Note 9 for limitations of classical analysis). A detailed description of these

parameters can be found in the article from Zudaire and colleagues??°.

Fractal geometry analysis

The complex vasculature of the rodent brain can also be quantified by
fractal geometric analysis??®. The use of fractals to analyze vascular structures is

rare and in the few reported studies it is used to assess retinal or tumor
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vessels?3'. 232 \We have developed a novel fractal analysis protocol that has been
adapted for analyzing the rodent cerebrovasculature (Fig. 2.3d-f). Our fractal
analysis provides unique and complimentary data on vascular complexity of the
whole brain, which cannot be derived using the classical vascular analysis
method (see Note 10 for differences between classical and fractal analysis).
Processed axial images were imported to Fiji software and converted into a
binary image. The polygon tool was used to outline the ROIs on the whole brain
hemispheres. Fractal analysis was performed using the ImageJ plugin that was
developed for microglia analyses, FracLac?®’. A local fractal dimensions (LFD)
analysis was performed from the binary images at each pixel using the box
counting method. The method applies the following formula Damass =

lim: - o [In(u:)/In(g)], where ¢ is the side length of the box and p:is the mean pixels
per box of side €. A In(u:) vs. In(e) graph was generated and LFD was calculated
by taking the slope of the log regression line?28. All output data and graphs were
saved. Following analysis, the software generated a colorized image visually
encoding the degree of complexity (Fig. 2.3d) where the color scale used can be
adjusted by the user (lookup table LUT4 used in this study) (Fig. 2.3e). The brain
vasculature is colorized with a gradient of low LFD (low complexity) in blue,
medium LFD (medium complexity) in yellow, and high LFD (high complexity) in
pink. The different colors correlate with the complexity of vessels, with large pial
vessels appearing more complex than micro-vessels. The distribution of LFD

displays a histogram with local fractal dimensions (complexity) in the x-axis and
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frequency (vessel number) in the y-axis (Fig. 2.3f). Kurtosis, skewness, and peak

fractal frequency values are extracted from the fractal histograms. Kurtosis

describes the peakness (tailness) of the fractal distribution, skewness describes

the uniformity of the fractal distribution, and peak fractal frequency is the peak

fractal value.

Notes

1.

Direct labeling of the cerebral vessels was achieved through the lipophilic
carbocyanine dye Dil (DilC1s (3)), a lipid-soluble molecule that becomes
incorporated into endothelial cell membranes upon contact. To facilitate
efficient circulation of the Dil in the rodent circulatory system, an aqueous Dil
working solution was prepared as previously described??% 22!, This aqueous
Dil working solution contains high concentrations of PBS along with dextrose
in order to maintain osmolarity. In our preliminary work, we found that Dil had
a tendency to precipitate out of solution at room temperature and this issue

was resolved by heating the solution at 37°C prior to injection.

. The doses for SNP (vasodilator) and heparin (anticoagulant) were based on

previously published work?2°, The SNP-heparin injection prevents blood clot
formation, improves homogeneity of the staining, and enhances Dil solution
penetration into micro-vessels, facilitating improved vessel resolution.
There are several differences in methodology that must be noted. First,

Method 2 is reliant on intrinsic blood flow to circulate the Dil solution
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throughout the brain. As a result, this procedure only labels blood vessels
with active perfusion. In cases when cerebral blood flow is reduced or absent,
such as in acquired and non-acquired brain injuries, this could potentially
affect the quality of the vessel staining and lead to poorly labeled vessels.

Conversely, Method 1 is reliant on the PBS solution (under constant
pressure) to remove the blood throughout the cerebrovasculature and
subsequent delivery of Dil solution to label the vessels. Method 1 does not
rely on the heart to circulate the Dil solution. Second, each method used
different concentrations of the Dil working solution (12.8uM for Method 1 vs.
321uM for Method 2). The total volumes were also adjusted according to the
rodent strain and age. We found that these Dil concentrations effectively
labeled all the blood vessels in the entire mouse and rat brain, while also
preventing the formation of dye aggregates. Third, the order in which the
perfusion solutions were delivered differ between methods. Methods 1
delivered the Dil solution following the PBS solution, while Method 2 delivered
the Dil solution prior to the PBS solution.

It is imperative that Dil working solution is injected at a steady rate. Following
injection, quickly start the perfusion with PBS and PFA solutions. A long delay
at this step can lead to incomplete vessel painting.

. Surgeries in neonates were challenging because of their small size and
difficulty in performing injections and insertion of the butterfly needle into the

heart. Some neonates underwent cardiac arrest during the intracardiac
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6.

injection inhibiting the circulatory system from naturally distributing the Dil
solution throughout the brain. If cardiac arrest did occur, the heart was
manually pumped to create perfusion but at a limited capacity. A possible
solution could be to inject a smaller volume of Dil solution and administer it at
a slower pace. Additionally, the SNP-heparin injection could be administered
several minutes prior to euthanasia.

A very recent modified VP protocol has been shown to label blood vessels in
adult and neonatal mice?3% 238, This modified technique resembles our
Method 1 procedure but with a few minor modifications: SNP-heparin was
injected subcutaneously five minutes prior to euthanizing, and infusion of PBS
and PFA solution was performed with a peristaltic perfusion pump. The
authors reported strong labeling of pial vessel network on axial images, but it
was unclear whether this modified protocol stained parenchymal vessels as
efficiently as our technique. A recent study by Konno and colleagues?3®
utilized neutral liposomes and DilC12 to achieve brighter and uniform labeling
of the blood vessels in the mouse brain. The addition of liposomes to the Dil
solution prevented the formation of Dil aggregates which improved the
homogeneity of the vessel painting. This technique is similar to our Method 1
procedure, except that the PBS flush was omitted and Dil/liposome solution
was manually injected.

Method 2 has been utilized in healthy female mice with a success rate of 67%

(unpublished data). We previously utilized Method 1 in adult rats that received
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moderate TBI and found that 70% of rat brains showed excellent vessel
staining®3. Similarly, we used Method 2 in adult male mice that received a
moderate TBI and found that 65% of mouse brains showed excellent vessel
staining including labeling of new, immature micro-vessels’>.

. The VP protocol described here has several limitations. First, Dil may label
cerebral arteries and veins differently, a feature that is difficult to elucidate.
Other protocols that use Dil reported high staining of arteries and arterioles
and limited staining of veins and venules??% 236, Based on these studies, we
do not recommend this VP protocol if one has an interest in studying the
cerebral venous system. Second, this protocol provides only a snapshot of
the cerebral vasculature at a single time point in an individual animal. Thus,
large numbers of animals are needed to study temporal alterations of the
cerebral vessels over time. Techniques for real-time imaging of the in vivo
brain vasculature are available and these could be combined with our
protocol?3? 240 Third, while this protocol enables visualization of the blood
vessels in the entire brain, it does not provide meaningful data on blood flow.
Non-invasive techniques such as magnetic resonance perfusion weighted
imaging (PWI MRI) or two-photon approaches could be utilized prior to VP to
provide dynamic information on blood flow?4': 242, This is of particular
importance in brain pathologies where blood flow is reduced or
heterogeneous®. Since effective labeling is predicated on perfusion of Dil

through the vessels, labeled vessels must possess some degree of blood flow
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or the capacity to perfuse blood (and likely a mature vessel lumen). Thus, this
protocol offers only indirect data regarding perfusion status of the vessels.

9. One limitation of our analysis approaches is that it does not report on average
vessel diameter which would be useful in determining the type of blood
vessels. An alternative approach would be to measure vessel diameter with
ImageJ plugins such as Vessel Diameter or Vessel Analysis.

10.The classical and fractal analyses apply different parameters and algorithms
for quantification and measure distinct features of the vessel network. For the
classical analysis, AngioTool identifies vessel segments using a multiscale
Hessian enhancement filter?3. A vessel segment is defined as any segment
between two branch points, two end points, or a branch point and an end
point. Vessel segments are skeletonized and then analyzed by counting and
morphometric algorithms which computes various morphological features of
the vessels. For the fractal analysis, FracLac assigns fractal properties to the
blood vessels in the image??8. Fractals are defined as geometric patterns that
are repeated across different scales. An LFD analysis is performed at each
pixel using the box counting method to measure fractal dimensions
(quantitative index of complexity) and frequency (number of occurrences in
each box). The resulting fractal data measures morphological complexity in

the entire vessel network.
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Application of the vessel painting procedure

We have synthesized the process of VP and analysis into a schematic that
provides an overview (Fig. 2.4). Additional details are described in the text. We

now discuss the applications of our VP technique and analyses.

Classical and fractal analysis of cerebral vessels in adult and neonatal mice

To validate our vessel painting technique and vascular analysis
approaches for particularly detection of a range of blood vessels sizes in the
brain, we analyzed the cortical vasculature in healthy adult (8 week-old, 25-28g,
Jackson Laboratories, n=4) and neonatal (P14, 10-12g, Jackson Laboratories,
n=4-5) male C57BL/6 mice. The vasculature of adult and neonatal mice were
labeled with Method 2 and whole brain axial images were obtained and analyzed
by classical vascular analysis, as described above. Comparison of classical
vascular analysis images revealed reduced vessel features in neonatal brain
compared to the brain of adult mice (Fig. 2.5a). Vascular analysis of the entire
hemispheric cortex demonstrated reductions in vessel percentage area (16.3 +
2.1% versus 21.3 + 1.1%, unpaired student T-test, p<0.05), total number of
junctions (7.3x10* + 9.6x10°° versus 1.5x10-3 + 1.3x104, unpaired student T-test,
p<0.05) and total vessel length (1.4x10+ 9.1x10°mm versus 2.1x104 + 1.1x10
Smm, unpaired student T-test, p<0.05) in neonatal mice in compared to adult
mice (Fig. 2.5b). There was an increase in lacunarity (space between vessels)

(unpaired student T-test, p=0.08) in neonatal mice brains in compared to adult
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brains but this did not reach significance (Fig. 2.5b). Collectively, this data
suggests that vessel characteristics in the cortex increases from adolescence to
adulthood.

We next analyzed vascular complexity between the adult and neonatal
mice vasculature using fractals. Comparison of fractal colorized images revealed
a reduction in vessel complexity in neonatal brain in compared to the brain of
adult mice (Fig. 2.5c). When we analyzed the entire hemispheric cortex, we
observed a leftward shift (reduced vascular complexity) and a decrease in peak
frequency values (reduced vessel numbers) in the histogram from the neonatal
mice brains compared to the adult brains (Fig. 2.5d). Quantitative analysis of the
distribution of the LFD revealed a 3.9% reduction (unpaired student T-test,
p=0.30) in skewness and 22.6% reduction (unpaired student T-test, p=0.11) in
kurtosis values, but did not reach significance. The peak frequency value, a
measure of the number of vessels, revealed a 5% reduction in neonatal mice
(unpaired student T-test, p=0.08) compared to the adult mice, but this did not
reach significance. While the complexity values were not significantly different
between neonatal and adult brain, there was a clear increase in vascular
complexity as the mice progressed to adulthood. These changes in the cerebral

vasculature are consistent with other published studies?39 244,245
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Assessment of vascular architecture in various animal models of brain

injury

A critical question for our vessel painted technique is whether it could also
be used to study the vasculature following acquired brain injuries where the
vasculature is known to be compromised. To test this, we induced brain injuries
in adult male Sprague Dawley rats (2-3 months old, 250-275g, Harlan
Laboratories) using a moderate controlled cortical impact (CCI) model of
traumatic brain injury (TBI)?33, collagenase-induced intracerebral hemorrhage
(ICH)?4¢, endovascular perforation-induced subarachnoid hemorrhage (SAH)?*,
and permanent middle cerebral artery occlusion model (MCAQO) model of
ischemic stroke?8. Injured rats underwent Method 1 vessel painting at 24 hours
following injury. Rats with a moderate CCl showed a loss of the cortical and
subcortical vessels in the right somatosensory cortex (Fig. 2.6a). The injury
extended to a depth of about 0.5mm confirming the moderate nature of the brain
injury. ICH resulted in loss of vessels in the right striatum at the site of
hemorrhage (Fig. 2.6b). The SAH model induced bleeding in the subarachnoid
space at the base of the brain (Fig. 2.6¢). In this model, the injury site is external
to the brain parenchyma, however, there was a clear deformation of the brain
tissue indicative of brain swelling. One intriguing finding in the SAH model was
that there was loss of micro-vessels which accentuated resolution of the pial and
penetrating vessels (see axial view). This is likely due to the edematous

compression of the brain. Rats with a permanent MCAO showed a clear loss of
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vascular components in the right hemisphere which is evident on the coronal and
axial views (Fig. 2.6d). There was also expansion of the ipsilateral hemisphere
due to ongoing edema and brain swelling. Thus, our VP technique has broad
utility in normal brain vascular morphology as well assessment in an extensive
range of brain injury models.

We previously performed classical and fractal analysis to assess acute
changes in the cortical vessels of adult rats after a moderate CCl and found a
brain-wide reduction in vessel length, junctions, and complexity 24 hours after
injury?33, Furthermore, we performed classical analysis to assess sub-acute
changes in the cortical vessels in adult mice after a moderate CCI and found an
increase in vessel density in the brain along with an increase in vessel density,
length, and junctions in the peri-lesional tissue at 7 days after injury’>. Thus, the
classical and fractal analyses provide a comprehensive assessment of the

cerebrovasculature in the injured brain.

Potential applications of vessel painting procedure

Further applications of the VP procedure could involve studies with
magnetic resonance imaging, which would provide a unique opportunity to
correlate the vascular features with neuroimaging findings. We recently
demonstrated proof of principle?33, where we performed correlations between
individual fractal properties (skewness, kurtosis, local fractal dimensions, and

peak value frequency) with total hemorrhage and edema volume from ex vivo T2
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weighted imaging following moderate TBI. Combining perfusion weighted
imaging and VP could provide valuable insight into hemodynamic and
cerebrovascular changes in the ischemic penumbra following MCAO. Another
potential application could be combining VP with tissue-clearing solutions which
would allow for imaging at depths of several millimeters along with large scale
reconstruction of the vessel structures at high resolution. The success of this
method is dependent on utilizing a clearing solution devoid of organic solvents
and detergents as these reagents will cause removal of the Dil from the lipid
membranes of the vessels. ScaleSQ, a detergent free formulation of ScaleS,
could potentially be used for this purpose?*°. FocusClear has also been
successfully used to clear thick brain sections following vessel painting???. Lastly,
although we focus our investigation on the brain, the entire rodent circulatory
system is exposed to Dil solution. Thus, other organs such as retinal vasculature
may be stained and could be examined using our technique. It should also be
noted that lipophilic tracers in the carbocyanine family are available in other
colors, for example DiO is a green fluorescent marker and are thus potentially
compatible with transgenic and other types of reporter mice?34.

The VP technique we describe here produces detailed images of the
cerebral vessels, but these images are restricted to depths of approximately 50
micrometers?®°. Several methods are available to transform the intact brain into
transparent form. While these show promise in studying the cerebral vasculature,

no single method provides a comprehensive view of how cerebral vessels
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respond to injury. One such method utilizes Tie-2/red fluorescent protein (RFP)
mice and CLARITY, which allowed for imaging of cerebral vessels up to 3.2mm
into the brain?%'. However, RFP expression is controlled by an endothelial-
specific promoter and RFP expression may change under different conditions,
especially in cases of brain injury and disease. The authors of this same study
demonstrated that lectin and anti-claudin-5 antibody can penetrate into the
CLARITY-treated brain slices of wild type C57BL/6 mice resulting in labeling of
cerebral vessels up to 900 um?2%'. However, fluorescent antibodies can lead to
heterogeneous staining of vessels and nonspecific staining of non-vascular cells.
Additionally, this method has been shown to cause expansion of the brain tissue
which may affect the accuracy of the quantitative analysis. Another method
involves transcardial perfusion with Texas Red-labeled lectin followed by
ScaleA2, which lead to visualization of cerebral vessels in the hippocampus?2.
ScaleA2-treated samples are often soft and brittle and the clearing method can
potentially compromise tissue structures. This method also results brain tissue
expansion. Unlike these techniques, our VP technique uniformly stains blood
vessels in different rodent strains, ages, and pathological conditions. The Dil
molecules are able to laterally diffuse within the lipid membranes of the
endothelial cells providing uniform staining of the vessel lumen and no staining of
non-vascular cells. Thus, vessel painted brains can be routinely used for various
applications with minimal effects on the labeled vessels. Additionally, there was

no overt change in the size of brain tissue using our technique.
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In summary, we have developed a newly developed protocol to stain,
visualize, and analyze the cerebral vasculature in the rodent brain. Among the
many approaches for vessel labeling of the brain vasculature, our VP technique
provides a simple, more efficient alternative that gives bright red fluorescence
and exquisite resolution of the pial, penetrating, and parenchymal vessels
including micro-vessels. Thus, the VP technique we describe will be valuable for
the high-resolution imaging of the cerebral vessels in intact or injured brain. We
also introduced two simple analysis approaches to assess vessel features. The
classical and fractal analyses offer extensive quantitative data on vessel
morphology and complexity, which has been lacking in the scientific community.
Thus, these analysis techniques are critical for assessing the structural and

quantitative features in the cerebral vasculature.
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Figure legends

a Method 1 Method 2

Nitrogen tank‘

Adult Mouse
‘j‘h R

Figure 2.1. Vessel painting perfusion apparatus for rodents. A) Photograph of
vessel painting (VP) apparatus for adult mice and rats (Method 1) used in our
studies. The apparatus consists of a nitrogen tank, tubes connecting to the
stopcock assembly, and an outflow port. The nitrogen tank provides pressure to
deliver the phosphate buffered saline (PBS) and paraformaldehyde (PFA) fixative
solutions. B) Photograph of VP apparatus for adult and neonatal mice (Method
2). This setup consists of peristaltic pump and syringe containing the Dil solution.

The pump is used to deliver the PBS and PFA but the Dil solution is delivered
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manually. C) Representative examples of VP adult mice and rat brains as well as
a postnatal day 14 (P14) mouse brain. The brains labeled “Good” demonstrate
successful VP with uniform pink staining of the tissue spots. The brains labeled
“Fail” demonstrate failed VP perfusion with patches of pale tissue (asterisks)
within the diffusively pink tissue. Right hemisphere (R) and left hemisphere (L).

Scale bar = 2mm
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Figure 2.2. Visualization of vessel painted mouse and rat brains. The top row
displays examples of axial view images of adult rat and mouse brains as well as
P14 mouse neonate brain. The middle row set of images are high magnification
confocal images from axial cortical tissues, and the bottom row shows coronal
images. The representative brains from either Method 1 or 2 illustrate excellent
staining of all the blood vessels within whole brain tissues. The confocal images
confirm crisp staining of pial, penetrating, and parenchymal micro-vessels. Adult
mouse brain stained with Method 2 revealed more uniform staining of large pial
vessels and intense staining of micro-vessels than Method 1 (see confocal

images). The boxed areas in the confocal images are magnified in the inserts.
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Right hemisphere (R) and left hemisphere (L). Scale bar = 1mm (axial and

coronal images), 200um (confocal), and 100um (inserts).

&3



a Epifluorescence Processed
L R

Classical

&

Yellow - Outline

c Classical Analysis Data ~ Fractal
Total Area 87.28 mm?
Vessels Area 16.32 mm?
Vessels Percentage Area 18.70%
Total Number of Junctions 5383
Junction Density 61.68
Total Vessels Length 893.39 mm
Average Vessels Length 0.12 mm 7 4 )
Total Number of End Points _|17881 & g et o i
f Local Fractal Dimension Plot
0.034 2]
@
Local Fractal 'g
Dimension Range  |Complexity Py 2
0.0126 - 0.6308 S 0.024 e
0.6497 - 1.2552 = Complexity
[0
1.2806 - 1.886 2
0.014
0.00 T T 1
1.0 1.5 2.0

Local Fractal Dimension

Figure 2.3. Classical and fractal vascular analysis of vessel painted images. A)
The raw epifluorescent image is processed using black balance and haze
reduction algorithms to create an enhanced fluorescent image with reduced
background. A region of interest is drawn around the whole cortex (white outline).
Right hemisphere (R) and left hemisphere (L). B) The enhanced image can be
processed for vascular features (AngioTool software) which results in images
that display vessels in red, junctions in blue, and vessel outline in yellow. C)

Quantitative analysis of vessel characteristics can be derived including vessel
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percentage area, number of junctions, vessel length, and lacunarity. D) The
enhanced image can be processed for vascular complexity using fractal analysis
(FracLac, Imaged plugin). The fractal analysis extracts the local fractal dimension
(LFD) and then color-codes according to the degree of vessel connectivity. The
vasculature in the brain is colorized based on corresponding fractal dimension
with a gradient from lower LFD in blue (less complex) to higher LFD in pink (more
complex). E) The color scale displays LFD values with a gradient from blue (less
complex) to pink (more complex). The LFD value ranges and vessel complexity
are shown in the chart. F) The resultant LFD histogram displays vessel
complexity in the x-axis (LFD) and vessel numbers in the y-axis (frequency). The
histograms can be quantitatively analyzed by measuring skewness, kurtosis, and
peak frequency. The histogram is a mean of 4 animals with all error bars are

presented as standard error of mean.
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2. PBS flush to remove blood
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label vessels

4. PFA fixation

Method 2
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3. PBS flush to remove blood
4. PFA fixation

v
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Figure 2.4. Workflow of vessel painting and analysis. The workflow is comprised
of four components, the actual vessel painting technique (two methods), data
acquisition, analysis methods and extraction of the final results. The vessel
painting technique consists of two methods: one optimized for the adult rat and
mouse (Method 1) and a 2" modification for adult and neonatal mouse (Method
2). Following the procedure, vessel painted brains are removed from the
cranium, visually inspected to ensure adequate staining, and imaged by wide-
field and/or high resolution fluorescence microscopy. The raw fluorescent images
are processed and subsequently analyzed by classical and fractal analysis.
Classical vascular analysis provides quantitative analysis of vessels
characteristics and creates an image that displays vessels and branch points.
Fractal geometric analysis measures biological vessel complexity and creates a

colorized image according to the degree of complexity.
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Figure 2.5. Classical and fractal analysis of vessel painted adult and neonatal
mouse brains. A) Axial images from classical vascular analysis reveal a
reduction in cortical vascular features in neonatal (P14) in compared to adult (8-
week-old) mice. The expanded view clearly illustrates decreased vessel density
in cortex that increases with age. Vessels (red), junctions (blue), vessel outline
(yellow). B) Whole cortex analysis demonstrates a reduction in vessel
percentage area (unpaired student t-test, p<0.05), total number of junctions
(unpaired student t-test, p<0.05), and total vessel length (unpaired student t-test,
p<0.05) in neonatal mice in compared to adults. There was an increase in

lacunarity (unpaired student t-test, p=0.14) in neonatal mice in compared to
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adults, but did not reach significance. C) Axial images from fractal geometric
analysis reveal a reduction in vessel complexity in neonatal brain (P14) in
compared to adult (8-week-old) brain. The expanded view illustrates decreased
complexity within the cortex. Low complexity (blue), medium complexity (yellow),
and high complexity (pink). D) Local fractal dimension (LFD) distribution in the
whole cortex is representative of a decrease in vessel complexity (leftward LFD
shift) and decrease in vessel numbers (decreased peak frequency). Quantitative
analysis of the distribution of the LFD histogram revealed no significant
alterations in the skewness (unpaired student t-test, p=0.30), kurtosis (unpaired
student t-test, p=0.11), and peak frequency values (unpaired student t-test,

p=0.08) between the two age groups.
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Traumatic Brain Injury Intracerebral Hemorrhage
R
L

Subarachanoid Hemorrhage Ischemic Stroke

Figure 2.6. Vessel painting applied to different acquired injury models. All injury
models were vessel painted 24hrs after injury induction. A) Traumatic brain injury
reveals a loss of cerebral vessels in the axial views on the right hemisphere
(asterisk) following a controlled cortical impact model (CCI). The CCl-induced
injury extends about 0.5mm from the cortical surface (arrows) as observed in the
coronal view. Right hemisphere (R) and left hemisphere (L). B) Intracerebral
hemorrhage induced by collagenase injection into the striatum reveals an injury
site on the axial view (asterisk). In the coronal sections there is a clear loss of
vessels in the right striatal region (arrow). The needle track also results in a
secondary loss of vessels in the cortex (yellow asterisk). C) Subarachnoid
hemorrhage model based on puncture of the middle cerebral artery (MCA)

illustrates the loss of vascular complexity in the axial images, likely due to
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edematous brain swelling. There is loss of vascular structures at the base of the
brain as can be seen in the coronal images (arrows). There is no overt injury site
as the MCA puncture is at the base of the brain. D) MCA occlusion model of
stroke demonstrates a clear loss of perfusion in the right hemisphere on the axial
image (solid arrows) with expansion of the right hemisphere due to edema
formation. The coronal image clearly illustrates the loss of the vascular network

in the region supplied by the MCA (asterisk). Scale bar = 1mm
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Figure 2.7. Stopcock assembly for method 1. The stopcock assembly allows for
the delivery of solutions in sequential order. The three-way stopcocks are
connected to perfusion lines for PBS, Dil solution, and fixative. The solution does
not flow from the system if the stopcock knob is perpendicular to the outflow port
(off position). To permit flow of the solution, the stopcock knob is rotated left by
90 degree (insert, on position). The solution exits the system and is delivered to a

butterfly needle. It is important to avoid air from the entering the perfusion lines.
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Whole brain

Coronal half brain

Figure 2.8. Whole and coronal half brain preparation for epi-fluorescent imaging.
Adult mouse brains are shown, but identical procedure was used for neonatal
mouse and adult rat tissues. a) Whole brains were placed onto a glass slide with
the olfactory bulb to the right and cerebellum to the left. A second slide was
placed over the brain and gently compressed until the dorsal surface was evenly
flattened while minimizing over-compression to prevent tissue damage. The
slides were taped on each side. b) Coronal aspects were then imaged by cutting
the brain 5mm posteriorly from the olfactory bulb to create an anterior and
posterior half brain. The posterior half of the brain was placed on the slide with
the cerebellum extending out from the slide, a second slide was not required.

The anterior portion of the brain can also be imaged.
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Fluorescence Processed

Figure 2.9. Raw and processed vessel painted fluorescent images. Axial image
of blood vessels on the dorsal brain surface (2x magnification). The processed
fluorescent image reveals high resolution of the middle cerebral artery (MCA)
and its branching vessels along with minimal background signal. Scale bar =

1mm
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Table 2.1. Evaluation of vessel painted brains following Method 1 and 2.

Method Excellent® Failed® No staining® Success rated
Method 1 - Adult Rat 6 3 0 67%
Method 1 - Adult Mouse 6 5 13 25%
Method 2 - Adult Mouse 5 2 0 71%
Method 2 - P14 Mouse 6 5 5 37.5%

The table summarizes the number of vessel painted brains with Excellent, Failed,
and No staining following Method 1 and 2. 2Excellent vessel painted brains
exhibited homogenous pink staining of the entire brain parenchyma and excellent
labeling of vessels on the dorsal surface and deep compartments in the brain.
bFailed vessel painted brains exhibited heterogeneous pink staining and poor
labeling of vessels in the brain. °Brains with lack of pink staining were classified
as “No staining”. 9The success rate was determined by dividing the number of

excellent vessel painted brains by the total number of brains.
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Chapter 3
Wnt/Beta-catenin is Upregulated in Cerebral Vessels after Traumatic Brain

Injury and it Coincides with Vascular Repair

Preface

This chapter has been reproduced from ... Salehi, A., A. Jullienne, M.
Baghchechi, M. Hamer, M. Walsworth, V. Donovan, J. Tang, J. H. Zhang, W. J.
Pearce and A. Obenaus (2018). "Up-regulation of Wnt/beta-catenin expression is
accompanied with vascular repair after traumatic brain injury." Journal of
Cerebral Blood Flow and Metabolism 38(2): 274-289 with permission from SAGE

Publishing

This chapter discusses the temporal and spatial changes in the cerebral
vasculature over the course of 7 days following moderate traumatic brain injury.
This chapter also examines changes in beta-catenin protein and its association

with cerebral vessels following moderate traumatic brain injury

Reproduced from manuscript: Figure 3.1 — 3.9
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Abstract

Recent data suggests that repairing the cerebral vasculature after
traumatic brain injury (TBI) may help to improve functional recovery. The Wnt/(3-
catenin signaling pathway promotes blood vessel formation during vascular
development, but its role in vascular repair after TBI remains elusive. In this
study, we examined how the cerebral vasculature responds to TBI and the role of
Wnt/B-catenin signaling in vascular repair. We induced a moderate controlled
cortical impact in adult mice and performed vessel painting to visualize the
vascular alterations in the brain. Brain tissue around the injury site was assessed
for B-catenin and vascular markers. A Wnt transgenic mouse line was utilized to
evaluate Wnt gene expression. We report that TBI results in vascular loss
followed by increases in vascular structure at 7 days post injury (dpi). Immature,
non-perfusing vessels were evident in the tissue around the injury site. 3-catenin
protein expression was significantly reduced in the injury site at 7 dpi. However,
there was an increase in B-catenin expression in perilesional vessels at 1 and 7
dpi. Similarly, we found increased number of Wnt-GFP-positive vessels after TBI.
Our findings suggest that Wnt/B-catenin expression contributes to the vascular

repair process after TBI.

Introduction
Traumatic brain injury (TBI) is a serious clinical problem that is associated

with long-term neurological deficits. Emerging research suggests that the
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cerebral vasculature is one of the major contributors to TBI-related disabilities*
253 An insult to the brain damages cerebral vessels and often leads to secondary
injury. For example, patients with severe TBI experience acute reductions in
cerebral blood flow that gradually resolves over the course of several days to
weeks®’. Although improved guidelines for the management of TBI patients have
been introduced, they have been largely ineffective in reducing the incidence of
post-injury ischemic episodes?>*. Thus, a better understanding of how the
cerebral vasculature responds following TBI could provide critical insight into
secondary effects and lead to development of new therapies designed to
enhance vascular repair.

The time course of vascular repair after TBI has been ill-defined. Injured
vessels undergo repair through sprouting angiogenesis (formation of new
capillaries from existing vessels). Several studies have suggested that TBI elicits
gross vascular injury that is subsequently followed by slow repair over the course
of several weeks? 73. The degree of vascular repair is dependent on the severity
of the TBI®. Interestingly, secondary complications (i.e. hypoperfusion) are
observed even once the vascular network has repaired, which may suggest
deficits in the repaired vessels™. At present, there are no studies that have
comprehensively investigated the spatial and morphological changes of the brain
vasculature after TBI.

Several putative mechanisms may be responsible for vascular repair after

TBI. Vascular endothelial growth factor (VEGF) has been evaluated in several
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studies®® %4, However, VEGF treatment appears to exhibit adverse side effects
making it a poor candidate for future therapeutics?%®. One alternative and
unexplored mechanism is the Wnt/p-catenin cascade, which plays a major role in
embryonic vascular development. This pathway regulates many aspects of the
vascular repair processes, including angiogenesis, vascular sprouting, blood-
brain barrier formation, and arterial-venous specification98. 202, 204, 256, 257
Additionally, studies in other vascular-related injuries (stroke, hindlimb ischemia
and neointimal hyperplasia) demonstrated that the components of Wnt/B—catenin
pathway have angiogenic functions'83 258, 259,

The Wnt/B-catenin pathway has recently been explored in TBI unrelated to
the cerebral vasculature. Studies have shown contrasting results, with several
reporting up-regulation of B-catenin after TBI'®"- 298 while others showing a
dramatic reduction?°. In damaged tissue, Wnt factors are thought to promote
proliferation and differentiation of stem and progenitor cells. After TBI, the Wnt/f3-
catenin pathway has been linked to important repair processes most notably
astrogliosis and neurogenesis'9'.206. 207 |t js unclear what role Wnt/B-catenin
signaling plays in vascular repair after TBI.

The objective of our study was to evaluate how the cerebral vessels
respond in the course of 7 days following a moderate TBI. The second objective
was to assess what role the Wnt/B-catenin signaling plays in the vascular repair
process. We hypothesized that Wnt/p-catenin signaling is associated with repair

of the injured vasculature after TBI. We utilized a controlled cortical impact
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mouse model to induce a moderate TBI which lead to gross injury to the cortical
vessels. We utilized a novel vessel painting technique to label the cerebral
vessels in the whole brain and assessed vascular alterations at specific time
points after TBI. We assessed B-catenin inside blood vessels around the lesion
and utilized a Wnt transgenic mouse line to monitor Wnt gene expression. In our
study, we found that TBI led to a rapid up-regulation of B-catenin expression and
activation of Wnt genes in blood vessels that coincided with vascular repair.
These results suggest that Wnt/p-catenin expression contributes to vascular

repair following TBI and represents a potential target for future therapeutics.

Material and methods

All animal experiments and care complied with federal regulations and
were approved by the Institutional Animal Care and Use Committee of Loma
Linda University according to Guide For the Care and Use of Laboratory Animals
(Eighth edition). Experiments received ethical approval from the LLU IACUC
under the protocol numbers 8130051 and 8150023. Animal reporting is according

to ARRIVE guidelines.

Animals
Male C57BL/6 mice (6-8 weeks, 25-30g) were purchased from Jackson
Laboratory. Male transgenic TCF/Lef:H2B-GFP mice (6-8 weeks, 25-30g) were

C57BL/6 background and were purchased from Jackson Laboratory. Animals
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were group housed and kept in a temperature controlled animal facility on a 12-
hour light/dark cycle with free access to food and water. Home cages contained
standard cob bedding. Animals were randomly assigned to three groups: Control,
Sham, or TBI. Following brain injury, animals underwent vessel painting, western
blot, or immunohistochemistry. All animals were sacrificed at 0.5, 1, 3, or 7 days
post injury (dpi). Each experiment was performed by investigators blinded to the

treatment/subject.

Traumatic brain injury

A controlled cortical impact (CCIl) model of moderate brain injury was
utilized as described previously?'. Briefly, mice were anesthetized with isoflurane
(3% induction, 1-2% maintenance) using isoflurane vaporizer (VetEquip Inc.,
Pleasanton, CA). Anesthetized mice were placed in a stereotaxic frame and body
temperature was maintained at 37+1°C with a heating pad during the surgery. A
midline incision of the skin was made to expose the skull and a 5 mm craniotomy
was carefully performed on the right hemisphere to expose the cortex (between
Lambda and Bregma). A moderate CCI (1.5 mm depth, 3 mm diameter, 2.0 m/s
speed, 200 ms dwell time) was delivered using an electromagnetically driven
piston (Leica Microsystems Company, Richmond, IL). CCI procedure also
resulted in visible hemorrhage that gradually resolved in a few minutes. The
craniotomy site was not sealed and skin was sutured. After surgery,

Buprenorphine (0.01mg/kg, intramuscular) was administered to minimize pain.
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Animals were monitored daily following the procedure. Sham animals underwent
the exact procedure without cortical impact. In a small cohort of sham animals we
noted small degree of hemorrhage which was due to the craniotomy procedure.
Control animals underwent anesthesia only for the identical period of time (30
minutes) as well as the Buprenorphine injection. Control and Sham animals were

euthanized after 3 days.

Vessel painting procedure

This technique uses a carbocyanine dye (1,1'-dioctadecyl-3,3,3',3'-
tetramethylindocarbocyanine perchlorate, Dil, Life Technologies, Carlsbad, CA)
that binds to the lipid membranes, thereby labeling the vasculature of the entire
brain?33, Mice were assigned into 3 groups: Sham, TBI 1 dpi, and TBI 7 dpi (19
total, n=6-7/group). Mice were anesthetized with ketamine (90mg/kg) and
xylazine (10mg/kg). Vessel painting was performed by cardiac injection of Dil
(0.3mg/mL in PBS containing 4% dextrose, total volume 500 pL) into the left
ventricle followed by perfusion with 10ml of phosphate buffer saline (PBS) and
then 20ml of 4% paraformaldehyde (PFA). Extracted brains were then post-fixed
in 4% PFA for 24h and stored in PBS until imaging. Success of vessel painting
was confirmed based on visualized inspection of the brain parenchyma where a
uniform pink stain demonstrated vascular labeling providing excellent definition of
large and small cortical and sub-cortical vessels. Animals with uneven staining of

the vessels were excluded. Axial and coronal brain images were then obtained
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using a BZ-X700 Keyence microscope (Keyence Corp, Osaka, Japan). Axial
views of the brain were obtained using 2x magnification and 1mm depth of field
(25.2 pm pitch, 40 slices). For coronal images, brains were sliced at the lesion
site, 5mm away from the olfactory bulbs and imaged using 2x magnification and

0.75 mm depth of field (25.2 um pitch, 30 slices).

Vessel painting analysis

Quantitative analysis of the labeled vessels was performed as described
previously on whole brain axial and coronal views?33. Regions of interest (ROI)
were drawn around the ipsilateral and contralateral hemisphere on 2x axial and
coronal images. Perilesional area analysis was performed using a 1.5 mm
diameter ROl encompassing the lesion. ROIs were drawn around each lesion
and then were expanded by 1.5 mm to encompass the perilesional area.
Angiotool analysis was performed on each ROI to assess vessel characteristics,

including vessel density, junction number, and average vessel length??°.

Western blotting

Western blot assays were performed using controls in lieu of Sham
animals as the craniotomy results in small alterations to the cortical surface?®’
and affects expression of B-catenin in the brain (data not shown). Mice were
assigned into 5 groups: Controls (n=13), TBI 0.5 (n=6), 1 (n=7), 3 (n=6), and 7

dpi (n=6) (31 total). The animals were sacrificed by transcardial perfusion with

103



PBS. Extracted brains were cut into 4 quadrants (between the midline and
Bregma) and the quadrant containing the injury site were processed to extract
cytoplasmic and nuclear proteins (Nuclear extraction kit, EMD Millipore,
Temecula, CA). Protein concentration was determined using a Bradford assay
(Thermo Scientific, Rockford, IL). 8 or 10ug of protein was subjected to
electrophoresis on 4-12% Sodium Dodecyl Sulfate PolyAcrylamide Gel
Electrophoresis gels and transferred onto PVDF membranes. Immunoblots were
probed with the following antibodies: rabbit anti-B-catenin, rabbit anti-GAPDH,
rabbit anti-Lamin B1 (1:2000), rabbit anti-Cyclin D1 (1:10000), or anti-Wnt5a
(1:200) (all antibodies from Abcam, Cambridge, MA). Secondary incubations
were performed with anti-rabbit DyLight 800 (1:2500, Thermo Fisher, Rockford,
IL) and anti-mouse IRDye 680 (1:2500, LI-COR, Lincoln, NE) antibodies and
incubated for 2h. Bands were visualized using an infra-red scanner (Odyssey, LI-
COR). Image Studio Lite (LI-COR) was used for densitometry analysis and band

intensities were normalized to their respective loading controls.

Immunohistochemistry

Mice were assigned into 3 groups: Controls, TBI 1 dpi, and TBI 7 dpi (n=3-
4/group). All animals appeared healthy before sacrificing. C57BL/6 (12 total) and
transgenic TCF/Lef:H2B-GFP (12 total) mice used for immunohistochemistry
were sacrificed by transcardial perfusion with PBS and 4% PFA. Following post-

fixation, brains were cryoprotected in 30% sucrose solution for 24h. Brains were
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embedded in Tissue-Tek OCT compound (Sakura Finetek, Torrance, CA) and
frozen on dry ice. Coronal sections were obtained using a cryostat (Leica
Biosystems, Nussloch, Germany) at a 20 ym thickness and collected on
Superfrost Plus® (Fisher Scientific, Pittsburg, PA) microscope slides. Tissue
sections were blocked with 2% Bovine Serum Albumin (BSA, Sigma Aldrich, St
Louis, MO) solution for 1.5 h. Primary antibodies used were: anti-B-catenin
(1:100, Abcam, Cambridge, MA), anti-Sox17 (1:100, Abcam), anti-Von
Willebrand Factor (VWF, 1:200, Abcam), anti-GFAP (1:500, Millipore, Billerica,
MA), anti-NeuN (1:400, Millipore), and anti-Iba1 (1:400, Wako, Richmond, VA).
DyLight 594-labeled tomato-lectin (T-lectin, 1:200, Vector Laboratories,
Burlingame, CA) and Isolectin B4 (I1B4, 1:50, Sigma Aldrich) were used to label
the blood vessels. Primary antibodies or markers were incubated in antibody
solution (0.5% BSA + 0.5% Triton X) overnight or for 72 h for IB4. Appropriate
secondary antibodies (all from Invitrogen, Eugene, OR) were incubated in
antibody solution for 1.5 h. Slides were cover slipped with Vectashield mounting
medium (Vector Laboratories, Burlingame, CA) containing DAPI as a nuclear

counterstain.

B-catenin and IB4 expression analysis

Mouse brain sections from control and TBI animals were labeled with 3-
catenin antibody and T-lectin. Vessel painted brain sections (Dil) from sham and

TBI 7 dpi animals were labeled with IB4 antibody. Images were blinded before
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analysis. For each animal, two images were randomly captured with a
fluorescence microscope (Keyence BZ-X700) in the cortical tissue surrounding
the injury site at 20x magnification. Images were converted to grayscale and
background was reduced by adjusting threshold values using ImageJ software.
Images were overlaid (Image calculator, multiply) or subtracted (Image
calculator, subtract) in order to measure the amount of colocalized and non-
colocalized signal of the B-catenin and T-lectin channels respectively. Total -
catenin, colocalized, and non-colocalized intensity was calculated and integrated
density values were used for analysis. Total IB4 and 1B4-Dil colocalized

integrated density was also calculated.

Quantification of Wnt-GFP expressing cells and vessels

TCF/Lef:H2B-GFP mouse brain sections at the level of the injury were
stained with T-lectin. Two images were randomly captured from the cortical
tissue surrounding the injury site at 20x magnification. GFP-positive nuclei and
vessel segments were counted using the cell counting plugin in ImageJ. GFP-
positive vascular cells were selected according to their endothelial cell-like
morphology (oval nuclei, scant cytoplasm, and elongated cell outline) and
location in the vessel. A single vessel segment was selected if it was present
between two vessel junction points, two open endpoints, or a junction and open
endpoint. GFP-positive vascular cells, positive vessel segments and total vessel

segments were calculated as a total of the two images. Immunohistochemical
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analyses were performed blindly and interpreted independently by two

experimenters.

Statistics

Investigators were blinded to experimental conditions for all analyses. All
measurements and analysis were performed without knowledge of the groups.
One-way analysis of variance (ANOVA), with a post-hoc Tukey test, was used for
comparison of vessel characteristics between hemispheres and perilesional
tissue. One-way ANOVA, with a post-hoc Tukey test, was used for comparison of
B-catenin and Cyclin D1 protein levels at multiple time points. Student T-test was
used for comparison of Wnt5a protein levels. The data for the parametric tests
showed a normal distribution and passed the Shapiro-Wilk normality tests.
Student T-test, with Mann-Whitney test, was used for comparison of IB4 and Dil
expression, and one way ANOVA, with Kruskal-Wallis test, was used for
comparison of Wnt-GFP cells and positive vessel segments at multiple time
points. All analysis was performed using GraphPad Prism 5.0 (GraphPad, San
Diego, CA). Outliers were identified if they were below or above 1.5 times the
interquartile range. All error bars are presented as standard error of mean (SEM).

Statistical significance was noted at * p< 0.05, ** p< 0.01, or *** p< 0.001.
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Results

Assessment of the cortical vasculature

We developed a novel vessel painting protocol that labels the whole brain
vasculature. Vessel painted brains revealed excellent staining of the cortical and
subcortical vessels (Fig. 3.1a, 3.2a). Thus, we utilized this technique to visualize
vessel alterations within the brain after a moderate TBI. All animals appeared
healthy before the procedure. A craniotomy alone in the Sham group showed
minimal disruption of the vessels. The 1 day post-injury (dpi) group showed clear
vascular loss at the site of the injury which extended to the outer perimeters as
previously reported?®? (Fig. 3.1b). Conversely, the 7 dpi group revealed
revascularization around the injury site (Fig. 3.1b). The majority of these new
vessels appeared to originate from the perilesional tissue, radiating towards the
injury site (Fig. 3.7). Irregular, disorganized and clearly disrupted vessels were
also evident within the base of the injury site.

In order to determine the degree of vessel alterations after TBI, we
undertook a vascular analysis to evaluate vessel density, number of junctions,
and average vessel length (Fig. 3.1c-f). The Sham group (n=6/6) showed a
reduction in vessel density in the ipsilateral hemisphere compared to the
contralateral hemisphere (not significant), which was the result of the craniotomy.
Vessel density in the ipsilateral hemisphere was decreased at 1 dpi by 36.7%
compared to Shams (p<0.05), which was followed by a 118.9% increase at 7 dpi

(p<0.001) (Fig. 3.1c). The 1 dpi group (n= 5/6, 1 outlier) exhibited decreased total
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vessel density of 11.69 +/- 2.08 (mean +/- SEM) compared to 25.59 +/- 0.93 in
the 7 dpi group (n=4/5, 1 outlier). Interestingly, the contralateral hemisphere
showed a similar 48% increase in vessel density at 7 dpi (p<0.05) compared to 1
dpi (Fig. 3.1c). The 1 dpi group had a total vessel density of 19.93 +/- 2.01
compared to 29.49 +/- 0.51 in the 7 dpi group.

We next examined the vessel differences in the perilesional tissue (Fig.
3.1a). The Sham group (n=6/6) showed no significant difference in any vessel
parameters when comparing both hemispheres. The 1 dpi group (n=5/6) showed
a reduction in vessel density compared to the Sham group but this did not reach
significance (no statistical differences appeared in any of the other parameters).
We observed a 97.1% increase in vessel density (p<0.01), 157.0% increase in
number of junctions (p<0.01), and 93.7% increase in average vessel length
(p<0.05) at 7 dpi (n=4/5, 1 outlier) compared to 1 dpi (Fig. 3.1d-f). Thus, these
results suggest that there is a global increase in the vasculature following TBI

across both hemispheres by 7 dpi.

Assessment of the subcortical vasculature

To further assess the effects of cortical injury to the vasculature, we
analyzed coronal sections of vessel painted brains (Fig. 3.2a). The 1 dpi group
revealed loss of the cortical vessels that extended to the corpus callosum (Fig.
3.2b) and similar to the whole brain axial data (see above), the 7 dpi group

exhibited increased vascularization around the injury site (Fig. 3.2b). Newly
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formed vessels appeared to extend from the surrounding tissues radiating toward
the injury site. Similar to the axial cortical findings Sham mice showed minor
injury to the cortical vessels.

Vascular analysis was performed on the coronal sections to quantify
vessel characteristics. There was no significant difference in vessel density
between the hemispheres. Vessel density in the ipsilateral hemisphere exhibited
a non-significant decrease at 1 dpi (p=0.12), followed by a significant 56.5%
increase at 7 dpi (p<0.01) (Fig. 3.2c). The 1 dpi group (n=5/6, 1 outlier) exhibited
a total cortical vessel density of 9.33 +/- 0.74 compared to 14.61 +/- 0.56 in the 7
dpi group (n=5/5). Vessel density in the contralateral tissue was increased by
41.6% at 7 dpi (p<0.05) compared to the Shams (Fig. 3.2c). The Sham group
(n=6/6) had a total vessel density of 11.86 +/- 1.38 compared to 16.79 +/- 1.06 in
the 7 dpi group.

Analysis of vascular features in the perilesional tissue (Fig. 3.2a) found
that TBI caused a significant decrease in vessel density and number of junctions
at 1 dpi (p<0.001, n=5/6, 1 outlier), followed by 77.9% and 143% increase at 7
dpi (n=5/5) (Fig. 3.2d-f). Interestingly, both parameters at 7 dpi were still
significantly reduced compared to Shams (p<0.05, p<0.01, n=6/6). There was no
significant difference in average vessel length. Thus, these results suggest that
despite robust repair of the cortical vessels, there is a slower temporal repair of

vessels within the deeper layers of the cortex.
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Newly formed, non-perfusing vessels

While our vessel painting technique labels perfused vessels in the brain,
this method does not identify directly identify new or immature vessels after injury
that are non-perfusing. Undamaged and newly formed vessels can be
distinguished according to endothelial tip cell morphology and their perfusion
status?%3. To investigate this, we further examined our vessel painted brains and
stained with Isolectin B4 (IB4) to label all the blood vessels, including endothelial
tip and stalk cells. The 7 dpi group exhibited an increased number of IB4+/Dil-
vessels in comparison to the Sham group (Fig. 3.3a). Along with having reduced
or lack of Dil staining, these vessels appeared thinner and more elongated than
normal sham vessels, suggesting that they are likely immature (Fig. 3.3b).
Furthermore, we observed I1B4+ endothelial tip cells extending their filopodia into
the extracellular environment that often were not associated with Dil+ vascular
components consistent with vascular sprout formation (Fig. 3.3c). Quantitative
analysis of the perilesional tissue revealed an increase in IB4 expression in the 7
dpi (p=0.09) compared to the Sham group, but this did not reach significance.
However, we observed a 31.0% reduction in Dil-expressing IB4+ vessels by 7 dpi
(p<0.05) in compared to the shams, indicating that the new vessels are non-
perfusing. The Sham group (n=3/4, 1 outlier) had a Dil/IB4 colocalized integrated
density of 2463 +/- 63.69 while the 7 dpi group (n=4/4) had 1700 +/- 202.40.

Thus, these data provide further evidence for vascular regrowth after TBI.
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Changes in 3-catenin expression profile

The Wnt/B-catenin signaling pathway is tightly regulated by the protein -
catenin. Upon activation, p-catenin escapes degradation where it accumulates in
the cytoplasm and translocates into the nucleus where it complexes with T-cell
specific transcription factor/lymphoid enhancer-binding factor (TCF/LEF) to
promote transcription of Wnt target genes. We hypothesized that TBI activates
the Wnt/B-catenin signaling pathway to initiate vascular repair. To test this
hypothesis, we measured cytoplasmic and nuclear p-catenin protein levels in the
injury site over the course of 7 days after injury. The animals in the control group
showed no change in cytoplasmic and nuclear B-catenin levels over 7 days
following anesthesia treatment. We found that cytoplasmic B-catenin protein
levels were reduced 93.9% by 7 dpi (p< 0.05) in compared to 1 dpi (Fig. 3.4a-b).
The 1 dpi group (n=5/7, 2 outliers) had a normalized cytoplasmic -catenin level
of 92.15 +/- 20.55 compared to 5.59 +/- 3.52 for the 7 dpi group (n=5/6, 1 outlier).
Similarly, there was a 35.7% reduction in nuclear -catenin protein levels by 7 dpi
(p< 0.05) (Fig. 3.4a, 3.4c). The 1 dpi group had-normalized nuclear -catenin
levels of 84.01 +/- 5.17 compared to 54.03 +/- 8.30 for the 7 dpi group.

To assess activation of Wnt genes, we measured expression of the down-
stream Wnt target gene Cyclin D1. We found that cytoplasmic Cyclin D1 protein
levels were increased at 1 dpi (p<0.01) and peaked at 3 dpi (p< 0.001) in
compared to 12hr group (Fig. 3.4d-e). The 3 dpi group (n=5/5) had a normalized

Cyclin D1 levels of 203.20 +/- 17.2 compared to 80.67 +/- 9.37 for the 12hr group
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(n=5/5) with an increase of 151.9%. Interestingly, Cyclin D1 protein levels were
reduced at 7 dpi (p< 0.05) in compared to the 3 dpi group. We next tested the
expression of non-canonical Wnt5a, which downregulates B-catenin-induced
gene expression?%4, Wnt5a protein levels increased 141.9% at 7 dpi (p< 0.05) in
compared to 1 dpi group (Fig. 3.4f-g). The 7 dpi group (n=5/5) had a normalized
Wnt5a levels of 150.90 +/- 26.78 compared to 62.06 +/- 20.24 for the 1 dpi group
(n=4/5, 1 outlier). Thus, these data suggest that B-catenin levels are reduced at
the injury site at 7 dpi and are likely inhibited by the non-canonical Wnt pathway.
We investigated p-catenin expression in blood vessels in the injured
cortical tissue by staining for B-catenin and the vascular marker T-lectin. The
control group exhibited uniform B-catenin expression throughout the cortex
where —catenin-expressing cells were primarily non-vascular and seen adjacent
to the vessels (Fig. 3.5a). After TBI at 1 dpi and 7 dpi we observed a dramatic
reduction in B-catenin expression around the injured cortex. Interestingly, -
catenin expression was specifically up-regulated in cortical vessels (Fig. 3.5a).
Quantitative analysis revealed a gradual reduction in B-catenin expression over
the course of 7 days after injury (p<0.001, control n=4/4. TBI 7 dpi n=4/5, 1
outlier) (Fig. 3.5b), consistent with our earlier findings (Fig. 3.4a-c). Despite the
local decrease, -catenin expression in T-lectin+ vessels was significantly
increased by 1 and 7 dpi (p<0.05, TBI 1 dpi n=4/4, p<0.001) in comparison to
controls (Fig. 3.5c). Furthermore, TBI groups showed a reduction in T-lectin

density compared to control groups. Together, these data indicate that while
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there is a gradual decrease in 3-catenin expression after TBI, there is dramatic
shift from non-vascular to expression within vascular elements in the cortical

tissue.

Expression of Wnt target genes

To assess Wnt gene expression, we utilized a transgenic reporter mouse
line (TCF:LEF1:H2B-GFP) that expresses Histone 2B-GFP fusion protein under
the control of TCF/LEF response elements. Similar to wild types, TCF:LEF1:H2B-
GFP mice showed an identical reduction in B-catenin expression at 7 dpi (p<0.05,
n=4/4) in compared controls (n=3/3) (Fig. 3.8). Mouse brain sections from control
and TBI groups were stained with T-lectin and the perilesional tissue was
assessed. The control group had few Wnt-GFP vascular cells inside vessels with
most positive cells adjacent to the vessel wall. In contrast, TBI 1 dpi and 7 dpi
groups revealed a profound increase in Wnt-GFP vascular cells inside cortical
vessels (Fig. 3.6a-b). Quantitative analysis confirmed a 110.7% increase in Wnt-
GFP vascular cells within vessels at 1 dpi (p<0.05, n=4/4) followed by a decline
to control levels by 7 dpi (p=0.07, n=4/4) (Fig. 3.6c). Control mice (n=3/3) had
42.00 +/- 14.01 GFP-positive cells whereas the 1 dpi group had 88.50 +/- 10.65.
We also quantified the number of vessel segments that showed Wnt-GFP
positivity. Analysis revealed a 126.7% increase in Wnt-GFP-positive vessel
segments at 7 dpi (n=4/4) compared to the controls (n=3/3) (Fig. 3.6d). Controls

had 0.15 +/- 0.05 GFP-positive vessels whereas the 7 dpi group had 0.34 +/-

114



0.05. There was an increase in Wnt-GFP-positive vessel segments at 1 dpi
(n=3/4, 1 outlier) but this did not reach significance. We also observed increased
GFP expression in neurons (NeuN+) and astrocytes (GFAP+) in the injured
cortex (Fig. 3.9), which confirms findings from previous studies?26: 207,

We stained with the vascular marker von Willebrand factor (vWF), which
preferentially labels activated vessels and has previously been shown to identify
newly formed vessels in tumors?%® and in transplanted islets?®®. The control and 1
dpi groups showed heterogeneous VWF expression throughout the cortex with
limited staining in vascular structures (data not shown for 1 dpi group).
Conversely, VWF expression was enhanced in perilesional vessels by 7 dpi.
Furthermore, we observed Wnt-GFP-vascular cells in and around vVWF+ vessels
(Fig. 3.6e). We next examined the expression of the Wnt target gene, sex
determining region Y-box 17 (Sox17)?% after TBI. Compared to the controls,
Sox17 expression was increased in vascular structures at 7 dpi and co-localized
with Wnt-GFP-positive vessels (Fig. 3.6f). Together, these results strongly
suggest that Wnt gene expression is specifically enhanced in the vasculature

after TBI and it may participate in vascular repair.

Discussion
In this study, we sought to understand how the cerebral vasculature
responds after TBI and if Wnt/B-catenin signaling could play a role in vascular

repair. We report the following novel findings: 1) TBI results in vascular loss at 1
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dpi which was followed by a subsequent increase in vascular features at 7 dpi, 2)
immature, non-perfusing vessels were evident around the site of injury at 7 dpi,
3) B-catenin protein levels were reduced in the injury site at 7 dpi, 4) p-catenin
expression was increased in perilesional vessels at 1 and 7 dpi, and 5) the
number of Wnt-GFP+ vessel segments was increased after trauma. Our findings
suggest that Wnt/B-catenin expression contributes to the vascular repair process
after TBI.

Preclinical studies using a variety of animal models of TBI have reported
repair of injured vessels, albeit abnormal. Park et al.® demonstrated that injured
cortical vessels were repaired by 14 days after fluid percussion injury.
Interestingly, the repaired vasculature in moderate and severely injured animals
was abnormal compared to Sham animals. Mice that received multiple blast
exposures had occluded vessels and narrowed lumens at 6 months after injury’2.
Similarly, Hayward et al.”® revealed that vessel density in the ipsilateral cortex
was restored by 14 days after fluid percussion injury but with altered cerebral
blood flow. We found that there was a decrement at 1 dpi followed by an
increase in vessel features at 7 dpi. Our data reveals a more gradual repair of the
subcortical vessels within the brain in compared to the cortical vessels on the
dorsal surface. The repaired vessels around the injury site appeared irregular
and were clearly morphologically different from the uninjured vessels in the Sham
group. These malformed vessels likely affect how the brain tissue undergoes

repair, for example they could impede delivery of oxygen and neurovascular
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substrates that are necessary for neurogenesis?®’. Additionally, these malformed
vessels may prevent clearance of fluid and waste products from the injured
tissue and be more susceptible for hemorrhagic progression and other secondary
complications?33. Our results and the work from others suggest that the repaired
vasculature is abnormal after TBI, but more work is needed to assess the
functionality of these abnormal vessels and how they affect functional outcome.
While previous studies have provided some evidence of vascular repair at
the TBI lesion site, they have not assessed changes in the whole brain
(hemispheric)® 7% 72, We are the first to report an increase in vascular features in
both hemispheres by 7 dpi. These findings strongly suggest a diaschisis effect in
which blood vessels from undamaged regions of the brain are activated and have
the potential to influence vascular repair. One possible explanation for this effect
is up-regulation of angiogenic factors within the blood circulation. Patients with
severe TBI have been reported to have increased expression of serum VEGF
and Angiopoietin-1, two key factors involved in sprouting angiogenesis, by 7-14
dpi®® 144, These circulating factors likely activate blood vessels throughout the
brain and lead to increased vascularization. Another explanation could be diffuse
hypoxia, which has been reported in clinical TBIs and can last up to 1 week after
injury?®®. Hypoxia is one the many inducers of sprouting angiogenesis after injury.
Studies have shown that chronic hypoxia increases vessel growth in both

hemispheres of the rodent brain?6% 270, Thus, angiogenic factors may be up-
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regulated in diffuse regions of the brain after TBI through a hypoxic-mediated
response.

Many studies have utilized a variety of protocols to stain the vasculature in
rodents, but these techniques have low efficiency rates, do not effectively stain
all the vessels in the whole brain, and have minimal fluorescence® 2”1, In our
study, we utilized a novel vessel painting technique to visualize the cerebral
vasculature after a moderate TBI. While our technique provides excellent staining
of all the blood vessels in the mouse brain (including micro-vessels), it was
difficult to acquire consistent staining across animals. We found that 65% (20 of
31) of mice showed excellent vessel staining, using very stringent criteria
(uniform pink staining of entire brain parenchyma and staining of large and small
vessels in cortical and deep compartments of the brain) that underwent analysis.
We previously utilized a similar staining procedure in the adult rat after a
moderate TBI and found that 70% of rat brains showed excellent vessel
staining?33. An issue with labeling of the vessels may be the result of the high
alcohol content (10%) in the Dil solution. Another limitation with our technique is
the preferentially labeling of Dil to arteries. Previous protocols that used Dil
reported high staining of arteries with veins only weakly stained?2°.

Sprouting angiogenesis, or the formation of new capillaries from existing
vessels, is an important repair response that is activated after injury. This
process is driven by endothelial tip and stalk cells where tip cells migrate into the

hypoxic tissue and lead to vessel sprouts whereas stalk cells proliferate to form
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the vessel lumen and extend the sprout®. Together, these cells form an
immature non-perfusing vessel which is later remodeled and matured to form a
functional, perfusing vessel®. The 7 dpi group showed vessels with narrowed
lumens, elongated shapes, and sprouting endothelial tip cells. One interesting
finding was that 31.0% of the vessels appeared to have reduced Dil staining
which may be a reflection of their immaturity. While these findings suggest that
sprouting angiogenesis is occurring around the lesion site, the possibility still
exists that these vessels are not de novo but existing vessels that were
constricted. We believe that this is unlikely since most instances of vasospasms
are transient and occur early after injury, i.e. part of hemostasis*3 44 272, Severe
vasospasms can last for several weeks after severe TBI and blast injuries but are
likely not present in our moderate model at this time point*4. Another possibility is
the obstruction of vessels by microthrombi. Schwarzmaier et al.?’? observed the
formation of microthrombi in pial vessels early after moderate TBI (<2 hours)
leading to reductions in blood flow to the peri-lesional tissue. The incidence of
microthrombi are highest in the acute phases of injury and tend to resolve by 1-2
weeks?’3, While we cannot rule out of the possibility of microthrombi occluding
vessels early after TBI, it is unlikely that this is occurring at our later time points.
Activation of the Wnt/p-catenin pathway has reported after TBIl. However,
studies have shown contrasting results with regards to -catenin expression after

TBI191.208,260 The expression profile of B-catenin appears to be dependent on the

injury model. We found a reduction in global —catenin protein levels in the
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injured brain tissue at 7 dpi. Our results are consistent with Yi-Min and
colleagues?®, which found a down-regulation of B-catenin protein levels between
3-14 days after weight drop injury. Interestingly, despite a reduction in nuclear B-
catenin we noticed increased expression of Cyclin D1 at 1 and 3 dpi, indicating
that even low levels of nuclear p-catenin can induce gene activation. It has been
suggested that B-catenin fold-changes, as opposed to absolute levels, controls
Wnt/B-catenin pathway activation?’4. Moreover, when B-catenin is present in the
nucleus, it can interact with TCF/LEF family of transcription factors along with a
multitude of other transcription factors to enhance or inhibit Wnt/p-catenin
signaling'®. One key inhibitor is the non-canonical Wnt pathway, which can
inhibit B-catenin/TCF activity?®4. Others have reported that non-canonical Wnts
directly modulate B-catenin by inducing its degradation?”® or redirecting it to the
cell membrane?’®. In support of this, we observed increased Wnt5a expression
at 7 dpi indicating that non-canonical Wnt pathway may be involved in
suppressing Wnt/p-catenin pathway.

The Wnt/B-catenin signaling pathway is critical in the formation of blood
vessels in the Central Nervous System (CNS)'98 202 The Wnt/B-catenin pathway
is robustly activated in CNS vessels during development, but its activity declines
in the adult'® 2%, Emerging research suggests that the Wnt/B-catenin pathway is
reactivated in blood vessels following CNS injuries and diseases. Lengfeld et

al.?’” demonstrated that Wnt/B-catenin pathway partially repairs the blood brain
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barrier following Multiple Sclerosis. Dysfunctional Wnt/B-catenin signaling has
also been implicated in aberrant angiogenesis in Huntington’s disease?’8.
Additionally, this pathway possesses many angiogenic functions in non-CNS
injuries. In a vascular balloon injury, B-catenin induces vascular remodeling after
injury?®®, and Kim et al.?®® showed that B-catenin modulates angiogenesis and
improves vascular function in a mouse hindlimb ischemia model. Our results
extend these early observations wherein we report increased 3-catenin
expression and enhanced Wnt gene expression in the cerebral vessels at 1 and
7 days after TBI. Together, our findings suggest that Wnt/B-catenin expression
likely has a role in vascular repair and represents a potential target for future
therapeutics for TBI and other brain injuries.

Numerous angiogenic factors are up-regulated after TBI and have distinct
expression profiles and functions. One such molecule is VEGF, which plays a
role in post-stroke angiogenesis?’®. Experimental studies using animal models of
TBI have reported up-regulation in VEGF expression at 3-7 dpi® 280.281 An
important finding was the rapid up-regulation of B-catenin expression in the
cortical vessels, indicating that -catenin may be the driving force for vascular
repair by regulating the expression of VEGF and other putative angiogenic
factors. The VEGF promoter contains seven binding sites for p-catenin/TCF282,
and B-catenin has been shown to increase VEGF expression after hindlimb
ischemic injury?®®. Thus, B-catenin may directly regulate VEGF expression or act

in parallel with VEGF to promote vascular repair after TBI.
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In summary, the cerebral vasculature participates in the pathogenesis of
TBI and treatments that can enhance vascular repair and restore vascular
function are critical for functional outcome. This study provides quantitative
morphometric information on the vascular network in acute and subacute stages
of TBI. The Wnt/B-catenin signaling pathway has been studied in the context of
regeneration, neuronal and glial cell populations, after TBI2%6-208_ The present
study is the first to examine this pathway in the context of vascular repair after
TBI. We are the first to report increased [-catenin expression and activation of
Wnt genes in the vasculature early after TBI, suggesting that Wnt/B-catenin
signaling may be a key player in the initiation of vascular repair. Our results open
up the possibility of targeting the Wnt/p-catenin signaling pathway to enhance
vascular repair as a therapeutic target for TBl. The Wnt/p-catenin signaling
pathway may work in conjunction with Notch signaling to activate vascular repair
genes after injury. Ongoing research will be needed to discover the molecular

mechanisms underlying Wnt/p-catenin-mediated vascular repair.
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Figure legends
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Figure 3.1. TBI results in vascular injury followed by repair. A) Axial view of a

vessel painted brain from a Sham animal illustrating the dense vascular plexus.

Analysis on the ipsilateral (1), contralateral (C) hemispheres, and perilesional
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tissue (P) around the lesion (L) was undertaken. Scale bar = 1000um. B)
Representative images from Sham, 1 dpi, and 7 dpi groups. Sham animals
exhibited minor vascular disruptions due to the craniotomy. In the 1 dpi group
there was a clear disruption of the vessels that extended beyond the impact site.
In contrast, the 7 dpi group showed the presence of newly formed vessels
around the impact site. The inset illustrates these new vessels at high
magnification. Scale bar = 1000um, 100um (insert). C) Vascular analysis of the
ipsilateral hemisphere demonstrated a reduction in vessel density (one-way
ANOVA, p<0.05) in 1 dpi group compared to Shams, while the 7 dpi group
showed a significant increase in vessel density (one-way ANOVA, *** p< 0.001, *
p< 0.05) compared to the 1 dpi and Sham groups. The contralateral hemisphere
also exhibited a reduction in vessel density (not significant) at 1 dpi compared to
the Sham group. Interestingly, the 7 dpi group showed a significant increase in
vessel density (one-way ANOVA, * p< 0.05) compared to the 1 dpi group with no
change compared to Shams. D) Vascular analysis of perilesional tissue revealed
a significant increase in vessel density (one-way ANOVA, ** p< 0.01) in the 7 dpi
compared to the 1 dpi group. E) Analysis of the perilesional tissue revealed a
significant increase in the number of junctions (one-way ANOVA, **p< 0.01) in
the 7 dpi compared to 1 dpi and Sham groups. F) Similarly, we observed a
significant increase in average vessel length (one-way ANOVA, * p< 0.05) in the

7 dpi compared to 1 dpi and Sham groups
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Figure 3.2. Coronal assessment of vessel painted vasculature. A) Coronal view
of a vessel painted Sham animal illustrating staining of the cortical and
subcortical vasculature. ROls in the ipsilateral (), contralateral (C) hemispheres,
and perilesional tissue (P) encompassing the lesion (L) were undertaken. Scale
bar = 1000um. B) Representative images of Sham, 1 dpi, and 7 dpi animals. The

Sham group exhibited minor loss of vessel density, whereas the 1 dpi group had
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extensive vascular loss of the cortical vessels that extended to the corpus
callosum (CC, yellow dotted line). The 7 dpi group revealed newly formed
vessels radiating toward the impact site (arrow). High magnification image of
designated vessel is present in the insert. Scale bar = 200pm, 100um (insert). C)
Vascular analysis of the ipsilateral hemisphere demonstrated a reduction in
vessel density (not significant) at 1 dpi while the 7 dpi group showed a significant
increase in vessel density (one-way ANOVA, ** p< 0.01) compared to the 1 dpi
group. Analysis of the contralateral hemisphere demonstrated an increase in
vessel density (one-way ANOVA, *p< 0.05) in 7 dpi group compared to Shams.
D) Vascular analysis of the perilesional tissue revealed a significant increase in
vessel density (one-way ANOVA, ** p< 0.01) in the 7 dpi compared to the 1 dpi
group. Vessel density in the 7 dpi group (one-way ANOVA, ** p< 0.01) was
significantly reduced compared to the Sham group. E) Similarly, we observed a
significant increase in the number of junctions (one-way ANOVA, ** p< 0.01) in
the 7 dpi compared to the 1 dpi group. Number of junctions in the 7 dpi group
(one-way ANOVA, * p< 0.05) was significantly reduced compared to the Sham
group. F) Vessel length at 1 and 7 dpi showed a reduction compared to the

Shams, but it did not reach significance

126



a

d IB4 expression € Dil expression in IB4+ Vessels
10000+ 3000+ *
ns

%‘ 8000+ %
S S 2000
& 6000 3
E 40004 E
© o
g} g 10004
£ 20004 =

0- 0-

Sham TBI 7dpi Sham TBI 7dpi

Figure 3.3. Identification of perfused and newly formed vessels in the cortex. A)
Sham animals showed uniform vessel staining with Dil in coronal sections (see
Fig. 3.2) whereas the 7 dpi group exhibited a reduction in labeled vessels
adjacent to the injury site (top panel). Similarly, in Shams there was a uniform
staining of IB4+ vessels with an apparent reduction in the 7 dpi group.
Interestingly, there appeared to be an increase in co-localized Dil and 1B4+
vessels in the Sham group, with little co-localization in the 7 dpi group. The
boxed area is enlarged in B. Star indicates region of impact. Scale bar = 100um.
B) A IB4+/Dil+ vessel from a 7 dpi mouse (open arrow) that is perfused (Dil+).

Immature vessels, 1B4+/Dil-, appear narrower and elongated in shape and are
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likely not fully formed nor perfused (solid arrow). Scale bar = 50um. C) High
magnification image of a newly forming vessel branching from an existing vessel.
A new vessel is seen sprouting from a pre-existing vessel (arrow). |IB4+
endothelial tip cells extend their filopodia into the cortex (arrowhead). Insert
illustrates the filopodia of an endothelial tip cell. Scale bar = 25um, 15um (insert).
D) Analysis of the perilesional tissue revealed an increase in IB4 expression in
the 7 dpi (Student T-test, p=0.09) compared to the Sham group. E) Analysis
revealed a significant decrease in Dil-expressing IB4+ vessels in the 7 dpi

(Student T-test, * p< 0.05) in compared to the Sham group.
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Figure 3.4. Temporal decrease in beta-catenin levels after TBIl. A) Western blots
reveal a gradual decrease in cytoplasmic and nuclear 3-catenin protein levels
over a time course of 7d after injury. Control animals showed no changes in -

catenin expression during the 7d time frame. GAPDH was used as cytoplasmic
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loading control. Lamin B1 was used as a nuclear loading control. 8ug loaded per
well. B) Densitometric analysis showed a significant decrease in cytoplasmic -
catenin levels (one-way ANOVA, * p< 0.05) at 7 dpi compared to the 12hr and 1
dpi groups. C) Similarly, there was a significant decline in nuclear B-catenin
levels (one-way ANOVA. * p< 0.05) in the 7 dpi compared to 1 dpi group. Control
(n=13), TBI 12hr (n=6), 1dpi (n=7), 3dpi (n=6), and 7dpi (n=6) group. D) Western
blot revealed that Cyclin D1 protein levels peak by 3 dpi followed by reduction at
7 dpi. B-actin was used as cytoplasmic loading control. 10ug loaded per well. E)
Densitometric analysis demonstrated a significant increase in Cyclin D1 levels at
1 and 3 dpi (one-way ANOVA, ** p<0.01, *** p<0.001) in compared to the 12hr
group. Expression peaked at 3 dpi. There was a significant decline in Cyclin D1
levels at 7 dpi (one-way ANOVA, * p<0.05) compared to the 3 dpi. F) Western
blot revealed an increase in Wnt5a protein levels at 7 dpi compared to 1 dpi. -
actin was used as cytoplasmic loading control. 10ug loaded per well. G)
Densitometry analysis showed a significant increase in Wnt5a levels at 7 dpi

(Student T-test, * p<0.05) in compared to 1 dpi group.
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Figure 3.5. Beta-catenin is up-regulated in cortical vessels after TBI. A)
Immunohistochemical images from control, 1 and 7 dpi groups. The controls
exhibited B-catenin uniform expression in the cortex whereas there was a
dramatic loss of expression in the 1 and 7 dpi animals. Vascular loss relative to
controls was also observed in the 1 and 7 dpi groups (T-lectin). Interestingly, in

the control animals B-catenin expression was observed adjacent to vessels
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stained with T-lectin whereas 1 and 7 dpi animals clearly demonstrated p-catenin
expression inside vascular structures. Note the increased number of (3-
catenin+/T-lectin+ vessels in the 1 and 7 dpi groups (arrows). No auto
fluorescence was observed in the 594 and 488 channels in any of the tissues.
High magnification insert with DAPI illustrates 3-catenin-expressing cells
adjacent to the vessels in the controls groups and 3-catenin+ vessels in the 1
and 7dpi groups. Star indicates region of impact. Scale bar = 100um, 50um
(insert). B) Densitometric analysis of 3-catenin expression in the ipsilateral cortex
revealed a significant reduction at 7 dpi compared to controls (one-way ANOVA,
** p< 0.01). C) Analysis of B-catenin localization revealed a significant increase in
[-catenin expression in T-lectin+ vessels (increased colocalized/non-colocalized
ratio) at 1 and 7 dpi compared to the controls (one-way ANOVA, * p< 0.05, *** p<

0.001)
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Figure 3.6. Wnt-GFP-expressing cells are increased inside vascular structures

GFP vWF
GFP Sox17 T-lectin

after TBI. A) We utilized a transgenic mouse line (TCF/LEF:H2B-GFP) to track
individual cells with Wnt gene expression. Representative images of control, 1,
and 7 dpi groups from the ipsilateral cortex. Few Wnt-GFP vascular cells were
seen inside the vessels (T-lectin) in the control group, whereas there was an
increase in the 1 and 7 dpi groups (arrows). Scale bar = 50um. B) A vessel from
a 7 dpi animal showing Wnt-GFP vascular cells inside blood vessels. Scale bar =
15um. C) Quantitative analysis revealed a significant increase in the number of

Wnt-GFP vascular cells at 1 dpi (one-way ANOVA, * p< 0.05) which was followed
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by decrease at 7 dpi (one-way ANOVA, p=0.09). D) Quantitative analysis
revealed a significant increase in Wnt-GFP-positive vessel segments at 7 dpi
compared to the controls (one-way ANOVA, * p<0.05). E) Immunofluorescence
of GFP (green) and von Willebrand Factor (VWF; red) in control and 7dpi group.
The control group exhibited heterogeneous VWF expression throughout the
brain. In contrast, 7 dpi group showed VWF expression in blood vessels around
the impact site. Wnt-GFP vascular cells were found in and around most of these
vessels (arrows). Scale bar = 50um. F) Immunofluorescence of Sox17 (blue),
GFP (green), and T-lectin (red) in control and 7 dpi group. Sox17 expression is
up-regulated in vessels after 7 dpi and colocalizes with GFP+ vessels in Wnt

reporter mice. Scale bar = 50um
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Figure 3.7. Temporal evolution of vascular repair in the peri-lesional tissues after
TBI. Representative axial images from Sham, 1 dpi, and 7 dpi groups. We
observed that a moderate TBI elicits a loss of the vasculature that extended
beyond the impact site (yellow asterisk). Note the fragmented vessels in the peri-
lesional tissue at 1 dpi (arrows). Over the ensuing 7 dpi there is repair of the
injured vessels along with new vessels radiating toward the impact site. New
vessels are also evident in the base of the impact site. White dotted line is the

lesion border. Scale bar = 200um
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Figure 3.8. B-catenin expression was reduced in the peri-lesional tissue in
TCF/LEF:H2B-GFP mice. A) Immunohistochemistry of brain sections labeled
with B-catenin from control, 1 and 7 dpi TCF/LEF:H2B-GFP mice. The control
group exhibited high B-catenin expression while the 1 and 7 dpi groups revealed
a dramatic reduction in B-catenin expression. Star indicates region of impact.
Scale bar = 100um. B) Densitometric analysis revealed a significant reduction in

B-catenin expression at 7 dpi compared to controls (one-way ANOVA, * p< 0.05).
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Figure 3.9. Astrocytes and neurons but not microglia have high Wnt-GFP
expression after TBI. Characterization of the Wnt-GFP expressing cells outside
the vessels by staining with a neuronal (NeuN), astrocyte (GFAP), and microglia
(Iba1) marker. TBI 1 and 7 dpi groups revealed the presence of GFP+/NeuN+
cells throughout the injured cortex (arrows). A small subset of GFP+/GFAP+ cells
were also evident (arrow). No GFP+/Iba-1+ cells were observed. Scale bar =

25um

137



Chapter 4

Wnt/Beta-catenin Participates in Vascular Repair after Traumatic Brain

Injury

Preface

This chapter discusses how increasing or decreasing beta-catenin protein

following moderate traumatic brain injury affects vascular repair, long-term

remodeling of the repaired vasculature, and development of hemorrhage and

edema
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Abstract

Cerebral vascular injury is a defining feature of traumatic brain injuries
(TBI) which leads to secondary injury and influences clinical outcomes. There is
an urgent need to develop new therapies to repair and restore cerebral vessels.
[-catenin promotes blood vessel formation during embryonic development, but
its role in vascular repair after TBI remains unclear. We previously reported that
TBI leads to an early increase in B-catenin in cerebral vessels which coincides
with vascular repair at 7 days post injury (dpi). Here, we tested the hypothesis
that B-catenin regulates new vessel formation and long-term remodeling of the
cerebral vasculature after TBI. We utilized Lithium to enhance B-catenin and
JW74 to reduce B-catenin and evaluated its effects on vascular repair after TBI.
Using a novel vessel painting (VP) technique, we found that Lithium treatment
enhanced vascular repair and led to elongated vessels at 7 dpi whereas JW74
treatment reduced vascular repair and lead to truncated vessels. The repaired
vasculature of Lithium and JW74 treated mice showed increased branching and
elongated vessels at 14 dpi. Ex vivo magnetic resonance imaging of VP brains at
7 dpi revealed a reduction in hemorrhage following Lithium treatment and
increased edema following JW74 treatment. Our findings suggest that 3-catenin
represents a potential target for future therapies to promote vascular repair and

restoration.
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Introduction

Traumatic brain injury (TBI) is a significant public health problem that can
elicit cognitive, emotional, and behavioral deficits in individuals'*. At present,
there are no effective clinical treatments to assist in recovery of long-term
outcomes. One potential target is the cerebral vasculature. TBI often results in
injury to the cerebral vessels which leads to altered blood flow, edema, and
hemorrhage?3. The cerebral vasculature is a key focus of research in many
neurological disorders (stroke, epilepsy, Parkinson’s disease, and Alzheimer’s
disease) and it has been suggested that a dysfunctional vasculature is the cause
of neurodegeneration in these brain disorders?83. Thus, repairing the injured
cerebral vessels after TBI is critical for neuroprotection and improving outcomes.

We have recently shown that a moderate TBI using controlled cortical
impact (CCl) injury results in vascular loss followed by vessel formation at 7 days
post injury (dpi)"*. Furthermore, several studies revealed that blood flow is
returned to the perilesional tissue by 14-21 dpi’® 7%, Given that a reduction in
cerebral blood flow and tissue oxygenation is linked to poor neurological
outcomes following TBI*”-2%4, our results suggest that delayed vascular repair
contributes to secondary injury after TBI. Another key finding from our study is
that the repaired vessels are morphologically abnormal’. This is in agreement
with studies in rodent models of fluid percussion injury and blast injury® 7> 7. The
irregular morphology and patterning of the repaired vasculature is associated

with hypoperfusion 4 weeks after moderate TBI using a CCl model'. Thus, this
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suggests that vascular abnormalities are likely a contributing factor to persistent
neurological complications after TBI.

Although blood vessel formation increases in the perilesional cortex
following TBI® 708 it is unclear which pathways mediate its repair. One such
molecule is vascular endothelial growth factor (VEGF). While VEGF induces
angiogenesis in tumors and ischemic stroke (largely driven by hypoxia)?> 286 it is
unclear what role VEGF plays in vascular repair following TBI. Studies reported
reduced VEGF levels early after Marmarou’s acceleration impact?®” while other
studies reported increased VEGF levels late (>7 dpi) after cortical cold injury and
weight drop injury 288 Plasma VEGF were reduced at 7 and 30 dpi in rats given
a mild fluid percussion injury?®® whereas serum VEGF were increased at 7-14
days in patients with severe TBI which correlated with increased circulating
endothelial progenitor cells® 144, It should be noted that delayed VEGF treatment
after TBI (>7 dpi) increased vessel density'3” and capillary diameter”3, but it can
increase vessel permeability?>°. Based on these studies and the non-angiogenic
roles of VEGF?10.2%0 it is likely that VEGF plays a minimal role in acute vascular
repair after TBI.

One alternative and unexplored factor is -catenin, which is a
transcriptional regulator of the Wnt/B-catenin pathway and an adaptor protein of
the adherens junctions. We previously reported that TBI results in an acute

increase in expression of B-catenin in cerebral vessels which coincides with

vascular repair at 7 dpi, indicating that B-catenin is a strong candidate in vascular
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repair’®. There are several lines of evidence in support of p-catenin in vascular
repair after TBI. First, the Wnt/B-catenin pathway promotes blood vessel
formation during embryonic development and controls angiogenesis, vascular
sprouting, tip and stalk cell specification, vascular integrity, and blood brain
barrier formation!%-2%-202_ Second, Wnt 7a, not VEGF, is a migratory factor in the
mouse brain endothelial cell line, bEND3.0 cells'®8. Third, in cancer studies, -
catenin regulates expression of angiogenic factors including VEGF?!-2%2, Lastly,
studies have reported an upregulation of B-catenin and Wnt genes in neuronal
and glial cells after TBI and it has been suggested that Wnt/B-catenin pathway
participates in neural stem and progenitor cell proliferation, neuronal cell
apoptosis, and glial cell proliferation'91. 207, 208

In this regard, we investigated the role of 3-catenin in vascular repair by
using Lithium (B-catenin agonist) to enhance B-catenin expression and JW74 (j-
catenin antagonist) to reduce p-catenin expression. A key advantage in targeting
B-catenin with small molecules is that it provides temporal control of 3-catenin
expression after TBI. To examine the cerebral vessels and its repair after injury,
we used a novel vessel painting (VP) and analysis protocol that can visualize the
cerebral vasculature at the whole brain level and can identify and analyze pial,
penetrating, and parenchymal vessels including capillaries™. This study will focus
on the superficial (~50 micrometer depth) cerebral vessels which are injured after
TBI and which have not been studied in vascular repair. The first objective of this

study was to evaluate how increasing and decreasing p-catenin affects vascular
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repair at 7 dpi. The second objective was to assess how modulating -catenin
affects the new, repaired vasculature at 14 dpi. The third objective was to
examine how enhancing and inhibiting vascular repair modulates hemorrhage

and edema formation.

Material and methods

Animals

All animal experiments and care complied with federal regulations and
were approved by the Institutional Animal Care and Use Committee of Loma
Linda University according to Guide For the Care and Use of Laboratory Animals
(Eighth edition). Adult male C57BL/6J mice (8-10 weeks, 25-30 grams) were
purchased from Jackson Laboratory (Sacramento, CA). Mice were group housed
and kept in a temperature controlled animal facility on a 12-hour light and dark
cycle with free access to food and water.

Mice received a moderate TBI, drugs were injected 1 hour after TBI
followed by injections once daily for 6 days, and thereafter drugs were
discontinued for 8 days. Mice underwent vessel painting (VP) and ex vivo
magnetic resonance imaging (MRI) at 7 or 14 dpi (Fig. 4.7a). In another cohort,
mice were sacrificed for western blot at 7 or 14 dpi (Fig. 4.7b). The number of
mice in each group are presented in Table 1 (Table 4.1). Only 2 mice were

removed from the study: 1 mouse experienced a >15% reduction in weight and
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did not recover following supportive care and 1 mouse died immediately following

the TBI due to cardiac arrest.

Traumatic brain injury

A controlled cortical impact (CCl) model of moderate brain injury was
utilized as previously described®'. Briefly, mice were anesthetized with isoflurane
(3% induction, 2% maintenance) using isoflurane vaporizer (VetEquip Inc.,
Pleasanton, CA). Anesthetized mice were placed in a stereotaxic frame and body
temperature was maintained at 38+1°C with a heating pad during the surgery. A
midline incision of the skin was made to expose the skull and a 5 mm craniotomy
was carefully performed over the right parietal cortex between lambda and
bregma sutures. A moderate CCI (1.5 mm depth, 3 mm diameter, 2.0 m/s speed,
200 ms dwell time) was delivered using an electromagnetically driven piston
(Leica Microsystems Company, Richmond, IL). CCI procedure resulted in visible
bleeding at the injury site that stopped in a few minutes. The bone flap was not
re-inserted at the craniotomy site and skin was sutured. Buprenorphine
(0.01mg/kg, intramuscular) was administered several minutes after the surgery.

Mice were monitored daily following the procedure.

Drug administration

Lithium chloride (84.8 mg/kg dissolved in saline, Sigma-Aldrich, St. Louis,

MO) or an equal volume of saline were injected intraperitoneal (I.P.). The dose of
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lithium was based on previous studies using a mouse model of CCI'%9 194 JW74
(75 mg/kg dissolved in 50% dimethyl sulfoxide and 50% polyethylene glycol 400,
Tocris Biosciences, Minneapolis, MN) or an equal volume of dimethyl sulfoxide
and polyethylene glycol 400 (both reagents are from Sigma-Aldrich, St. Louis,
MO, referred to as vehicle) were administered orally via gavage. Since JW74 had
not been used in TBI studies previously, we undertook a dose range study at 3
doses and found that a 75 mg/kg dose significantly reduced cytoplasmic and
nuclear B-catenin protein in TBI-injured mice at 1 dpi (Fig. 4.10, *p<0.05, Mann-
Whitney test). JW74 and vehicle were well tolerated in mice without any apparent
adverse symptoms. There was no significant change in mouse weight after 14

days of treatments (Fig. 4.9, mixed effects ANOVA).

VP procedure and microscopy

VP was performed as previously described’*. Mice were anesthetized with
ketamine (90 mg/kg) and xylazine (10 mg/kg) and the following sequential
injections were delivered: 1) intracardiac injection of 500 pL Dil solution (0.3
mg/mL in PBS containing 4% dextrose) into the left ventricle over 10 seconds, 2)
10 ml of phosphate buffer saline (PBS), and 3) 20 ml of 4% paraformaldehyde
(PFA). Brains were carefully removed from the cranium and the dura mater was
gently removed from the brain surface. Extracted brains were post fixed in 4%
PFA for 24 hours and stored in PBS until imaging. Successful VP was defined as

uniform pink staining of the surface of the brain and clear staining of anterior,
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middle, and posterior cerebral arteries assessed by wide-field fluorescence
microscopy. Brains that did not meet these criteria were excluded (29/80 mice).
Acquisition of wide-field axial images were obtained by positioning the brain
between two glass slides and gently flattening the dorsal surface of the brain.
Brains were gently compressed on the glass slides until a compression ring was
in the outer edge of the brain leading to clear visualization of the middle cerebral
artery trunk and its branching vessels. Wide-field axial images were obtained
using a BZ-X700 Keyence microscope (Keyence Corp, Osaka, Japan). Axial
views of the brain were obtained using 2x magnification and 1 mm depth of field
(25.2 pm pitch, 40 slices) in order to get clear visualization of the outer
perimeters of the brain. The fluorescent microscope used in this study was able

to image at a depth of 50 ym in vessel painted tissue.

Classical vessel and fractal analysis

Quantitative analysis of the labeled vessels was performed as previously
described’*. The raw fluorescent images were processed for black balance and
haze reduction using BZ-X700 Analyzer software (version 1.2.0.1). Regions of
interests (ROI) were drawn around the ipsilateral and contralateral hemisphere
on 2x axial images (Fig. 4.8a). For the perilesional area, ROIs were drawn
around the lesion (defined here as the cavity), expanded by 1.5 mm to
encompass the perilesional area, and the lesion ROl was removed from the

analysis image (Fig. 4.8b, 4.8c). The lesion-perilesion boundary was identified by
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a black border and the appearance of morphologically new vessels which were
typically aligned in the direction of the lesion while lesional vessels appeared
more disarranged (Fig. 4.8d).

For classical vascular analysis, ROIs were imported to Angiotool
software??® and analysis was performed on each ROI to assess vessel density
(percent vessels/area of ROI *100), branch points (number of branches/area of
ROI), and average vessel length (average length of each vessel segment).
Values were normalized to the total number of pixels in the image. Classical
vascular analysis generated a colorized AngioTool image that displays vessels in
red and branch points in blue.

Fractal geometric analysis was performed using the ImageJ plugin,
Fraclac®®. A local fractal dimension (LFD) analysis was performed at each pixel
using the box counting method. LFD distributions result in histograms with local
fractal dimensions (complexity) in the x-axis and frequency (vessel number) in
the y-axis. Kurtosis, skewness, peak local fractal dimension, and peak fractal

frequency were also extracted from the fractal histograms.

Laser confocal microscopy

A Zeiss LSM 710 NLO laser scanning confocal microscope (Jena,
Germany) was used to acquire axial images from the perilesional area at 5x, 10x,
and 20x magnification (wave length absorbance: 549 nm, emission: 565 nm). Z-

stack acquisition were obtained at 10 um step for 5x images, 6.7 um step for 10x

147



images, and 2 um step for 20x images. Images were processed for maximum
intensity projections and 3D volumetric rendering using Zeiss Zen software

(Zeiss Zen 2010 version 1.0, Jena, Germany).

Vessel diameter analysis

Four axial images (2 anterior and 2 posterior side) were acquired of the
perilesional area at 10x magnification and 280 um depth of field (7 um pitch, 40
slices). Images encompassed the lesion, lesion-perilesion boundary and
perilesion. The raw fluorescent images were converted to binary, smoothed
(Gaussian blur, sigma: 2), and edge detection (Mexican hat filter, radius: 4) using
Fiji software (http://fiji.sc/). ROl were drawn around the lesion and expanded by
400 um and 800 um to obtain two boundaries (Fig. 4.12a). All vessel segments
that crossed along the boundary were counted. A vessel segment was defined as
any vessel between two open end points, two branch points, or an open end
point and a branch point. For each vessel segment, a line was drawn
perpendicular to the vessel lumen and an intensity histogram was obtained. A
horizontal line was draw across the base of the intensity histogram to obtain the

vessel diameter. 90-120 vessel segments were counted for each animal.

High resolution MRI was undertaken on vessel painted brains to assess

edema and blood volumes. Ex vivo T2 weighted images (T2WI; TR/TE=2395
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ms/10 ms, 15 x 1 mm slices) and susceptibility weighted images (SWI;
TR/TE=693.8 ms/7 ms, 30 x 0.5 mm slices) were collected with a 256 x 256
matrix and a 1.5 cm field of view, on an 11.7 T Bruker Avance Instrument (Bruker
Biospin, Billerica, MA) run with the Paravision software (version 5.1, Bruker

Biospin). Ex vivo data was collected at room temperature.

MRI data analysis

Blood and edema volumes were identified by using Hierarchical Regional
Splitting (HRS) computational method (U.S. patent: 8731261; European patent:
11748009.5-1265), based on T2 relaxation times. T2 value ranges for blood,
edema, and normal-appearing brain matter (NABM) containing pixels were
determined by taking the average T2 value of manually segmented blood,
edema, and NABM pixels in 14 random animals (3-4 animals per group) where a
T2 value of <47 ms was considered blood, >70 ms was considered edema, and
48-69 ms was considered NABM. Blood and edema pixels in the perilesional
cortex and hippocampus (right of midline and above the thalamus) were included
in analysis. No mice showed edema or blood in the contralateral hemisphere and
3 mice had trace amounts of blood in the thalamus. The presence of blood on
T2WI slices was confirmed on corresponding SWI scans. Analysis was

performed on brain slices between bregma 3 mm and bregma -4 mm.
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Western blot

Mice were sacrificed by transcardial perfusion with PBS. Extracted brains
were cut into 4 quadrants (between the midline and Bregma) and the quadrant
containing the injury site were processed to extract cytoplasmic and nuclear
proteins (Nuclear extraction kit, EMD Millipore, Temecula, CA). Protein
concentration was determined using a Bradford assay (Thermo Scientific,
Rockford, IL). 8 or 14ug of protein was subjected to electrophoresis on 4-12%
Sodium Dodecyl Sulfate PolyAcrylamide Gel Electrophoresis gels and
transferred onto polyvinylidene difluoride membranes. Immunoblots were probed
with the following antibodies: rabbit anti-B-catenin (1:2000), rabbit anti-Lamin B1
(1:2000), rabbit anti-Cyclin D1 (1:10000), rabbit anti-VEGF (1:2000) (antibodies
from Abcam, Cambridge, MA), rabbit anti-non-phosphorylated B-catenin (1:2000)
(Cell Signaling Technology, Danvers, MA), or mouse anti-B-actin (1:10000) (EMD
Millipore, Burlington, MA). Secondary incubations were performed with anti-rabbit
DyLight 800 (1:5000, Thermo Fisher, Rockford, IL) and anti-mouse IRDye 680
(1:5000, LI-COR, Lincoln, NE) antibodies and incubated for 2 hours.
Immunoblots were stripped by incubation with Restore Fluorescent Western Blot
Stripping Buffer (Thermo Scientific, Rockford, IL). Bands were visualized using
an infra-red scanner (Odyssey, LI-COR). Image Studio Lite was used for
densitometry analysis and band intensities were normalized to their respective
loading controls. Lamin B1 was used as a nuclear loading control and 3-actin

was used as a cytoplasmic loading control.
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Statistics

All measurements and analysis were performed without knowledge of the
treatment groups. Student’s t-test, two-way analysis of variance (ANOVA)
followed by Sidak’s post-hoc test, and one-way ANOVA followed by Tukey’s
post-hoc test used GraphPad Prism 5.0 (GraphPad, San Diego, CA). Mixed
effects ANOVA was used to analyse repeated measures data. Two-tailed
Pearson correlation analyses utilized matching data. The data for the parametric
tests showed a normal distribution and passed the Kolmogorov-Smirnov or
Shapiro-Wilk normality tests. Outliers were identified if they were below or above
1.5 times the interquartile range. Error bars are presented as standard error of
mean (SEM). Statistical significance was noted at *p< 0.05, **p< 0.01, ***p<

0.001, or ***p< 0.0001.

Results

Modulating B-catenin perturbs vascular repair at 7 dpi

To investigate whether B-catenin regulates vascular repair following TBI,
we modulated B-catenin expression in the early phase (1-6 dpi) to study how
timed manipulation alters new vessel formation at 7 dpi and subsequent vessel
maturation at 14 dpi. Pharmacological modulation of B-catenin was achieved by
timed injections of Lithium (B-catenin agonist) and JW74 (B-catenin antagonist).
Since JW74 has not been used in TBI studies, we first confirmed that JW74

reduces p-catenin expression after TBIl. We extracted brain tissue from the injury
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site and quantified expression of total and non-phosphorylated p-catenin and Wnt
target gene Cyclin D1 by Western blot. JW74 significantly reduced cytoplasmic $3-
catenin by 42.3% and nuclear -catenin by 36.3% at 1 dpi compared to the
vehicle (cytoplasmic, 5.46 + 0.46 vs. 9.47 + 0.80, *p<0.05, Mann-Whitney test,
nuclear, 21.39 £ 1.17 vs. 33.60 + 1.57, *p<0.05, Mann-Whitney test) (Fig. 4.10).
JW74 reduced cytoplasmic B-catenin by 50.2% and significantly reduced
cytoplasmic non-phosphorylated p-catenin by 40.3% at 7 dpi (total, 7.54 + 1.40
vs. 15.13 + 3.06, p=0.054, t=2.26 df=8, non-phosphorylated, 5.39 + 0.27 vs. 9.03
1 1.18, *p<0.05, Mann-Whitney test) (Fig. 4.1a). However, nuclear -catenin and
Cyclin D1 were unaffected at 7 dpi (Fig. 4.1a). The VEGF promoter contains
seven binding sites for T-cell factor/lymphoid enhancer-binding factor?®?, and B-
catenin has been shown to regulate VEGF expression in hindlimb ischemia?259,
However, we found that JW74 had no effect on VEGF expression at 7 dpi (Fig.
4.1a). Overall, we observed that treatment with JW74 for 7 days resulted in
reduced cytosolic B-catenin at 7 days after TBI.

We next asked the question whether reducing p-catenin influences new
vessel formation at 7 dpi. Vehicle and JW74 TBI mice underwent VP to stain the
cerebral vessels and axial images were acquired of the brain surface. Compared
to the Vehicle TBI mice, JW74 TBI mice showed reduced vessels in and around
the injury site (Fig. 4.1b). Images of the perilesional tissue demonstrated sparsity
of vessel structures and reduced number of branch points in JW74 TBI mice.

Confocal imaging of VP brain tissues in the perilesional tissue revealed reduced
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and fragmented vessels in JW74 TBI mice (Fig. 4.1c). Classical vascular analysis
of the perilesional tissue was performed to assess vessel features’ and we
found no difference in vessel density between the Vehicle and JW74 TBI mice
(Fig. 4.1d, Fig. 4.8). It is important to note that the lack of vessel density changes
may be due to changes in vessel branching and concomitant new vessel
segments, vessel lengths, vessel diameter, or a combination of these factors. To
investigate this, we determined the number of vascular branch points, length of
vessel segments, and diameter of the vessel lumens in Vehicle and JW74 TBI
mice. JW74 TBI mice showed a 15.7% reduction in branch points (0.00096 +
0.000057 vs. 0.0011 £ 0.000048,*p<0.05, t=2.33 df=9) (Fig. 4.1e) and a 53.4%
reduction in average vessel length (0.17 £ 0.022 mm vs. 0.37 £ 0.036 mm,
***p<0.001, t=4.93 df=10) (Fig. 4.1f) compared to the Vehicle TBI mice. Vessel
diameters at either the 400 um or 800 um boundary showed no statistical
differences between the Vehicle and JW74 TBI mice (Fig. 4.12a, 4.12b). To
assess the entire injury site, we performed classical vascular analysis of the
ipsilateral hemisphere and obtained similar reductions in branch points in JW74
TBI mice (0.0011 £ 0.00015 vs. 0.0016 + 0.000040, *p<0.05, t=2.45 df=10) (Fig.
4.1g, Fig. 4.8). Surprisingly, the contralateral hemisphere also exhibited a
significant reduction in branch points in the JW74 TBI mice compared to the
Vehicle TBI mice (0.0017 + 0.00016 vs. 0.0025 £+ 0.000071, *p<0.01, t=4.12
df=10) (Fig. 4.1g), indicating that JW74 can modify vessels remote from the site

of injury. Group analysis of ipsilateral and contralateral hemisphere revealed a
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significant increase in branch points in the contralateral hemisphere compared to
ipsilateral hemisphere of Vehicle TBI mice (**p<0.01, f=16.78, one-way ANOVA)
and contralateral hemisphere compared to ipsilateral hemisphere of JW74 TBI
mice (*p<0.05, f=16.78, one-way ANOVA) (Fig. 4.1g). These results were
expected given that contralateral hemisphere had higher baseline levels of
vessels compared to the ipsilateral hemisphere and we have previously shown
an increase in vessel density in the contralateral hemisphere at 7 dpi’®. In
summary, this suggests that JW74 treatment following TBI results in reduced
vascular repair and leads to fragmented vessels at 7 dpi.

We confirmed that Lithium increases p-catenin expression after TBI using

Western blot. Lithium did not change cytoplasmic B-catenin, but significantly
increased nuclear B-catenin by 96.7% and nuclear non-phosphorylated -catenin
by 182.6% at 7 dpi (total, 52.46 + 3.86 vs. 26.68 + 2.00, **p<0.01, Mann-Whitney,
non-phosphorylated, 46.57 + 9.15 vs. 16.54 + 2.52, *p<0.05, t=2.52 df=11) (Fig.
4.2a). We observed a 53.5% increase in cytoplasmic Cyclin D1 at 7 dpi (55.99 +
5.71 vs. 36.47 £ 6.19, *p<0.05, t=2.32 df=8) (Fig. 4.2a). Lithium did not change
VEGF expression at 7 dpi (Fig. 4.2a). Thus, this suggests that Lithium increased
B-catenin expression leading to an increased expression of Cyclin D1, consistent
with other studies'8-190,

We examined whether increasing -catenin modulates new vessel
formation at 7 dpi. In compared to Saline TBI mice, Lithium TBI mice showed

increased vessels in and around the injury site (Fig. 4.2b). Confocal imaging of
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the perilesional tissue clearly demonstrated elongated vessel segments in the
Lithium TBI mice compared to the shorter vessels in the Saline TBI mice (Fig.
4.2c). Classical vascular analysis of the perilesional tissue revealed a 19.5%
increase in vessel density in the Lithium TBI mice compared to the Saline TBI
mice (17.21 £ 0.91% vs. 14.40 + 0.61%, *p<0.05, t=2.57 df=10) (Fig. 4.1d).
Lithium TBI mice showed no differences in branch points (Fig. 4.1e), but a 38.4%
increase in average vessel length compared to the Saline TBI mice (0.24 + 0.018
mm vs. 0.17 £ 0.016 mm, *p<0.05, t=3.09 df=10) (Fig. 4.1f). Vessel diameter at
the 400 um and 800 um boundary showed no statistical differences between the
Saline and Lithium TBI mice (Fig. 4.12a, 4.12c). Vascular analysis of the
ipsilateral hemisphere demonstrated a non-significant increase in average vessel
length in the Lithium TBI mice (0.17 £ 0.0094 mm vs. 0.13 £ 0.017 mm, p=0.065,
Mann-Whitney) (Fig. 4.1g). However, the contralateral hemisphere exhibited a
significant increase in average vessel length in the Lithium TBI mice compared to
the Saline TBI mice (0.21 £ 0.012 mm vs. 0.16 + 0.021, *p<0.05, t=2.28 df=9)
(Fig. 4.19), indicating that Lithium enhanced vessel length remote from the site of
injury. Taken together, this suggests that Lithium treatment after TBI enhanced

vascular repair, leading to elongated vessel segments at 7 dpi.

Modulating B-catenin has long-term effects on the cerebral vasculature at 14 dpi

Previous studies have shown that repaired vasculature of non-treated

rodents is morphologically abnormal after TBI* 7% 77578 \We asked whether
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increasing p-catenin in early phase (1-6 dpi) has an influence on the perilesional
vasculature at 14 dpi. Classical vascular analysis revealed a significant increase
in branch points in the Lithium 14 dpi mice compared to the Saline 14 dpi mice
(0.0017 £ 0.00032 vs. 0.00077 vs. 0.00013, *p<0.05, t=2.33, df=10, student t-
test) (Fig. 4.3a). There was a significant increase in average vessel length in the
Lithium 14 dpi mice compared to the Saline 14 dpi mice (0.18 £ 0.0048 mm vs.
0.12 £ 0.023 mm, *p<0.05, t=3.09, df=9, student t-test) (Fig. 4.3b).

Dense and complex vessel networks can be challenging to analyze using
traditional vascular analysis methods. Thus, we employed fractal analyses to
measure vascular complexity in the perilesional tissue’®. The fractal features that
we assessed were skewness, kurtosis, local fractal dimension (LFD), and
frequency. Histogram distribution of the LFD and frequency revealed a
pronounced increase in complexity (rightward LFD shift) and frequency (increase
in amplitude) in Lithium 14 dpi mice compared to the Saline 14 dpi mice (Fig.
4.3c), suggesting that Lithium increased complexity and number of vessels at 14
dpi. Analysis of the distribution of the LFD histograms revealed an increase in
skewness (2.01 £ 0.16 vs. 1.60 £ 0.063, p=0.060, t=2.13, df=10, student t-test)
and a significant increase in kurtosis (2.97 £ 0.63 vs. 1.20 + 0.25, *p<0.05,
t=2.25, df=10, student t-test) and peak frequency (0.033 + 0.0028 vs. 0.025 +
0.0011, *p<0.05, t=2.27, df=10, student t-test) in the Lithium 14 dpi mice
compared to the Saline 14 dpi mice (Fig. 4.3d). These results are in line with the

increased branch points and average vessel length from the classical vascular
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analysis (Fig. 4.3a, 4.3b). To determine whether the vessels are proliferating or
are quiescent, we assessed Cyclin D1 at the injury brain tissue but found no
difference in Cyclin D1 between Saline and Lithium 14 mice (Fig. 4.11), indicating
that cerebral vessels are in a quiescent state at 14 dpi.

We next investigated whether decreasing -catenin in early phase (1-6
dpi) has an influence on the perilesional vasculature at 14 dpi. Classical vascular
analysis of the perilesional tissue revealed a significant increase in branch points
in the JW74 14 dpi mice compared to the Vehicle 14 dpi mice (0.0014 £ 0.00022
vs. 0.00075 + 0.00011, *p<0.05, t=2.61 df=11, student t-test) (Fig. 4.3e). We
observed a significant increase in average vessel length in the JW74 14 dpi mice
compared to the Vehicle 14 dpi mice (0.23 £ 0.036 mm vs. 0.11 £ 0.0098 mm,
**p<0.01, Mann-Whitney) (Fig. 4.3f).

Vascular complexity in the perilesional tissue was analyzed. Histogram
distribution of the LFD and frequency revealed an increase in complexity
(rightward LFD shift) and frequency (increase in amplitude) in the JW74 14 dpi
mice compared to the Vehicle 14 dpi mice (Fig. 4.3g), suggesting that JW74
increased complexity and number of vessels at 14 dpi. Analysis revealed an
increase in kurtosis (2.37 + 0.43 vs. 1.35 + 0.10, p=0.054, t=2.16, df=11, student
t-test) and a significant increase in skewness (1.90 £ 0.10 vs. 1.60 + 0.032,
*p<0.05, t=2.39, df=10, student t-test) and peak frequency (0.030 + 0.0016 vs.
0.025 + 0.00045, *p<0.05, t=2.54, df=11, student t-test) (Fig. 4.3h). These results

are in line with the increased branch points and average vessel length from the
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classical vascular analysis (Fig. 4.3e, 4.3f). We also measured Cyclin D1 at the
injury brain tissue but found no difference in Cyclin D1 between Vehicle and
JW74 14 mice (Fig. 4.11). Together, these data suggest that Lithium and JW74
treatment after TBI resulted in more elongated and branched vessels and

complex vascular network at 14 dpi.

Modulating B-catenin results in alterations in the cerebral vasculature between 7

and 14 dpi

We examined the changes in branch points and average vessel length in
Saline and Lithium TBI mice between 7 and 14 dpi. While Saline and Lithium TBI
mice had similar numbers of branch points at 7 dpi, Lithium TBI mice had a
significant increase in branch points at 14 dpi compared to the Saline TBI mice
(*p<0.05, f=5.64, two-way ANOVA) (Fig. 4.4a). Lithium TBI mice showed a
significant increase in average vessel length at 7 and 14 dpi compared to the
Saline TBI mice (*p<0.05, f=18.99, two-way ANOVA) (Fig. 4.4b). Additionally,
there was a reduction in average vessel length between the Saline 14 dpi mice
compared to the Saline 7 dpi mice (p=0.087, f=10.40, one-way ANOVA) and
Lithium 14 mice compared to the Lithium 7 dpi mice (p=0.066, f=10.40, one-way
ANOVA), indicating regression of the vasculature at 14 dpi. Thus, this suggests
that Lithium results in new elongated vessels that are maintained and become

more branched at 14 dpi.
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We next examined the changes in branch points and average vessel
length in Vehicle and JW74 TBI mice between 7 and 14 dpi. While Vehicle and
JW74 TBI mice had similar number of branch points at 7 dpi, JW74 TBI had a
significant increase in branch points at 14 dpi compared to the Vehicle TBI mice
(**p<0.01, f=2.91, two-way ANOVA) (Fig. 4.4c). JW74 TBI mice showed a
significant reduction in average vessel length at 7 dpi (***p<0.001, two-way
ANOVA) but a significant increase at 14 dpi (*p<0.05, f=2.03, two-way ANOVA)
compared to the Vehicle TBI mice (Fig. 4.4d). Additionally, there was a significant
reduction in average vessel length between the Vehicle 14 dpi mice compared to
the Vehicle 7 dpi mice (****p<0.0001, f=14.76, one-way ANOVA), indicating
regression of the vasculature at 14 dpi. Thus, this indicates that JW74 results in

truncated vessels that are maintained and become more branched at 14 dpi.

Enhancing or inhibiting vascular repair affects edema and blood

To assess alterations in edema and blood composition around the TBI
lesion site following treatment, we performed ex vivo MRI and quantified edema
and blood volumes using an automated and unbiased segmentation tool called
Hierarchical Region Splitting (HRS)?%3. VP brains at 7 dpi underwent T2 weighted
imaging (T2W!I) to assess edema and blood and susceptibility weighted imaging
(SWI) to confirm the presence of blood. SWI was acquired due to its exquisite
sensitivity to extravascular blood and the blooming artifact of SWI can detect the

presence of minute extravascular blood?®. HRS analysis revealed a significant
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reduction in blood volume in Lithium TBI mice in compared to the Saline TBI
mice (0.20 £ 0.055% vs. 0.96 £ 0.23%, *p<0.05, t=2.97 df=9) (Fig. 4.5a). These
results were confirmed on the SWI magnitude images (Fig. 4.5a) and
photographs taken of the cranial surface that showed minimal bleeding in the
Lithium TBI mice (Fig. 4.5c) relative to Saline mice. Edema volumes were also
increased in the Lithium TBI mice compared to the Saline TBI mice (1.02 +
0.32% vs. 0.40 £ 0.13% p=0.10, t=1.80 df=10) (Fig. 4.5a). We found no
significant difference in total (blood and edema) volume between Saline and
Lithium TBI mice. Automated analysis revealed a significant increase in edema
volume in JW74 TBI mice compared to Vehicle TBI mice (1.20 £ 0.14% vs. 0.56
1 0.14%, *p<0.05, t=3.34 df=8) (Fig. 4.5b). These findings were confirmed on
T2WI images that showed increased edema in the perilesional tissue. We
observed an increase in blood and total volume which did not reach significance.
The lack of significance was partially the result of the heterogeneity in bleeding in
the JW74 TBI mice. Thus, this suggests that Lithium treatment reduced blood
while JW74 treatment increased edema at 7 dpi.

High magnification confocal images of VP brains in the perilesional tissue
exhibited elongated vessels of Lithium TBI mice (Fig. 4.5d). Conversely, we
observed fragmented vessels and punctate Dil aggregates or Dil-stained cells in
the extravascular space of JW74 TBI mice indicating that JW74 resulted in leaky
vessels (Fig. 4.5e). These findings are in agreement with the increased volume

of edema that was observed in the JW74 TBI mice (Fig. 4.5b). Furthermore,
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correlations were performed to determine if vascular features in the ipsilateral
hemisphere were predictive of edema and blood volumes. Correlational analysis
found no significant correlations between average vessel length and blood
volume in Saline and Lithium TBI mice at 7 dpi (Fig. 4.13a). However, there was
one trend toward a significant correlation between vessel density and edema
volume in the Lithium TBI mice at 7 dpi (p=0.093, r=0.74, two-tailed Pearson
correlation) (Fig. 4.13b), indicating that in the Lithium 7 dpi mice increased

edema volumes may be associated with increased vessel density.

Discussion

The current study revealed three novel findings related to the vascular
response to treatments to assess Wnt/B-catenin’s role in vessel repair. First, at 7
dpi JW74 treatment resulted in reduced vessel branching and length and
fragmented neovessels. Second, at 7 dpi Lithium treatment resulted in increased
vessel density and elongated neovessels. Third, JW74 and Lithium treatment
resulted in increased vessel branching and length at 14 dpi. Fourth, JW74
treatment increased edema volume while Lithium treatment reduced blood
volume at 7 dpi. Together, these findings suggest that B-catenin is a key
regulator of new vessel formation and long-term remodeling of the cerebral
vasculature after TBI (Fig. 4.6).

The Wnt/B-catenin signaling pathway plays an important role in blood

vessel formation during development. Numerous studies have shown a robust
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upregulation of Wnt genes in central nervous system (CNS) blood vessels during
embryo development which rapidly declines after birth198-200, Emerging research
and our own studies’® revealed that B-catenin and Wnt genes are increased in
blood vessels after CNS injuries and diseases?’7: 278,292, 295-297 |n the context of
CNS injuries, we previously reported that TBI results in increased expression of
-catenin in perilesional vessels at 1 dpi followed by a decline in expression
levels as new vessels start to form at 7 dpi”®. Here we provide evidence that -
catenin participates in vascular repair after TBI. We found that at 7 dpi JW74
treatment after TBI reduced vascular repair and led to reduced and truncated
neovessels, whereas Lithium treatment enhanced vascular repair and lead to
elongated neovessels. Critically, and in contrast to other studies?%% 2%, we show
that treatment with Lithium and JW74 did not change VEGF expression.
Together, these findings suggest that TBI results in damage of the cerebral
vasculature leading to an increase in -catenin and its downstream molecules to
enhance vascular repair.

Studies have reported reduced VEGF levels after TBI287-289 and a late
VEGF response (>7dpi)®% 288, indicating that VEGF plays a small role in acute
vascular repair after TBI. We found that Lithium and JW74 did not affect VEGF
expression in the injury site at 7 dpi. This is unexpected as the VEGF promoter
contains seven binding sites for T-cell factor/lymphoid enhancer-binding factor?8?,
and B-catenin increased VEGF expression after hindlimb ischemia?®°.

Additionally, Lithium increased VEGF expression in the hippocampus of rats with
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chronic mild stress?%°. One possible reason is that the changes in VEGF protein
were undetectable in our brain samples. We extracted and processed brain
tissue sections that encompassed the injury site and undamaged subcortical
tissue and this may have prevented us from detecting changes in VEGF protein
through Western blot. Collecting a more defined brain region, as shown by other
studies?®® 2% may lead to different results. Another reason could be the severity
of the injury. Studies that reported an upregulation of VEGF induced milder brain
injuries than in our study®® 288 Our own unpublished results showed no
noticeable change in VEGF protein levels at 1 and 7 dpi (data not shown). Thus,
moderate-severe brain injuries may not initiate a VEGF response. Overall, our
results suggest that B-catenin and its downstream molecules are key regulators
of vascular repair after TBI that works by not affecting VEGF protein levels.

Our own work and several other studies have suggested that the injured
cerebral vasculature is repaired by 14-28 dpi, but repair results in irregular and
torturous vessels® 7073, Despite blood flow returning to the perilesional tissue by
14-21 days’® 7980 some studies report hypoperfusion in the repaired vasculature
indicating abnormalities in the repaired vasculature’® 7" 81, We hypothesized that
Lithium treatment would “normalize” the repaired vasculature and form larger-
diameter vessels that resembled the naive vessels. Contrary to our hypothesis,
we found that Lithium treatment after TBI resulted in more elongated and
branched vessels at 14 dpi. The results from fractal analyses were similar and in

concert with classical vascular analysis which showed increased vessel
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complexity and vessel numbers in the Lithium 14 dpi mice. Additionally, vessel
diameters were not different between the Saline and Lithium 14 dpi mice. This
suggests that Lithium administered in the acute phase (1-6 dpi) after TBI formed
a more abnormal vasculature with increased numbers of small-diameter vessels
and increased branching at 14 dpi. Consistent with this idea is a study by Kim et
al. 3%, which revealed that chronic Lithium treatment after middle cerebral artery
occlusion resulted in increased microvascular density in the peri-infarct tissue at
14 dpi. In the study, the vessels appeared more elongated and complex in the
Lithium-treated rats than the saline-treated rats. Given that Lithium promotes
proliferation and migration of brain endothelial cells'®, our results suggest that
Lithium treatment after TBI increased proliferation and migration of endothelial
cells leading to the formation of elongated neovessels at 7 dpi. Discontinuation of
Lithium resulted in maintenance of the vessels which become more branched
and complex at 14 dpi, possibly through actions of VEGF and Angiopoetin-1. It is
important to note that the 14 dpi time point to assess the repaired vasculature is
not sufficient as there is evidence of vessel pruning at later time points3°".

One key question is whether these morphological changes in the repaired
vasculature lead to improved behavioral outcomes. Lithium has been shown to
have protective effects in TBI models. Daily lithium pre-treatment for 14 days
before the onset of TBI resulted in improved spatial learning and memory
performance between 14-16 days after moderate CCI'®2 and daily lithium post

treatment after moderate CCI resulted in reduced anxiety like behavior at 10 dpi
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and improved long-term motor coordination at 14-21 dpi'®3. In the case of
Lithium, increased vessel length and branching of the repaired vasculature likely
leads to improved behavioral outcomes. This study is the first to use JW74 after
TBI. We hypothesized that JW74 treatment would form a more abnormal
vasculature at 14. We speculate that TBI mice treated JW74 would initially
perform worse in behavioral tests and then show long-term functional
improvements (possibly increased neuroplasticity) attributed to the
enhancements in the repaired vasculature.

Magnetic resonance imaging for brain injury can assess patient outcome
in the clinic. We used ex vivo MRI and highly sensitive HRS analysis to measure
edema and hemorrhage following treatment and found that JW74 treatment
increased edema volumes at 7 dpi. Given that 3-catenin is a component of the
adheren junctions, downregulation of B-catenin may lead to defects in the
endothelial cell junctions and vessel leakage after TBI. Consistent with this idea
are multiple findings that reduced endothelial cell B-catenin affects the
endothelial junctions during development: Liebner et al.2®® showed that
endothelial cell deletion of B-catenin resulted in a reduction of Claudin-5 protein
expression and increased vessel permeability at postnatal day 14 and Cattelino
et al.?%' showed that endothelial cell deletion of B-catenin resulted in increased
vessel permeability and hemorrhage at embryonic day 9.5 and 10.5 which was
due to a reduction in a-catenin and an increase in desmoplakin protein

expression. Thus, our results are consistent with the possibility that JW74 altered
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the adheren and tight junctions leading to increased vessel permeability and
edema. Overall, this highlights that -catenin plays an important role in the
endothelial cell junctions and therapeutic that target 3-catenin need to evaluate
vessel integrity.

Additionally, we found that Lithium treatment non-significantly increased
edema volumes at 7 dpi. This is in contrast to a study by Yu et al.'®3, which found
that Lithium (84.8 mg/kg) reduced matrix metalloproteinase-9 expression and
reduced Evans blue extravasation 3 days after moderate CCI. While Lithium at a
lower dose (56.5 mg/kg) had no effect on vessel permeability 3 days after
moderate CCI'%, Lithium pre-treatment (42.4 mg/kg) for 14 days before the
onset of TBI reduced cerebral edema 1 day after moderate CCI'9?. These
differences in findings can be attributed to the time point that was analyzed (3 dpi
vs. 7 dpi) and it appears that Lithium treatment after TBI reduces vessel
permeability at early time points (<3dpi) and may increase vessel permeability
and delay closure of the blood brain barrier at later time points. Thus, this
highlights the importance of timing of treatments following TBI and acute
treatment of a B-catenin agonist may be the most efficacious in reducing vessel
permeability.

Moderate and severe head injuries result in hemorrhagic lesions that often
expand or form new hemorrhagic lesions (hemorrhagic progression). While the
molecular mechanisms underlying hemorrhagic progression is unclear,

numerous reports by the Simard group suggest that this phenomenon is
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attributed to delayed, progressive endothelial cell death302-304 Qur results
showed that Lithium treatment reduced blood volume at 7 dpi, which is consistent
with the possibility that Lithium attenuates endothelial cell degeneration.
However, given the off target effects of Lithium, it is likely that other mechanisms
may be in play and account for the reduction in blood. Further research on
Lithium’s role in endothelial cell degeneration should be conducted.

There are several limitations to this study. First, while a pharmacological
approach provides great temporal control of B-catenin protein levels, they have
potential off-target effects. In animal models of TBI, B-catenin and Wnt genes are
detected not only in endothelial cells, but also in neuronal and glial cells9" 2%,
Survivin and serum- and glucocorticoid-regulated kinases are GSK3-f inhibitors
and were upregulated in neuronal cells after TBI%07- 208, The Wnt/B-catenin
pathways likely has pleiotropic roles in neural stem and progenitor cell
proliferation, neuronal cell apoptosis, and glial cell proliferation91. 206-208,
Likewise, Cyclin D1 also regulates neuronal cell apoptosis and glial cell
proliferation after TBI3%. Thus, Lithium and JW74 likely affect a multitude of
repair processes unrelated to angiogenesis and could impact our findings.
Second, while VP was used due to its excellent staining of vascular structures
(including micro-vessels) and the ability to perform wide field fluorescent
microscopy, this procedure is reliant on blood flow to circulate the Dil solution
throughout the brain. Thus, compressed and collapsed vessels can affect the

quality of the vessel staining and lead to poorly labeled vessels. Given the
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increase in edema in the JW74 and Lithium TBI mice, the possibility exists that
vessels were compressed and not all vessels were labeled. Endothelial cell
reporter lines, such as the Tie2-GFP mice, are available3% and these could be
combined with our VP procedure to assess perfusing and non-perfusing vessels.
Third, for the Vehicle and JW74 groups, mice were orally administered a mixture
of dimethyl sulfoxide and polyethylene glycol 400 and this vehicle may had
unintended consequences on vascular repair. This vehicle was used because it
maintained JW74 solubility and promoted drug absorption into the blood
circulation3?”. We don’t believe the vehicle had an effect on vascular repair
because the Vehicle and Saline TBI mice showed similar values in nearly all
vessel parameters from the classical and fractal analysis. Interestingly, Vehicle 7
dpi mice had a significant increase in average vessel length compared to the
Saline 7 dpi mice (***p<0.001, t=5.245, df=9, student t-test). This could be
credited to increased staining vessel sprouts and filopodia processes.

In summary, this study employed a dual pharmacological approach to
investigate the role of B-catenin in new vessel formation and vessel maturation.
The novel VP and analysis methods provide exceptional examination of brain
and region wide vascular network. Our findings suggest that signaling molecules
involved during embryonic development become re-activated after TBI to
promote vascular repair. Given the rapid increase in -catenin in vessels after
TBI, this suggests that Wnt/p-catenin signaling is involved in the initiating of

vascular repair. These results suggest that at least part of the protective effects
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of activation of Wnt/B-catenin signaling in TBI animal models in vivo can be
credited to enhanced vascular repair. Furthermore, therapies to enhance f3-
catenin activity may be an effective therapeutic option for TBIl. VEGF treatment
can induce angiogenesis and ameliorate functional deficits”3 137. 308 put it also
increases vessel permeability?>> 309, Acute treatment of a B-catenin agonist
followed by delayed VEGF may help in reducing adverse side effects and

improving treatment efficacy.
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Figure legends
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Figure 4.1. JW74 treatment reduced vascular repair and lead to truncated
vessels at 7 dpi. a) Western blot and quantification of total and non-
phosphorylated B-catenin, Cyclin D1, and VEGF for Vehicle and JW74 TBI mice
at 7 dpi. JW74 TBI mice revealed a reduction in cytoplasmic total B-catenin
(p=0.054, student t-test) and significant reduction in non-phosphorylated -
catenin (*p<0.05, Mann-Whitney test) compared to the Vehicle TBI mice. Nuclear
total B-catenin, cytoplasmic Cyclin D1, and VEGF were not different between the
Vehicle and JW74 TBI mice. b) Axial VP images (top panel) and Angiotool

images of the perilesional tissue (bottom panel) of Vehicle and JW74 TBI mice.
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Vehicle TBI mice showed new vessels at the injury site (white circle), while the
JW74 animal showed reduced vessels. Note the reduced numbers of vessel
segments (red) and branch points (blue) in the JW74 TBI mice. c) Confocal
images of the perilesional tissue (dashed box is enlarged in the bottom panel).
JW74 TBI mice showed reduced and fragmented vessels compared to the
Vehicle TBI mice. d) Vessel density in the perilesional tissue was not different
between the Vehicle and JW74 TBI mice. e) Branch points was significantly
reduced in the JW74 TBI mice compared to the Vehicle TBI mice (*p<0.05,
student t-test). f) Average vessel length was significantly reduced in the JW74
TBI mice compared to the Vehicle TBI mice (***p<0.001, student t-test). g)
Branch points in the ipsilateral and contralateral hemisphere was significantly
reduced in the JW74 TBI mice compared to the Vehicle TBI mice (*p<0.05,

**p<0.01 student t-test).
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Figure 4.2. Lithium treatment enhanced vascular repair and lead to elongated
vessels at 7 dpi. a) Western blot and quantification of total and non-
phosphorylated B-catenin, Cyclin D1, and VEGF for Saline and Lithium TBI mice
at 7 dpi. Lithium TBI mice revealed no difference in cytoplasmic total B-catenin
but a significant increase in nuclear total and non-phosphorylated -catenin
(**p<0.01, Mann-Whitney; *p<0.05, student t-test) and cytoplasmic Cyclin D1
(*p<0.05, student t-test) compared to the Saline TBI mice. Cytoplasmic VEGF
was not different between the two groups. b) Axial VP images (top panel) and
Angiotool images of the perilesional tissue (bottom panel) of Saline and Lithium

TBI mice. Saline TBI mice showed new micro-vessels at the injury site (white
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circle), while the Lithium TBI mice showed increased vessels. Note the subtle
increase in vessel segments and branch points in the Lithium TBI mice. Inserts
illustrate elongated vessel segments. c) Confocal images of the perilesional
tissue (dashed box is enlarged in the bottom panel). Lithium TBI mice showed
elongated vessel segments compared to the Saline TBI mice. d) Vessel density
in the perilesional tissue was significantly increased in Lithium TBI mice
compared to the Saline TBI mice (*p<0.05, student t-test). e) Branch points was
not different between Saline and Vehicle TBI mice. f) Average vessel length was
significantly increased in the Lithium TBI mice compared to the Saline TBI mice
(*p<0.05, student t-test). g) Average vessel length in the ipsilateral and
contralateral hemisphere was increased in the Lithium TBI mice compared to the

Saline TBI mice (p=0.065, Mann-Whitney; *p<0.05, student t-test)
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Figure 4.3. Lithium and JW74 treatment increased branching, average vessel
length, and vessel complexity at 14 dpi. a) Branch points was significantly
increased in the Lithium 14 dpi mice compared to the Saline 14 dpi mice
(*p<0.05, student t-test). b) Average vessel length was significantly increased in
the Lithium 14 dpi mice compared to the Saline 14 dpi mice (*p<0.05, student t-
test). c) Histogram distribution of the local fractal dimension (LFD) and frequency
from Saline 14 dpi and Lithium 14 dpi mice. The Lithium 14 dpi histogram (blue
line) showed a pronounced increase in vessel complexity (rightward LFD shift)
and frequency (increased vessel numbers) compared to the Saline 14 dpi
histogram (black line). d) Lithium 14 dpi mice showed an increase in skewness
(p=0.060, student t-test) and a significant increase in kurtosis (*p<0.05, student t-
test) and peak frequency (*p<0.05, student t-test) compared to the Saline 14 dpi
mice. e) Branch points was significantly increased in the JW74 14 dpi mice
compared to the Vehicle 14 dpi mice (*p<0.05, student t-test). f) Average vessel
length was significantly increased in the JW74 14 dpi mice compared to the
Vehicle 14 dpi mice (**p<0.01, student t-test). g) Histogram distribution of the
LFD and frequency from Vehicle 14 dpi and JW74 14 dpi mice. The JW74 14 dpi
histogram (red line) showed an increase in vessel complexity (rightward LFD
shift) and frequency (increased vessel numbers) compared to the Vehicle 14 dpi
mice. h) JW74 14 dpi mice showed an increase in kurtosis (p=0.054, student t-
test) and a significant increase in skewness (*p<0.05, student t-test) and peak

frequency (*p<0.05, student t-test) compared to the Vehicle 14 dpi mice.
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Figure 4.4. Lithium and JW74 treatment modulates the perilesional vasculature
between 7 and 14 dpi. a) Saline and Lithium TBI mice showed no difference in
branch points at 7 dpi. However, Lithium TBI mice showed a significant increase
in branch points at 14 dpi compared to the Saline TBI mice (*p<0.05, two-way
ANOVA). b) Lithium TBI mice showed a significant increase in average vessel
length at 7 and 14 dpi compared to the Saline TBI mice (*p<0.05, two-way
ANOVA). There was a reduction in average vessel length between the Saline 14
dpi mice compared to the Saline 7 dpi mice (p=0.087, f=10.40, one-way ANOVA)
and Lithium 14 mice compared to the Lithium 7 dpi mice (p=0.066, f=10.40, one-
way ANOVA). c) Vehicle and JW74 TBI mice showed no difference in branch

points at 7 dpi. However, JW74 TBI mice showed a significant increase in branch
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points at 14 dpi compared to the Vehicle TBI mice (**p<0.01, two-way ANOVA).
d) JW74 TBI mice showed a decrease in average vessel length at 7 dpi
compared to the Vehicle TBI mice (***p<0.001, two-way ANOVA). However,
JW74 TBI mice showed a significant increase in average vessel length at 14 dpi
compared to the Vehicle TBI mice (*p<0.05, two-way ANOVA). There was a
significant reduction in average vessel length between the Vehicle 14 dpi mice

compared to the Vehicle 7 dpi mice (****p<0.0001, f=14.76, one-way ANOVA).
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Figure 4.5. Lithium treatment reduced blood while JW74 treatment increased
edema at 7 dpi. a) Representative coronal slices and blood and edema
volumetric analysis for Saline and Lithium TBI mice. Lithium TBI mice showed a
significant reduction in blood volume (*p<0.05, student t-test) but an increase in
edema volume (p=0.10, student t-test). Note the reduced bleeding (red arrow) on
susceptibility weighted imaging (SWI) and increased edema (blue arrow) on T2
weighted imaging (T2WI) in the Lithium TBI mice. b) Representative coronal
slices and blood and edema volumetric analysis for Vehicle and JW74 TBI mice.
JW74 TBI mice showed a significant increase in edema volume (*p<0.05, student
t-test) compared to the Vehicle TBI mice. Note the increased edema (blue arrow)
on T2WI and increased bleeding (red arrow) on SWI in the JW74 TBI mice. c)
Images of the cranial surface for Saline and Lithium TBI mice. The Saline TBI
mice showed bleeding on the surface of the cranium while the Lithium animal
showed minimal bleeding. d) 3D volumetric rendering of perilesional vessels in
Saline and Lithium TBI mice. Lithium TBI mice showed elongated vessels
(arrowhead), but diffuse Dil staining in the extravascular space (arrow). Lesion-
perilesion boundary (dotted line). e) 3D volumetric rendering of perilesional
vessels in Vehicle and JW74 TBI mice. JW74 TBI mice showed fragmented
vessels and punctate Dil staining in the extravascular space (arrow). *= injury

site.
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Figure 4.6. Schematic illustrating how modulating -catenin in blood vessels
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affects vascular repair. TBI results in vascular loss which is followed by vessel
formation (growth phase) and maturation (maturation phase) (black line). -
catenin increase in vessels results in elongated neovessels in the growth phase
which are maintained and become more complex in the maturation phase (blue
line). B-catenin reduction in vessels results in truncated neovessels which are

maintained and become more complex in the maturation phase (red line).
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Figure 4.7. Experimental design. Mice received a moderate TBI on day 0. All
mice were administered Saline, Lithium, Vehicle, or JW74 1 hour after TBI
followed by daily injections every 24 hours until day 6. Drugs were then
discontinued until day 14. a) Mice underwent vessel painting (VP) and ex vivo
magnetic resonance imaging (MRI) on day 7 or 14. b) Mice were sacrificed for

Western blot (WB) on day 7 or 14. Red arrows = injections. * = sacrifice days.
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Figure 4.8. Region of interests for vascular analysis. a) Axial view of a VP brain
from a TBI mouse. ROls of the ipsilateral (1) and contralateral (C) hemisphere
were undertaken. The injury site (*) is magnified in Fig. 4.8b. b) The lesion-
perilesion boundary was characterized by a faint black border. c) The injury site
had vessels at the base of the lesion (defined as lesion) and superficial vessels
on the brain surface (perilesion). The perilesion boundary was formed by drawing
an ROl around the lesion and expanding it by 1.5 millimeters. d) The lesion and
perilesion tissue showed a distinct vessel morphology: perilesional vessels were
typically aligned in the direction of the lesion (arrows) while lesional vessels
appeared more disarranged (arrowhead). The lesion-perilesion boundary is

outlined by a white line.
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Figure 4.9. Drug treatments had no effect on mouse weight after TBI. There was
no significant difference in mouse weight between the Saline and Lithium TBI
mice and Vehicle and JW74 TBI mice. Mice were weighed prior to the TBI on day
0. Graphs include all mice from the study, including unsuccessful VP mice. TBI 7
dpi: Saline (n=13), Lithium (n=24), Vehicle (n=12), JW74 (n=17). TBI 14 dpi:

Saline (n=16), Lithium (n=17), Vehicle (n=17), JW74 (n=19).
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Figure 4.10. JW74 treatment reduced cytoplasmic and nuclear 3-catenin protein

at 1 dpi. Western blot and quantification for total B-catenin for Vehicle and JW74

TBI mice at 1 dpi. JW74 TBI mice showed a significant reduction in cytoplasmic

total B-catenin and nuclear total B-catenin compared to the Vehicle TBI mice

(*p<0.05, Mann-Whitney test). Lamin B1, a nuclear protein, is not present in the

cytoplasmic fraction indicating that the protein extracts were not contaminated.
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Figure 4.11. Lithium and JW74 treatment had no effect on Cyclin D1 protein at
14 dpi. Western blot and quantification for Cyclin D1 for Saline, Lithium, Vehicle,
and JW74 TBI mice. Cytoplasmic Cyclin D1 protein was not significantly different

between the Saline, Lithium TBI mice and Vehicle, JW74 TBI mice.
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Figure 4.12. Lithium and JW74 treatment had no influence on vessel diameter in

the perilesional tissue. a) Representative axial image from the perilesional tissue
of Saline 7 dpi mouse that was processed to enhance the edges of the vessels.
The lesion-perilesional boundary, 400 um, and 800 um boundary are outlined
(yellow lines). Vessel segments that crossed the 400 um and 800 um boundary
were counted in analysis. b) Vessel diameter at the 400 um and 800 um
boundary was not significantly different between the Vehicle and JW74 TBI mice.
c) Vessel diameter at the 400 um boundary showed a reduction in the Lithium

TBI mice compared to the Saline TBI mice (p=0.099, student t-test).
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Figure 4.13. Correlations between vascular features and blood and edema
volumes at 7 and 14 dpi. a) There were no significant correlations between
average vessel length and blood volume in the Saline and Lithium TBI mice at 7
dpi. Note the divergent trend between the two groups. b) Average vessel length
correlated to edema volume in the Lithium TBI mice at 7 dpi and approached
significance (p=0.093, two-tailed Pearson correlation). c) Average vessel length
significantly correlated to blood volume in the Lithium TBI mice at 14 dpi
(*p<0.05, two-tailed Pearson correlation). d) Average vessel length correlated to
blood volume in the JW74 TBI mice at 14 dpi and approached significance
(p=0.080, two-tailed Pearson correlation). e) Branch points significantly

correlated with edema volume in the JW74 TBI mice at 14 dpi (*p<0.05, two-
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tailed Pearson correlation). Again, note the divergent trend between the two

groups.
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Figure 4.14. Lithium and JW74 TBI mice exhibited no difference in blood and
edema volumes at 14 dpi. a-b) Blood, edema, and total (blood and edema)
volumes were not significantly different between the Saline and Lithium TBI mice

and Vehicle and JW74 TBI mice (Student t-test).
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Table 4.1. Number of mice that underwent VP and ex vivo MRI or Western blot

Groups VP and ex vivo MRI Western blot
Saline 7 dpi 6 6
Lithium 7 dpi 6 9
Vehicle 7 dpi 6 5
JW74 7 dpi 8 5
Saline 14 dpi 5 6
Lithium 14 dpi 7 6

Vehicle 14 dpi 6 6
JW74 14 dpi 7 6

The table summarizes the number of mice in each group. One cohort of mice
were sacrificed for VP and ex vivo MRI at 7 or 14 dpi and a second cohort was

sacrificed for western blot at 7 or 14 dpi.
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Chapter 5

Conclusion

This dissertation investigated the response of the cerebral vasculature to
TBI, how vessels undergo repair after injury and the role of B-catenin in vascular
repair. We report three novel findings: 1) we developed a novel protocol to stain,
visualize, and analyze the cerebral vasculature in the entire rodent brain, 2) using
this novel vessel staining and analysis protocol, we found that TBI results in
vascular loss followed by repair of the blood vessels at 7 dpi. Simultaneously, we
observed an acute increase in expression of B-catenin in cerebral vessels after
TBI, and 3) that B-catenin contributes to new vessel formation at 7 dpi and long-
term remodeling of the cerebral vasculature at 14 dpi.

Staining of blood vessels in the rodent brain can be achieved by various
inks, resins, or dyes® 263.271,310-312 'hyt many of these techniques have
limitations. Space occupying materials, such as silicone rubber®, Evans blue?%3,
Microfil contrast agent3'?, and fluorescent dye-conjugated dextran3'3, fill the
vessels but remain unbound to vessels allowing the materials to freely move and
potentially leading to extravasation when the vessels are damaged, compressed
or after injury with leaky BBB. Many of these materials also require the tissue to
be cleared for visualization, resulting in loss of critical anatomical landmarks.
Other methods using space occupying materials are corrosion casting

techniques that use low viscosity resins to form casts of the blood vessels314-316,
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but these are technically difficult to prepare and the resultant casts often require
image acquisition using a scanning electron microscope or similar types of
instruments. Methods using viscous reagents, such as gelatin and white ink3'7,
latex with carbon black ink®'8, and latex and black inks3'®, stain large blood
vessels, but do not typically stain capillaries. Several methods have been
developed to label the cerebral vasculature by fluorescent microscopy, but have
reported wide variation in efficiency of vessel labeling with different types of
fluorescently labeled lectins320-322, We have previously stained cerebral vessels
by cardiac perfusion with DyLight 594 labeled tomato-lectin, but whole brain axial
and coronal images showed high background staining and micro-vessels were
not clearly visible.

Our novel VP technique utilizes a lipophilic, fluorescent carbocyanine dye
(Dil) that directly binds to the vessel lumen. The Dil molecules incorporate into
the endothelial cell lipid membranes and are able to laterally diffuse in the lipid
membrane providing uniform staining of blood vessels. VP stains cerebral
vessels with a bright red fluorescence which can be imaged using wide-field
fluorescence microscopy for whole brain imaging and subsequent confocal
microscopy for regional imaging. As we have reported in the previous chapters
and our recent publications’8 233,323,324 '\/p effectively labels pial, penetrating,
and parenchymal vessels (including capillaries) across rodent species, ages, and
pathological conditions. Additionally, we introduce two complimentary analysis

methods to assess vessel morphology and complexity in the whole brain.
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We found that treatment with JW74 (B3-catenin antagonist) after TBI
reduced vascular repair and lead to fragmented vessels while treatment with
Lithium (B-catenin agonist) enhanced vascular repair and lead to elongated
vessels. This work suggests that endogenous developmental factors, such as f3-
catenin, become activated after TBI to initiate vascular repair and treatment
strategies to enhance activation of -catenin represents a potential target for
future therapeutics. Lithium is a FDA approved drug for bipolar disease3?® and
our exciting findings raise the possibility that Lithium could be repurposed as a
drug that can be used in the clinical settings to enhance vascular repair after TBI.
Lithium could also be used in combination with Becaplemin (recombinant human
platelet derived growth factor), which is an FDA approved drug for diabetic skin
ulcers. Since platelet derived growth factor promotes vessel maturation through
recruitment of mural cells to the nascent vessels3?®, co-application of Lithium and
Becaplemin may form stable and functional vessels. Additionally, we have
unpublished data showing mural cells in contact with perilesional vessels at 14
dpi, suggesting that early administration of Lithium followed by delayed
Becaplemin may be an effective therapeutic strategy. Thus, Lithium and
Becaplemin need be considered in the development of new angiogenic
therapies.

While it is well established that VEGF induces angiogenesis in tumors and
ischemic stroke?® 28 our evidence suggests that VEGF does not play a critical

role in initiating vascular repair in our TBl model; we did not observe increased
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VEGEF protein levels within the injured brain tissue at 1 and 7 dpi or in response
to increasing or decreasing 3-catenin levels also did not affect VEGF protein
expression. However, VEGF may be involved in maturation of the vascular
network. Wnt/B-catenin and VEGF signaling may have coordinated actions with
Wnt/B-catenin signaling initiating vascular repair in the early phase and VEGF
signaling promoting vessel maturation and pruning in the later phase. Future
investigations are warranted to understand how Wnt/B-catenin and VEGF
signaling mediate vascular regrowth and restoration after TBI.

Other endogenous vascular developmental factors may become activated
after TBI and also participate in the vascular repair process. Our unpublished
data demonstrated increased expression of Wnt 7a and Wnt 7b as well as Cyclin
D1, Sox17, and Notch Intracellular Domain that are co-localized within vessel
structures at 1 and 7 dpi, which suggests that the (3-catenin may work with Sox17
and Notch signaling to promote blood vessel formation after TBI. Thus, Wnt 7a,
Wnt 7b, Cyclin D1, Sox17, and Notch signaling components are potential
molecular targets that could be used in the development of new therapies.
Moving forward, it is critical to understand the molecular mechanisms of 3-
catenin-mediated vascular repair and how (B-catenin coordinates with down-
stream angiogenic factors (Fig. 5.1).

In conclusion, this dissertation was the first to investigate B-catenin in the
context of vascular repair after TBI and we uncovered a new reparative role that

has not been previously reported. Our findings suggest that B-catenin is a novel
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molecular target that can be used for the development of therapies to repair and
restore the cerebral vasculature after injury. Additionally, this work may have
broad implications for a host of vascular-related brain injuries such as ischemic

stroke, subarachnoid hemorrhage, and intracerebral hemorrhage.

Future Directions

Future work will be focused on extending the ideas explored in this
dissertation to address other relevant vascular phenomena after TBI. While VP
stains functional, perfusing vessels, it does not stain vessels that are not
perfusing after injury, including compressed, collapsed vessels or new vessels
with an immature vessel lumen. We performed VP in the endothelial cell reporter
line Tie2-GFP mice3% to examine the time course of functional perfused vessels
as they undergo repair. Our preliminary data show that TBI results in a clear loss
of vessels and non-perfused vessels at 1 dpi (Fig. 5.2). At 7 dpi, there is
increased vessel density and a concomitant increase in the number of perfused
and non-perfused vessels within and adjacent to the injury site. Previous reports
have also noted hypoperfusion in the repaired vasculature between 14-28 dpi in
CCl, fluid percussion injury, and blast injury models of TBI7® 7*. 81 Going forward,
we plan to extend our preliminary findings to investigate the perfused and non-
perfusing vessels in the repaired vasculature at 14 and 30 dpi.

One of the more important future extensions of this work will involve the

use of blood flow imaging techniques to monitor cortical blood flow during
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vascular repair and restoration after brain injury. Laser speckle imaging (LSI) is a
real time, non-invasive technique that permits high resolution mapping of tissue
blood perfusion. Unlike other imaging techniques, LS| does not require a contrast
agent or fluorescent marker, provides clear visualization of pial surface vessels,
and captures wide field images (at low magnification) of the entire brain
surface3?’. LSl has been used to measure relative changes in blood flow and
create flow maps in implanted engineered tissue 3?8 32° and cardiac arrest model
330, but has not been used to study cortical blood flow following TBI. In
collaboration with Dr. Bernard Choi at the Beckman Laser Institute at University
of California Irvine, in preliminary data we have shown marked reduction in the
vessel network and dramatic loss of cerebral blood flow at 2 dpi that gradually
increased at 7 dpi, which is consistent with our previously published work on
vascular regrowth after TBI”>. Additionally, we obtained blood flow
measurements in TBI mice treated with JW74 and Lithium to assess the
perfusion capability of the repaired vessels.

Behavioral testing in this dissertation was not acquired but will be
addressed in ongoing work. It is important to determine whether stimulation or
inhibition of angiogenesis after brain injury leads to improved neurological
recovery. We expect that increased vessel density will result in improved
behavioral outcomes, whereas reduced vessel density results in poorer
behavioral outcomes. We are currently in the process of performing open field

and foot fault tests in TBI-injured mice treated with Lithium and JW74 and the
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results from these behavioral tests will be combined with the vascular

morphological results in Chapter 5 at the time of publication.
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Figure legends

?

Lithium

Cyclin D1
NICD

RBP-J) transcription

@ transcription
A

Figure 5.1. Possible mechanism of -catenin-mediated vascular repair. The
dissertation reported novel findings that are shown in bold. We reported that after
TBI perilesional vessels have 1) increased p-catenin protein levels, 2) increased
TCF/LEF activity, 3) increased Sox17 protein levels, 4) increased Cyclin D1
protein levels (unpublished data), and 5) increased active NICD protein levels
(unpublished data). We reported increased extracellular Wnt7a and Wnt7b
protein in the perilesional tissue (unpublished data). Additionally, we reported
that Cyclin D1 protein levels are increased following Lithium treatment. Possible
interactions between signaling molecules are denoted by a question mark (?) and
require additional research. Binding of Wnt7a and Wnt7b to the FZD and LRP5/6
receptors leads to dissociation of the -catenin destruction complex consisting of

APC, Axin, CK1, and GSK3p. B-catenin escapes degradation where it
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accumulates in the cytoplasm and translocates to the nucleus and complexes
with TCF and LEF to promote transcription of Wnt target genes such as Cyclin
D1. One possible gene regulated by p-catenin/TCF/LEF is Sox17, a transcription
factor that induces vessel formation by regulating transcription of Notch signaling
components including DII4. Binding of DII4 to the Notch receptor results in
dissociation of the NICD where it translocates to the nucleus and complexes with
RBP-J to promote transcription of Notch target genes. Notch target genes, such
as Hey1, Hey2, and Hes, activate arterial genes and induces arterial
specification. COUP-TFII prevents cleavage of NICD which activates venous
genes and induces venous specification. Lithium, a GSK3 inhibitor, prevents -
catenin degradation and increases B-catenin levels. JW74 increases Axin levels

leading to B-catenin degradation and reduction in B-catenin levels.

Abbreviations: APC, adenomatous polyposis coli; CK1, casein kinase 1; p-cat, B-
catenin; DVL, Dishevelled; FZD, Frizzled; GSK3, glycogen synthase kinase 3 3;
LRP, low-density lipoprotein receptor-related protein; TCF, T cell factor; LEF,
lymphoid enhancer binding factor; DIl4, Delta-like ligand 4; NICD, Notch
intracellular domain; Coup-TFIlI, Coup transcription factor 2; RBP-J,

Recombination Signal Binding Protein For Immunoglobulin Kappa J Region
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Dil GFP

Figure 5.2. TBI results in an increase in the number of non-perfused vessels at 1
and 7 dpi. Sham animals showed Tie2-GFP colocalized with vessels stained with
Dil. At 1 dpi there is clear reduction of vessels in the injury site with non-perfused
vessels (solid arrow) and newly perfused vessel that are Dil+GFP- (arrowhead).
At 7 dpi there is increase in the number of perfused and non-perfused vessels
(arrow) within and adjacent to the injury site. There is increased density and

tortuosity of the new vessels at 7 dpi compared to the sham animals.
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