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Abstract

Traumatic brain injury (TBI) is a growing health concern worldwide that affects a broad range of
the population. As TBI is the leading cause of disability and mortality in children, several pre-
clinical models have been developed using rodents at a variety of different ages; however, key
brain maturation events are overlooked that leave some age groups more or less vulnerable to
injury. Thus, there has been a large emphasis on producing relevant animal models to elucidate
molecular pathways that could be of therapeutic potential to help limit neuronal injury and improve
behavioral outcome. TBI involves a host of different biochemical events, including disruption of
the cerebral vasculature and breakdown of the blood brain barrier (BBB) that exacerbate secondary
injuries. A better of understanding of the mechanism(s) underlying cerebral vascular regulation
will aid in establishing more effective treatment strategies aimed at improving cerebral blood flow
restoration and preventing further neuronal loss. Our studies reveal an age-at- injury dependence
on the Angiopoetin-Tie2 axis, which mediates neuroprotection in a model of juvenile TBI
following cortical controlled impact (CCI) that is not seen in adult mice. The protection observed
was mediated, in part, by the microvascular response to CClI injury and prompted further detailed
analysis of the larger arteriole network across several mouse strains and models of TBI. Our second
study revealed both a model and species dependent effect on a specialized network of arteriole
vessels, called collaterals after trauma. We demonstrated that a repetitive mild TBI (rmTBI) can
induce collateral remodeling in C57BL/6 but not CD1 mice; however, CCI injury had no effect on

collateral changes in either strain. Together, these findings demonstrate an age-dependent and



species/model dependent effect on vascular remodeling that highlights the importance of

individualized therapeutics to TBI.



General Audience Abstract

Traumatic brain injury (TBI) is the most frequent cause of death in adults and children in the
developed world and children are at the greatest risk of injury. In the United States alone there is
a reported incidence of 1.7 million injuries a year and about half of these injuries are to children.
Patients that survive TBI experience long-term neurological disabilities as there is not an effective
treatment available. While the initial brain trauma cannot be treated, preventing further damage of
delayed secondary responses of injury has garnered attention from researchers to better understand
how the injury progresses. In order to mimic TBI in the lab, scientist use animal models of TBI to
better understand the mechanism(s) involved in injury with the purpose of creating
pharmacological targets to mitigate the effects of further tissue damage. While there are many cell
types within the brain that are affected after TBI, our studies focus on endothelial cells that line
the vascular system and allow for the circulatory function of blood to supply energy to the neurons
of the brain. Our mouse model mimics the effects of sustaining a focal brain injury and we are
interested in how the juvenile brain responds to this injury. We have found that juvenile mice are
better protected after brain injury as they have less tissue damage compared to adult mice and we
attribute this protection to better blood vessel numbers and function. While we observed changes
to the vascular network in the juvenile model, this prompted studies to focus on other models of
TBI to understand how blood vessels respond to a concussive-like injury. In these studies, we
found that a particular species of mouse and the less severe injury prompted a special type of blood
vessels to increase their diameter that was not seen in the more severe model of TBI. Taken
together our findings demonstrate an age-dependent and species/model dependent effect on blood

vessel remodeling.
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Overview of Dissertation

Chapter 1

Chapter 2

Tight junction

Endothelial cell

Chapter 4

Chapter 3

Figure 1. Schematic of the brain’s arteriole vessels down to the microvasculature represented by
individual endothelial cells (ECs) that are surrounded by pericytes. ECs express the Tie2 receptor
and tight junction proteins, which help regulate EC survival and blood brain barrier (BBB)
integrity, respectively. After traumatic brain injury (TBI), immune cells can enter brain tissue
and a prolonged inflammatory response interferes with repair mechanisms complicating the
recovery process. This dissertation explores the role of an age-dependent response of the
vasculature following cortical controlled impact (CCI) injury, the vasculature’s response
following different severities of TBI, and the role of the innate immune system after CCI injury.
Chapter 1 will serve as an overview of the vascular system, particularly focusing in on the

arteriole network and what happens to the neural vascular unit (NVU) after different models of
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TBI. Chapter 2 focuses on an age-specific response of the vasculature following cortical
controlled impact (CCl) injury. We show that juvenile postnatal day 21 mice have significantly
less cortical tissue loss compared to adult mice 4 days after CCI injury. To begin to elucidate the
acute repair mechanisms that may play a role in tissue protection in the juvenile brain, we began
to investigate the vascular response. We found acute restoration of cerebral blood flow (CBF) to
the area of injury in juvenile mice. To determine next what may be contributing to this increase
in CBF we assessed the diameter and density of the arteriole collateral network and the
microvasculature (MV). We found an increase in diameter of surface pial collateral vessels and a
greater density of the MV in juvenile CCl-injured mice compared to adult CCIl-injured mice. We
also observed that the microvessels in juvenile CCl-injured mice appeared healthier and more
intact compared to adult CCl-injured mice, which prompted us to investigate infiltrating immune
cells within the peri-lesion and BBB permeability. We found that adult CCl-injured mice had an
increase in CD11b* immune cells within the peri-lesion and greater BBB permeability assessed
by Evan’s Blue extravasation compared to juvenile CCI-injured mice. Gene expression analysis
using gPCR shows an increase in Angiopoietin- 1 (Ang-1) expression in juvenile CCl-injured
mice. Interfering with the Ang/Tie2 signaling cascade using Tie2-Fc soluble proteins attenuated
the neuroprotection seen in juvenile mice suggesting a direct role of the endothelial cell
Angiopoietin-Tie2 axis in tissue protection. While we observed pial arteriole collateral
remodeling following CCI-injury in the juvenile brain (Chapter 2), Chapter 3 begins to
investigate the role of arteriole vessels in two different strains of adult mice, CD1 and C57BL/6,
by assessing the collateral response following either CCl-injury or the mild repetitive injury
using the weight drop model. We found that CClI-injury resulted in impaired collateral

remodeling in both strains that correlated with no changes in CBF or tissue protection. In
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contrast, the mild repetitive injury resulted in collateral remodeling in the C57BL/6 strain, but
not in the CD1 strain suggesting a strain- dependent and model- dependent response of the
collateral network. Chapter 4 focuses on inflammation of the brain by specifically looking at the
role of the innate immune response after CCl-injury. This study was prompted by the findings of
chapter 2, which showed an increase in infiltrating immune cells after CCl-injury in adult mice,
which may contribute to BBB permeability and tissue loss. Recently, the NLR inflammasome
has been shown to become activated after TBI causing the release of IL-IB. To test whether the
inflammasome contributes to acute TBI neuronal tissue loss we assessed IL-1p, IL-18, and IL-6
expression in NIrpl Knockout, ASC knockout and wild type mice. Although we see attenuation
of IL-1p in both our knockout mice, there is no difference in lesion volume compared to wild
type mice suggesting that the inflammasome does not significantly contribute to acute neural

injury.
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Chapter 1: Literature Review

Traumatic Brain Injury

Traumatic brain injury (TBI) is a debilitating neurological condition associated with long-
term consequences that affect 1.7 million people annually in the United States with a cost of care
estimated around 76 billion dollars and rising (1-5). While the general population is at risk for
injury, gender and age increase the risk potential for sustaining a TBI (3, 6, 7). Males have a
threefold higher mortality rate from head trauma compared to females and the incidence of TBI is
disproportionately high in the juvenile population (6-8). While there is a vast spectrum of
neuropathologies associated with TBI, 80% of all TBIs reported in the clinic are categorized as
mild or concussive injuries (9-12). An initial external mechanical force (blast waves, direct impact,
or penetration) to the brain, initiates a complex cascade of pathophysiological responses including
axonal and cellular damage, disruption of blood flow leading to hypoxia and ischemia,
inflammation, release of excitatory amino acids and intracellular stores of calcium, as well as the
generation of oxygen free radicals (13-18). These responses result in chronic neuronal damage and
dysfunction (19, 20). While the severity of the initial trauma is linked to disability and mortality
rate, most mild TBI (mTBI) patients suffer long-term disabilities (21-25). Cognitive dysfunction
that persists for months to years after the initial insult is one of the many devastating consequences
of TBI (21-25). Over time, subtle neurobehavioral deficits in memory and attention can decline,
while most motor functions improve (26-28). Recently, there have been several studies that have
established TBI as a risk factor for sustaining another head injury and new evidence suggests
successive head injuries (repetitive mild traumatic brain injury (rmTBI)) have been linked to

neurodegenerative diseases such as Alzheimer’s Disease (AD) (9, 15, 21, 29-32).



Clinicians rely heavily on computed tomography (CT) angiography scans to help better
diagnose the severity of head trauma by observing changes in cerebral blood flow (CBF). A
significant number of patients that immediately (up to six hours post-injury) come into the clinic
after having sustained a head injury have depressed levels of CBF, dropping dangerously to levels
almost half of non-injured brains (4, 33, 34). While continued depressed levels of CBF can lead to
a poor prognosis, restoration of CBF can be linked to improvements in neurological recovery (35,
36). Another pathological hallmark of TBI that also has an impact on neurological recovery is the
extent of edema (37-39). Edema can be caused by cellular swelling, which is initiated by water
accumulation in the cell (40, 41). Normally in neurons, astrocytes, and endothelial cells, sodium
(Na") enters in and out of the cell by passive transport through the sodium potassium pump (42-
45). To prevent an influx of Na* and water, the cause of cell swelling, energy dependent (ATP)
elimination of Na" is required (49, 52). After TBI, there is an abundance of Na* ions that can enter
cells, increasing their water content (49-50). The underlying ischemia depletes the energy-
dependent function of the pump and the build-up of Na* ions causes the cells to swell (49-52).
Another cause of edema can be directly linked to the breakdown of the blood brain barrier (BBB)
(45-47). The precise mechanisms of BBB breakdown will be discussed later; however, in short,
impairment of the BBB after TBI causes an uncontrolled influx of albumin and other plasma
proteins that usually cannot cross the barrier to enter the brain. As cellular space is limited in the
brain, these plasma proteins increase the net volume of the brain, which causes the brain to swell
(48, 49).

TBI is a heterogeneous injury, which makes it difficult to treat. There have been multiple
phase 111 clinical trials to help prevent or reduce secondary injury (excitotoxicity, inflammation,

apoptosis); however, there is still no effective treatment for TBI (50-53). While there are



multifarious factors as to why no one clinical trial has produced a cure, the failures of these clinical
trials has put a large emphasis and skepticism on relevant animal models of TBI. For example,
while progesterone administration after TBI was seen to reduce edema and tissue damage in rats,
these same findings were not observed in clinical trials of the hormone (54, 55). In addition, while
animal models have been instrumental in elucidating particular pathways involved during the
process of secondary injuries, such as interfering with the aquaporin-4 receptor to limit cerebral
edema, pharmacological development is lacking (39, 56). The vast spectrum of pathologies seen
in the clinic with human TBI also highlight challenges of creating clinically relevant animal
models that help replicate the complexity of the disease, proving multiple models need to be
utilized. The focus of this review is to evaluate three established TBI models, weight drop, cortical
controlled impact (CClI), and repetitive mild TBI (rmTBI) and how these models influence

cerebrovascular injury and recovery (Figure, 1).

The Cerebrovascular Network

In humans, the brain receives blood from two sources: the internal carotid arteries and the
vertebral arteries (57-60). The vertebral arteries from the two hemispheres connect to form the
basilar artery on the ventral surface of the brain while the internal carotid artery branches to form
two major cerebral arteries, the anterior cerebral artery (ACA) and the middle cerebral artery
(MCA) (60-62). The internal carotid artery and the basilar artery join in an arterial ring to form the
circle of Willis, which further supplies blood to the brain (63-66). The structure of the circle of
Willis is advantageous and important for the brain to continue to receive blood flow if a major
artery becomes blocked (63, 64). The blood vessels in the brain are further broken down into two
main categories of vessels: the large feeding arteries such as the MCA, ACA, and large penetrating

arteries that enter the brain parenchyma within Virchow-Robin space and are classified as



extraparenchymal vessels (67, 68). The blood vessels that start where the Virchow-Robin space
end are called intraparenchymal vessels (68-70). As the arterioles move deeper into the brain, the
vessels become progressively smaller and are termed cerebral capillaries (71-73). These capillaries
are lined by endothelial cells (ECs) and allow for an interface of communication to the neighboring
neurons (71-73). Approximately 30-40% of the blood’s oxygen passes into the brain parenchyma
from small arteries, arterioles, and capillaries to fuel cerebral metabolism (69).

Unlike other cell types in the body like myoblasts that can store carbohydrates for later
energy consumption, neurons do not have the capacity to internally store sugars, thus they are
dependent on a continuous blood supply (74). The constant source of energy (oxidative
phosphorylation of glucose) derived from blood is used by neurons through the hydrolysis of
adenosine triphosphate (ATP) to maintain resting potentials, facilitate action potentials, and help
restore ionic concentrations after synaptic transmission (69). Thus, there is a tight association
between neural activity and CBF; any fluctuations in CBF can cause an immediate energy shortage

for neurons and cease functioning of ATP that may lead to irreversible damage to the neuron (69).

The Blood Brain Barrier

In contrast to other organs, the brain’s vascular network is lined with endothelial cells
(ECs) that are tightly coupled together to provide a physical barrier from the circulatory system
called the blood brain barrier (BBB) (101-105). The belief that the BBB is a static structure in
charge of protecting the brain from the rest of the body is partly false as the BBB acts as a dynamic
interface between blood and neuronal tissue (75-78). As part of this physical barrier, numerous
transmembrane and membrane-associated cytoplasmic proteins called tight junctions (TJ),

assemble multimolecular complexes between adjacent ECs which regulate transport from the



blood to the brain. TJs comprise a number of proteins, including occludins, claudins, and junctional
adhesions molecules (JAMs) that help regulate BBB permeability based on their structural
organization (79-83). TJ proteins are expressed early in brain development, as early as 14 weeks
of gestation in human brain capillaries, helping form the integrity of the BBB to be fully formed
by birth (84). In the mouse, TJ proteins can be identified as early as embryonic day 14-17 and
deletion or disruption of TJ protein, claudin-5, in mouse studies results in a leaky BBB (84, 85).
Transcellular transport of molecules is also regulated by mural cells that ensheathe and stabilize
ECs and help regulate blood flow in the brain. These mural cells act as a second barrier behind
ECs and help guide astrocyte endfeet onto blood vessels (45, 86-88).

Astrocytic endfeet contact mural cells and are closely apposed to the outer endothelium
(119). These special astrocyte processes help regulate electrolyte/water balance and protein
transport through the expression of aquaporin-4 and glucose transporter-1 (Glut-1), respectively
through the BBB (89-92). As cues for vasodilation and vasoconstriction (calcium and nitric oxide)
are released by astrocytes onto blood vessels, astrocytes are highly synchronized within the NVU
and communicate with one another and the perivascular cells through gap junction proteins
(connexin (Cx) 30 and 43) (93-97). In addition to controlling hemodynamic changes at the
capillary level, astrocytes also regulate the function of the BBB. Important growth factors such a
basic fibroblast growth factor (bFGF) and angiopoietin-1 (Ang-1) are constitutively secreted by
astrocytes to help maintain BBB integrity by promoting EC survival and promoting TJ function
(98-101). Physical disruption of astrocytes in cases of gliomas or targeted deletion/interference of
gap junction proteins leads to BBB permeability (102). There are many dyes, such as Evan’s Blue
that bind to plasma proteins and immunohistochemical techniques such as 1gG staining that bind

to albumin, that can be used to quantitate the extent of BBB permeability (103, 104). Normally



plasma proteins and albumin cannot cross the BBB, so presence of these factors through the
visualization of dyes and staining can help quantitate the extent of BBB damage (103, 104).

In an inflammatory state, the TJs between ECs may be opened to allow entrance of
mononuclear cells (105). Microglia, the resident immune cells of the brain, play an important role
in innate immune activation in the brain (106). The role of microglia in maintaining or interfering
with BBB integrity in ischemia is not fully understood, but recent studies have shown that blocking
microglial activation helps to keep the BBB from further breaking down (106).

The unifying structural component to all of all these vessel types is a monolayer of cells
called endothelial cells (ECs). ECs are not passive barriers but are highly dynamic cells that can
sense and respond to changes in the brain microenvironment (107). As blood pulsates through
vessels, ECs experience mechanical forces such as fluid shear stress (FSS) and hemodynamic
forces that cause ECs to release factors which aid in constriction or dilation (108). Mechanical
forces such as FSS can influence EC gene expression patterns on the transcriptional level, changing

EC phenotype to reorient their axis according to the direction of flow (107, 108).

The Arteriole Collateral Network

The circle of Willis is the largest collateral pathway and an important adaptation in the
brain to prevent cerebral ischemia as the structure can help re-route blood flow following
obstruction (61, 66, 109-111). Collateral vessels are arteriole- to- arteriole anastomoses that
interconnect major arterial trees and are critical in maintaining regional CBF upon reduction of
cerebral perfusion (57, 111-113). Under physiological conditions, collateral-specific ECs
experience zero net flow across the vessel surface because of equal pressure gradients on each

side of the vessel (113, 114). However, narrowing or occlusion of the feeding vessels increases



FSS and this increase in blood pressure within the vessel causes ECs to proliferate to adjust to
the change in pressure (107). The process of EC proliferation that causes an overall remodeling
of the collateral vessel is called arteriogenesis. (113-115).

Understanding the adaptive process of arteriogenesis, the growth of pre-existing
collaterals is crucial in treating a host of vascular occlusive diseases as evidence shows that the
status of collateral vessels is linked to better recovery in ischemic stroke (113, 115-117).
Improvements in arteriogenesis correlate with early tissue protection as the remodeled arterioles
are able to supply blood from outside the area of occlusion to surrounding tissue. Arteriole
vessels also carry ten times more blood volume compared to capillaries (57, 118). While
evidence of arteriogenesis exists in models of stroke (61, 113, 116, 117) and hind-limb ischemia
(113, 114, 119, 120), limited knowledge exists regarding collateral remodeling after brain

trauma.

Smooth Muscle Cells

In order for large arteriole blood vessels to mature and function properly, smooth muscle
cells (SMCs) are an essential component to the vessel wall. Large arterioles ranging from 10-30um
contain one to three layers of SMCs that can be visualized with alpha smooth muscle actin (121-
124). SMCs play a critical role in controlling vascular tone by altering lumen diameter through
contraction and relaxation; thus, they can regulate vessel diameter acutely from cues given by the
endothelial cell (EC) (125-127). For example, increases in shear stress sensed by the ECs causes
the ECs to release nitric oxide (NO) which diffuses onto SMCs to cause relaxation (128).
Conversely, a decrease in shear stress sensed by the ECs causes a release of endothelin and

angiotensin Il to cause the SMC to constrict (129). For long-term vessel stabilization, SMCs can



also regulate blood vessel maturation by secreting extracellular matrix molecules like collagen to
surround ECs and provide the vessel with an extra layer of protection (130-134). SMCs also
constitutively release angiopoietin 1 (Ang1) that binds to the specific EC receptor Tie2 (135, 136).
Binding of Angl onto Tie2 promotes vessel stability (101, 137, 138). Studies that have deleted
either Angl or Tie2 have shown a deregulated association of SMCs to ECs, which contributes to
vessel leakiness (99, 138).

Differentiated SMCs proliferate at low rates and express contractile proteins (139).
Interestingly, vessels contain different ratios of mature contractile SMCs and highly proliferative
synthetic SMCs, which is highlighted by heterogeneous staining intensities of adjacent SMCs on
the same vessel, suggesting differences in gene expression that confer these differences in
phenotype (129, 140, 141). Further evidence has shown that four SMC phenotypes with distinct
gene expression profiles have been isolated from the same artery of the rat by sorting different
contractile and synthetic proteins (142, 143). While contractile SMCs are the majority phenotype
observed on a vessel, synthetic SMCs can aid in vessel remodeling (144-146). Variation in SMC
phenotypes are attributed to differences in embryological origin and seem to be genetically
programmed (140, 141). However, environmental stimuli, such as factors released after vascular
injury have been shown to shift the ratio from contractile to synthetic (124, 126, 129, 131, 134).
These precise environmental cues that signal a “de-differentiation” from contractile to synthetic
SMC are compounded by the genetic programming of the SMC (124, 126, 129, 131, 134). Due to
their ability to have an acute impact on EC lumen diameter and ability to stabilize a blood vessel,
SMCs are an important cell type involved in vessel remodeling. It would be very interesting to
profile the phenotypes (contractile versus synthetic) on collateral vessels as these vessels have an

acute remodeling response after vascular occlusion (113, 124).



Animal Models of TBI
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Figure 1. Experimental set up for three mouse models of TBI. (A) The controlled cortical impact
(CCI) injury model uses an electromagnetically driven piston to penetrate the brain at a
controllable distance and velocity onto the intact dura. (B) In the weight drop model a free falling
weight, guided through a tube, strikes the exposed skull. (C) The repetitive TBI model uses the set
distance and velocity from the CCI model to strike the exposed skull a total of five times, spaced
every 48 hours. This figure is modified, with permission, from REF (147) © (2013) Nature

Publishing Group.



Weight Drop Model

Diffuse axonal injury (DAI) is one of the most common pathological features of mTBI
(148-151). In humans, diffuse axonal injury (DAI) is typically caused by sports concussions and
diagnosed in the clinic with an immediate loss of consciousness and cognitive dysfunction (152-
154). Closed head injury models with free head rotation have been developed to model sport
concussions and one of these models is the weight drop model. The weight drop model set-up
consists of a free falling weight that is guided through a tube and strikes an exposed skull (155,
156) (Figure 1B). No craniotomy is needed, and a stainless steel disk is placed on the midline of
the brain, between bregma and lambda to prevent skull fracture (37). The height and mass of the
weight can be adjusted to change injury severity. The weight drop model produces DAI with
widespread damage to neurons, axons, and the microvasculature and closely mimics these
pathologies seen in the clinical population (11, 153, 157, 158). Single mTBIs are shown to cause
subtle and transient immunohistochemical abnormalities and minor changes in behavior with no
neuronal tissue loss (11, 159, 160). A drawback of this model is the high mortality rate seen in
mice due to respiratory depression (161, 162); however, the model is inexpensive, fast between

surgeries, and easy to use.

Cortical Controlled Impact

In the laboratory setting, focal TBIs represent pathologies resulting from a blow to the head
with a focal injury site and subtle widespread injury (163-166). The CCI model uses a pneumatic
or electromagnetic impact device to put a piston onto the exposed dura to mimic cortical tissue
loss (147, 165-167) (Figure 1A). The velocity and depth can be controlled prior to the impact to
cause reproducible hits to the underlying tissue, which is the hallmark pathological feature of this

model (165, 166, 168). There is a progressive decline of CBF associated with the trauma that leads
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to neuronal tissue loss (169, 170). The contusion itself is hemorrhagic, necrotic, and will undergo
cavitation over time (169). In addition, the BBB is highly disrupted with reactive astrocytes and
activated microglia which can cause further damage (164). Functional and cognitive impairments
correlate with histopathological findings and these behavioral deficits can last up to a year post-
injury (171-174). Although most CCI devices are expensive, the high reproducible control over

the impact and injury make this device attractive for TBI modeling.

Repetitive Mild TBI

More recently, different groups have applied the CCIl model onto the closed skull to help
understand the underlying pathologies associated with repetitive mild injuries to the brain (10, 159,
175, 176) (Figure 1C). Unlike the pathologies associated with a single mTBI (11, 153, 157, 158),
due to the brain’s window of vulnerability (11, 177), successive injuries exacerbate the histological
findings seen after a single mTBI with increases in BBB permeability, reactive astrocytes, and
greater diffuse axonal damage with no signs of neuronal loss (94, 99-101). In addition, while there
are transient deficits in behavior seen after a single mTBI (11, 159, 160), rmTBI causes greater
lasting cognitive impairments seen in motor deficits, memory tasks, and state of consciousness
(159, 178, 179). Although the use of the CCI device causes reproducibility of the injuries, the thin

nature of the mouse skull can fracture over time with each successive hit (162).

Vascular Changes in Different Models of TBI
CBF Changes after TBI
One of the most notable and primary changes after TBI is in the cerebral vasculature with

fluctuations that occur in CBF, depending on injury severity (14, 146, 180, 181). Impairment of
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the vasculature is seen in moderate and severe TBI cases; however, fluctuations in CBF after mTBI
or rmTBI are less known (4, 182, 183). In the CCI model, within minutes after impact, there is a
loss of perfusion at the impact site and this reduction of CBF reaches ischemic conditions (4, 183-
185). Further depressed levels of CBF throughout the brain can be monitored for at least 4 hours
post- injury and this reduction of CBF can reach as low as 50% of the normal perfusion (183, 186).
There are confounding studies regarding CBF changes that occur in mTBI such as in the weight
drop model (146, 187-189). Studies have shown that these concussive injuries can cause mild
reductions of blood flow or even increases of blood flow after injury (190-192). Despite these
unknown CBF fluctuations after mTBI, what can be agreed upon is that an injured brain is highly
vulnerable to ischemic conditions (190). CBF changes after rmTBI are one of the least understood
phenomenon in the neurotrauma community (189, 193). Recent studies have shown that repetitive
injuries induce long-lasting decreases in CBF, which is absent after a single hit, and the reduction
of CBF is dependent on the number of hits the brain receives and the amount of time between each
hit (193, 194). While cerebrovascular responses after rmTBI are currently under investigation,
studies show reductions of CBF after rmTBI may be linked to vascular dysfunction and other
findings have correlated impaired cognitive behavior with cerebrovascular dysfunction (195, 196).
A decrease in blood supply to the brain and subsequent reduction in metabolism mediates tissue

damage and leads to functional deficits regardless of the type of head injury (197, 198).

Endothelial Cell-specific Changes in the Vascular Network after TBI
The endothelial cell (EC) response and activation to trauma is important for promoting
brain homeostasis after injury; however, how individual ECs respond to trauma are unknown (199,

200). Studies that focus on the EC response to hypertension, an increase in blood flow, can be
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applied to the early stages of CCI injury where surrounding vessels see an increase in blood flow,
due to the mechanical forces attributed to this injury. For example, studies that looked at high flow
rates of blood through the carotid arteries in a rabbit model of hypertension found an increase of
EC proliferation, evidenced by Brdu®™ ECs, to highlight how ECs accommaodate the increase in
shear stress across the cell wall (201). Furthermore, arterial remodeling due to EC-dependent
mechanisms related to blood flow and wall shear stress have been shown to occur in distinct phases
to promote overall vessel remodeling (107, 200). Once an increase of shear stress forces is sensed
by mechanoreceptors found on the surface of ECs, EC proliferation is stimulated (107). This
proliferation is followed by basement membrane and internal elastic lamina degradation and then
followed by SMC proliferation (107, 202). EC proliferation contributes to vessel enlargement and
a vessel that does not receive proper blood flow is found to regress (203).

Microvascular injury has been reported in CCI models in rodents (202, 204, 205). For
example, studies in rats have shown a decrease in microvascular density on the ipsilateral side of
injury while the density on the contralateral side and sham-injured animals remained similar (205).
Structural changes to the ECs of the injured microvascular were also observed; these changes
included large cytoplasmic vacuoles within ECs, discontinuous vessels, regression of vessels, focal

EC swelling, and widening of intercellular junctions (205).

Blood Brain Barrier Permeability
Controlled Cortical Impact:

The mechanical forces associated with CCI injury that cause a focal impact to the brain
has been shown to result in the breakdown of the BBB in animal studies (48, 206-210). After CCI

injury, the BBB is highly permeable, within 30 minutes after impact (4, 20, 202, 210, 211). In
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these early phases, BBB leakage is attributed to disruption of TJ proteins, displacement and
activation of astrocytes and astrocyte endfeet, compression of the vasculature, and reduction of
vascular lumens (20, 202, 212-215). Monitoring BBB permeability dynamics after injury through
Evan’s blue or anti-1gG, which binds to albumin have coincided with either increases or decrease
in TJ expression (146, 215). For example, in a rat CCI model, an increase of IgG staining intensity
correlated with an inverse staining expression of claudin-5 and the relative gene expression
measured by qPCR (215). The leakiness of the BBB and the dysfunction of the associated cell
types perpetuate brain injury because plasma proteins that were once prevented from entering the
brain can now cross the BBB and further cause edema and swelling of the brain (44). Thus,
neuroprotective strategies that target this acute breakdown and promote quicker repair could prove
beneficial preventing further tissue loss.
Weight Drop and rmTBI:

Mounting evidence now shows that even mTBIs can cause transient BBB leakage. Unlike
in the CCI model, the weight drop model causes an acute transient opening of the BBB (48, 210).
However, in cases, such as in rmTBI where there is accumulated diffuse axonal injury, this can
lead to metabolic disturbances which can cause a focal point of ischemia (20, 216, 217). The
dynamic role of the BBB in rmTBl is still unknown; however, pathological evidence of an increase
in microglia activation and reactive astrogliosis, correlates with BBB leakage. The transient
disturbance of CBF causes astrocytes to swell allowing for the passage of plasma proteins to cross

the BBB and cause mild brain swelling (195, 196).

Conclusion
Animal models in TBI have been an important tool for the development of potentially

translatable techniques and helping to elucidate the mechanisms underlying brain injury. TBIl is a
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heterogeneous injury in the human population (1, 217). The patient population differs with respect
to the degree of severity, location, and type (contusion vs concussion or both) of injury. This sets
the course that there is no one true gold standard animal model that fully recapitulates the entirety
of the human condition and emphasizes the need to understand the nuances of each individual
injury. Therefore, the development and examination of multiple TBI models will aid investigations
into the pathophysiological underpinnings of the complex disorder. Importantly, the success of
any TBI animal model is reproducibility of the injury so that each model has some degree of
standardization. While the weight drop model and the CCI model have been well studied in the
field, new models that recapitulate what happens after repetitive injuries are gaining momentum.
Animal models also remain necessary in testing therapeutic agents and upholding the safety of
clinical trials. One area of TBI research that has been understudied is the vascular response and
repair to injury and whether these changes play a major role in tissue damage and functional
decline. Although these studies are few, recent findings demonstrate that prolonged BBB
permeability can dictate injury severity because of secondary injuries associated with TBI and the
increase of edema. Therefore, further strategies aimed at limiting this response may provide
functional benefits and improve tissue recovery. In addition, understanding the cellular and
molecular mechanisms regulating BBB breakdown across multiple models may aid in knowing
the therapeutic window for drug delivery in each form of TBI and whether severity, location, and
cause should be considered. In addition, the role of larger arteriole collateral vessels in
redistributing blood flow to enable proper biomechanical stimuli across the luminal surface of
microvessels and maintain survival signals is unclear. The current work focuses on these responses
across several models of TBI and directly investigates the endothelial cell-specific role in the CCI

model following juvenile and adult injury.
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Abstract

While there are many studies that have focused on how the pediatric and immature brain responds
after traumatic brain injury (TBI), there are a limited amount of studies that address how the
adolescent brain recovers after TBI. It has been shown that children have worse clinical outcome
after TBI; however, the mechanisms that underlie enhanced recovery may actually occur through
age-specific processes. The objective of this study was to investigate the adolescent response to
TBI using moderate cortical controlled impact (CCI) injury in adult and postnatal day 21
juvenile/adolescent mice. Here we show that 4 days post-CCl injury, juvenile mice have
significantly less cortical tissue loss compared to adult mice. Furthermore, juvenile mice display a
significant increase in blood flow restoration to the area of injury as early as 2 days post-CClI injury
and an increase in expression of tight junction proteins, claudin-5 and occludin-1, that prevents
BBB permeability to Evan’s Blue (EB) dye that was not observed in adult mice. The vascular
environment is better preserved and protected in juvenile mice after CCI-injury as juvenile mice
have larger diameter collateral vessels, more CD31" vessels within the peri-lesion, and less
infiltrating CD11b* cells compared to adult mice. We have also observed an age-dependent

behavioral difference to injury between juvenile and adult mice as juvenile mice were resistant to
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motor and memory deficits using the rotarod and novel object recognition behavioral tests,
respectively. Gene expression analysis using qPCR on purified endothelial cells (ECs) reveals
expression differences between juvenile and adult mice in the angiopoietin (Ang)- Tie2 signaling
cascade. Preventing Tie2 signaling attenuated the neuroprotection seen in P21 mice. Thus, our
findings demonstrate an age-dependent response of the Ang-Tie2 axis in playing a direct role in
preventing tissue damage following CCI-injury. Targeting Tie2 signaling may, therefore, be a

potential therapeutic target for tissue protection against head injury.
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Introduction

Traumatic brain injury (TBI) is the leading cause of death and morbidity in children and
adolescents (1-6). Clinical studies that measure cognitive and behavioral disturbances conclude
that children who suffer TBI have a worse clinical outcome compared to adults (1, 2). However,
our understanding of how the adolescent brain responds to trauma is significantly understudied.
Clinical reports that have focused on the adolescent population have shown adolescent TBI
patients have experienced the greatest magnitude of functional improvement compared to adult
TBI patients (3). These findings that measured the outcome of adolescent TBI patients utilized the
Disability Rating Scale (DRS) and the Glasgow Coma Scale (GCS) and found adolescents showed
better improvements in cognitive and motor tasks, however, the mechanisms of these age-specific
neurological improvements after injury remain unknown (3). Experimental animal studies that
induce trauma to the developing brain have advanced our mechanistic understanding of injury
response and recovery, but the numbers of these studies within the adolescent/juvenile brain are
limited (4, 5). In similar pursuit of the clinical research, the majority of these experimental studies
focus on the rodent neonatal/immature brain, which has also been shown to be highly vulnerable
to TBI (6-9). Interestingly, work within the stroke field have highlighted an age-specific resistance
to blood brain barrier (BBB) damage after cerebral ischemia (4). The brain’s vasculature is lined
with tightly associated endothelial cells (ECs), pericytes, and astrocytes that make up the BBB (10,
11). Oxidative stress caused by ischemia can induce damage to the BBB by disassociating ECs,
pericytes, and astrocytes (11, 12). In the study performed by Muramatsu et al, adolescent postnatal
day 21 (P21) rats and immature P7 and P14 rats were subject to cerebral hypoxic-ischemia and
stained for 1gG, which binds to albumin and is a marker for BBB permeability (13). After the

injury, P7 and P14 brains had robust staining for 1gG, while P21brains had little to no IgG leakage
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within the brain parenchyma (4). These studies demonstrate that there are mechanistic differences
in age response of the BBB to cerebral ischemia.

While TBI is unique in the sense that there is a force applied to the brain, the multifaceted
pathological process shares a similar disease characteristic, cerebral ischemia, to that of stroke
(14). Studies that have measured cerebral blood flow (CBF) after fluid percussion injury (FPI) in
rats have shown CBF is depressed about 44% compared to non-injured shams (15). Pioneering
studies that compared the response of CBF after FPI between newborn and juvenile pigs found
CBF levels to remain depressed in newborn pigs while CBF restoration occurred faster in juvenile
pigs. Differences in CBF between newborn and juvenile pigs after FPI was further supported by
differences in the size of the pial arterioles (16). The authors found that the increase in CBF after
FP1 in juvenile pigs was due to the large diameter size of the pial arterioles that was not observed
in the newborn pigs (16). These studies further exemplify that the vascular function within the
juvenile brain does not share a pattern of vulnerability with respect to age after TBI (5). Other
studies suggest the preservation of key vascular responses such as acute hemodynamics (31-35)
microvascular density (36-39), and BBB integrity (11, 40-42) may prevent calcium perturbations,
mitigating the secondary phases of cellular injury induced by cell stress, inflammation, and
apoptosis (17, 18). Mechanisms underlying blood vessel maintenance and function show intact
blood vessels after trauma are important to provide proper vascularization of the tissue while
injured/leaky blood vessels have an opposite effect. Injured vessels contribute to the progressive
nature of tissue loss by impeding endogenous tissue repair and leaving the underlying tissue void
of vascularization (35, 43-46). Interestingly, many vascular factors that either promote vessel
stability or destabilization are expressed after TBI (19, 20). The angiopoietins (Ang-1 and Ang-2)

and the Tie2 receptor tyrosine kinases form a major signaling pathway that is exclusively EC-
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specific (21, 22). Ang-1 is expressed by mural cells that surround mature blood vessels while Ang-
2 is expressed by ECs (23). Although both Ang-1 and Ang-2 bind to the Tie2 receptor, they
mediate different effects when bound and the presence of other vascular factors like vascular
endothelial growth factor (VEGF) can change the cellular response to Ang binding making this
system context dependent (24). Ang-2 expression is elevated in times of hypoxia and can elicit
sprouting of blood vessels (25). In contrast, Ang-1 has a higher affinity for the Tie2 receptor
compared to Ang-2 and plays a necessary role in vessel stability (24, 26). Given the experimental
evidence that there is an age-dependent vascular response in juveniles to TBI, there may also be
an age-dependent mechanism within the ECs that promote this response (27, 28). Therefore,
understanding the mechanism(s) of the EC-specific Angiopoetin-Tie2 signaling cascade within the
adolescent brain, which has demonstrated resistance to ischemic injury could prove beneficial for
understanding how these blood vessels are able to respond robustly after TBI and applying these
mechanism(s) for therapy to other age groups.

The current study assesses the injury-induced cellular and acute vascular changes in the
brains of both adult and juvenile mice following cortical controlled impact (CCI) injury. Given
that the mouse cortex reaches approximately 100% of its adult weight by P21 and key brain
maturation events have been established, this is an appropriate age to model the human adolescent
brain (184). These maturation events include the development of the BBB with the establishment
of tight junction proteins and astrocyte end feet coverage and the maturation of the vasculature
with associated mural cells (29-36). Differences between the adult and juvenile brain arise in
synaptic proliferation and pruning events to be ongoing in the adolescent brain and glial maturation
does not terminate well into adulthood (29-36). We have chosen the CCI model given the clinical

relevance of the injury pathologies it produces such as contusion, ischemia, and subdural
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hematoma as these pathological features have also been observed in the clinic (37-40).
Specifically, we tested the hypothesis that differences in acute vascular changes exist between
juvenile and adult mice and the EC-specific Angiopoietin-Tie2 axis in juvenile mice confers tissue
protection. We further tested the role of Tie2 signaling by blocking angiopoietin binding onto Tie2
using the Tie2-FC soluble receptor protein and found neuroprotection to be attenuated in juvenile
mice. These findings highlight differences between the juvenile and adult brain response to CCI-

injury and further provide support for an age-dependent defense of the vasculature to TBI.

Materials and Methods

CCI Injury. Animals were prepared for CCI as previously described (41). Male CD1 mice at
postnatal day 21 and 2-4 months were anesthetized with ketamine and xylazine intraperitoneal
(i.p.) injection and positioned in a stereotaxic frame. Body temperature was monitored with a
rectal probe and maintained at 37°C with a controlled heating pad set. A 5mm craniotomy was
made using a portable drill over the right parietal-temporal cortex (—2.5 mm A/P and 2.0 mm
lateral from bregma). Injury was induced by moderate CCI using the eCCI- 6.3 device (Custom
Design & Fabrication; 3mm impounder) at a velocity of 3.5 m/s, depth of 1.0 mm, and 150 ms
impact duration (42, 43). Sham controls received anesthesia, skin incisions and sutures only.
Following injury, the incision was closed using Vetbond tissue adhesive (3M, St. Paul, MN, USA)
and the animals were placed into a heated cage until fully recovered from anesthesia. All
experiments were conducted in accordance with the NIH Guide for the Care and Use of Laboratory
Animals and were conducted under the approval of the Virginia Tech Institutional Animal Care
and Use Committee (IACUC; #12-081/15-063) and the Virginia Maryland Regional College of

Veterinary Medicine.
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Blood Flow Analysis. Cerebral blood flow measurement was conducted using Moor Laser Doppler
Imager (Moor LDI 5061 and Moor Software Version 5.3, from Moor Instruments) as previously
described (44). Mice were anesthetized and kept at 37.0 + 0.5°C body temperature. The
measurements were performed pre-CClI, post-CCl, and then under 1.5-2% isoflurane 3 h post-CClI
and for a consecutive 4 d post-CCl. Tissue perfusion is quantified with a region of interest (ROI)
defined around the area of injury. Corresponding areas in contralateral hemispheres and sham were
similarly surveyed. Shams acted as internal controls and the valid pixel (VP) and mean pixel (MP)
of ROIs of each hemisphere of sham animals was averaged. The ratio of injured animal’s

corresponding hemispheres to sham hemispheres was used to plot the time-course.

Behavioral Evaluations. A battery of behavioral tests were performed on juvenile (P21) and adult
(2-4 months) sham and CCl-injured mice 4, 7, and 14 days post-CCI injury by an observer unaware
of experimental groups. For training and testing days, animals were habituated into the training
room for one hour prior to testing and all assessments took place roughly at the same time each
testing day. The order of behavioral tests was as follows: novel object recognition, inverted screen,

beam balance, and Rotarod.

Novel Object Recognition. Hippocampal learning and memory were evaluated using novel object
recognition (NOR) testing. Twenty-four hours before testing days, mice were familiarized with
two identical objects and allowed to explore for five minutes in an open field plane. Mice were
placed in the center of the testing area, facing away from the objects. On testing days, a novel
object replaced one of the familiar objects and the mice were video recorded for five minutes. The

objects and testing area were cleaned in between trials to eliminate odor preference.
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Evaluation of hippocampal learning and memory is displayed as a preference index: the ratio of
time exploring the novel object to the total time exploring both objects. The mouse is perceived
as exploring an object when the animal’s nose comes within 2 cm of the object. A preference index

of greater than 50% indicates novel object preference.

Inverted Screen Test. Muscle strength was evaluated using Kondziela’s inverted screen test. In
short, mice are placed in the center of a wire mesh screen and a stop clock is started. The screen is
a 43 cm square of wire mesh that is 12 mm squares of 1mm diameter wire and encased by 4 cm of
wood. Over two seconds, the screen is rotated to an inverted position with the animal’s head
declining first. The screen is held 50 cm above a padded surface. The test is complete when the
mouse falls off the screen or if the mouse has been inverted for 60 s. Muscle strength is displayed

as the time to fall (seconds).

Beam Balance. Motor coordination and balance were evaluated using a beam balance test as
previously described. The apparatus consists of a flat 1-meter beam of 6mm thickness resting 50
cm above a padded surface. At the finish point of the beam, a black box where nesting material
from home cages is placed to attract mice to this finish point. The time it takes mice to travel a
total of 80 cm is recorded. Mice are placed at the start point of the beam and a stop clock is started
when the animal’s nose crosses the start of 80 cm distance and the clock is stopped when the
animal’s nose crosses the end of 80 cm. Animals were pre-trained 24 h prior to CCI injury with 4
trials each on the 6 mm beam (1 minutes resting in between trails) each day. Animals were also
observed for any hindlimb slips when walking across the beam and this was also recorded.

Evaluation of balance beam after the injury was averaged per animal trials on the testing day.

35



Rotarod Assessment. Sensorimotor function was evaluated using Rotarod testing, as previously
described (41) . Assessment was performed on the Economex (Columbus Instruments, Columbus,
OH) at the aforementioned time points. The starting velocity was set at 10 rpm and accelerated to
0.1 rpm/sec. Animals were pre-trained for 4 consecutive days prior to CCI injury with 4 trials (2
minutes resting in between trails) each day. A baseline was collected on the fourth day of training.
During testing days, each of the four trials ended when the animal fell off the Rotarod (fall latency)
and the time (seconds) was recorded. Evaluation of motor function after injury was based on
averaged individual scores relative to each animal’s baseline latencies and represented as

percentages of baseline.

Vessel Painting. Vessel painting on post-natal and CCl-injured mice was modified from previous
studies (45). Briefly, mice were injected s.c. with heparin (2,000 units/kg), and sodium
nitroprusside (SNP, 0.75 mg/kg) five minutes prior to euthanization using an overdose of
isoflurane. When breathing stopped, the chest cavity was opened and then cardiac perfused using
a Gilson MiniPuls3 peristaltic perfusion pump (Gilson Scientific, Bedfordshire, UK). Using a
continuous infusion, 6-10 ml of 1x phosphate buffered saline (PBS) containing 20 units/ml heparin
was perfused to flush blood from the cerebrovascular system, then 10 ml Dil (0.01pg/ml,
Invitrogen)— 4% sucrose—PBS-heparin mixture was perfused to label the vasculature (0.7 ml/min
for P1, 1.0 ml/min P7 and 2ml/min for P21 and adult flow rate), and finally, 4% cold
paraformaldehyde (PFA) was perfused to fix the tissue. All reagents were filter sterilized and
debris free. After perfusion, brains were carefully removed from the skull and placed in PFA
overnight. Fixed brains were imaged at multiple image planes at 4x magnification on an upright

fluorescence microscope (BX-51, Olympus America), using mosaic tile imaging from
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Stereolnvestigator software (MBF, Williston, VT). After imaging brains were transferred to 20%

sucrose overnight, then embedded in OCT on dry ice.

Quantification of collateral number and diameter. Collateral number and diameter was obtained
from vessel painted brains at 10x magnification and analyzed in Stereolnvestigator software
(MBF, Williston, VT). The number of collaterals between the MCA, ACA, and PCA trees and the
number of anastomoses within these trees was counted to give the total collateral number. Once
collaterals were identified, diameters were measured using the quick measure line. Two

measurements were taken for each collateral and averaged to give the relative size of the vessel.

Immunostaining. For immunostaining, whole mount, perfused-fixed tissue sections were blocked
in 2% FISH gel with 0.1% Triton for 5 hours and incubated with primary antibody overnight in
block at 4°C (mouse anti-Smooth Muscle Actin (SMA): 1/200 (Santa Cruz Biotechnology SC-
53142); NISSL 1/200 (Invitrogen N21480). Whole mount fresh tissue sections were blocked in
2% FISH gel with 0.1% Triton for 5 hours and incubated with primary antibody overnight in block
at 4°C (goat-anti- CD31: 1/200 (BD AF-3628); mouse anti- CD11b: 1/200 (R&D MAB1124) or
rabbit anti-Glial Fibrillary Acidic Protein (GFAP): 1/200 (Cell Signaling 12389S). Sections were
washed 4 times with 1X PBS and incubated with anti-rabbit, mouse, goat Alexa Fluor 488-
conjugated secondary antibodies or anti- mouse Alex Flour 594- conjugated secondary antibodies
(Molecular Probes, Carlsbad, CA) for 1h at RT. Whole mounts were counterstained with
DAPI (1 pg/ml, Molecular probes, Carlsbad, CA) and mounted in Pro-Long anti-fade mounting
solution (Molecular probes, Carlsbad, CA). To visualize Brdu, sections were fixed in 10% buffered

formalin and incubated in 2N HCI as previously described (24).

37



Stereological Analysis:

Evaluation of Lesion volume. Lesion volume was assessed by a blinded investigator using Caveleri
Estimator from Stereolnvestigator (MicroBrightField, Williston, VT, USA) and an Olympus
BX51TRF motorized microscope (Olympus America, Center Valley, PA, USA). Lesion volume
(mm?3) was determined as previously described (41, 46). Briefly, volume analysis was performed
by estimating the area of tissue loss in the ipsilateral cortical hemisphere for five coronal serial
sections at or around the epicenter (—1.1 to -2.6 mm posterior from bregma) of injury. Nissl
stained serial sections were viewed under fluorescent illumination (GFP) at a magnification of 4x.
A random sampling scheme was used that estimates every 10" section from rostral to caudal,
yielding five total sections to be analyzed. A randomly placed grid with 100 um spaced points
was placed over the ipsilateral hemisphere and the area of the lesion was marked within each grid.
Lesion boundaries were identified by loss of NISSL staining, pyknotic neurons, and tissue
hemorrhage. The marketed areas, using grid spacing, was then used to estimate total tissue volume
based on section thickness, section interval, and total number of sections within the Caveleri
program, Stereolnvestigator. Data is represented as the volume of tissue loss or lesion volume

(mm?) for juvenile and adult mice.

Smooth Muscle Cell Diameter, CD31 density, and CD11b counts. Briefly, diameter, density, and
counts were performed in the ipsilateral cortical hemisphere for five coronal serial sections at or
around the epicenter (—1.1 to -2.6 mm posterior from bregma) of injury. Smooth muscle cell
(SMA) stained serial sections were viewed under fluorescent illumination (GFP) at a magnification
of 20x and an exhaustive count was performed to obtain the diameter of SMA*/DI" vessels that
were found on the surface, hippocampus, and interstitial tissue, using a different probe to

demarcate where the vessel was found. SMA diameter (um) was assessed using the Nucleator
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method from Stereolnvestigator (MicroBrightField, Williston, VT, USA) and an Olympus
BX51TRF motorized microscope (Olympus America, Center Valley, PA, USA). The diameter was
determined by identifying cross-sectional SMA™ vessels and placing a probe that shoots out four
random rays in the center of each cross section. The points where the rays intersect the SMA*
vessel is marked and a radius is calculated. For CD31 density, dapi stained serial sections were
viewed under fluorescent illumination (UV) at a magnification of 4x to draw a contour 1mm from
the top of the cortex around the area of injury. The optical fractionator method was used and a
counting frame set to randomly sample spaces covering the entire region of interest. CD31" were
counted within each counting frame under fluorescent illumination (GFP) at a magnification of
20x to obtain appropriate coefficients of error. Density is estimated from taking into account
section thickness and number of probes place within each counting frame. CD11b counts were
performed under fluorescent illumination (RFP), six random 20x images were taken around the

area of injury and CD11b cells were counted to give an estimate of infiltrating cells.

Isolation of CD31* cells: Adult or P21 mice were sacrificed by decapitation under anesthesia and
injured cortex were extracted from 4d post-CCl and sham mice using neural dissociation kit
(Miltenyi Biotec, Auburn, CA). Six to seven mice were used per group for each isolation. Single-
cell suspension from freshly dissociated brain tissue was subjected to CD31" magnetic beads and
column separation, as per manufacturer instructions to separate CD31" fraction from the rest of

the flow through (MACS; Miltenyi Biotec, Auburn, CA).

Quantitative real-time PCR: Total RNA of CD31" cells and flow through was isolated according

to the manufactures instructions using Trizol extraction (Invitrogen). RNA quantification
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was carried out by measuring absorbance with spectrophotometer ND-1000 (NanoDrop). RNA
was reverse transcribed into cODNA with Im-Prom Il Reverse Transcription System (Promega,
Madison, WI). RNA samples were treated with DNase | (ThermoFisher, Waltham, MA) before
reverse transcription. Each DNase reaction (1 ng RNA, 1 pL 10X DNase | buffer, 1 uL DNase I,
0.5 pL RNase inhibitor, up to 10 pL with water) was incubated at 37 °C for 60 minutes before
inactivation by the addition of 1 L 50 mM EDTA and incubation at 65 °C for 10 min. The DNase-
treated RNA samples were incubated with oligo (dT) 15 primer at 70 for 5 min. (250 ng RNA, 1
ML oligo (dT) 15, up to 5 pL with water) and chilled on ice for 5 minutes to allow annealing before
reverse transcription. To prepare the cDNA samples, 15 pL reverse transcription mix (3.7 pL
water, 4 uL 5X ImProm-II buffer, 4.8 pL 25 mM MgCl,, 1 pL 10 mM dNTPs, 0.5 pL RNase
inhibitor, 1 uL ImProm-II reverse transcriptase) were added per 5 L RNA sample and reverse
transcription was performed using the following PCR scheme: 25 °C for 5 min.; 42 °C for 1 hour;
70 °C for 15 min. For gRTPCR analysis, 7 ng cDNA per reaction were amplified using SYBR
Green PCR Master Mix (Applied Biosystems, Foster City, CA). Gene primer sequences are shown
in Table 1. Expression changes were calculated using AACq values with reference to Gapdh
internal control gene then calculated as relative expression compared to appropriate sham samples.
To test the purity of the CD31" fraction, relative expression was compared to appropriate flow

through samples.
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Table 1: Forward and Reverse mRNA primer sequences used for qPCR of CD31" cells and flow

through (non-CD31" fraction).

Gene: mRNA Forward Sequence Gene: mRNA Reverse Sequence

Mcpl: TCACCTGCTGCTACTCATTCACCA Mcpl: TACAGCTTCTTTGGGACACCTGCT
Enos: ATGAGTTCAGAGATTGGCATGA Enos: CTTGTCTTTCCACAGGGATGAG
Casp 12: AATGGAGGTAAATGCTGGATTG Casp 12: ACGTGGACAAAGCTTCAGTGTA
Bcl2: CCTGTGGATGACTGAGTACCTG Bcl2: AGCCAGGAGAAATCAAACAGAG
Ang 1: CGAAAGCTGACAGATGTTGAGA Ang 1: TTTGTCTGTTGGAGAAGTTGCT
Ang 2: GGAAAAGCAGATTTTGGATCAG Ang 2: TTCTGCTCCTTCATGGACTGTA
Vegf: GAAGTCCCATGAAGTGATCCAG Vegf: TCACCGCCTTGGCTTGTCA

Flkl: GGGACCTGGACTGGCTTTG Flk1l: CCGCATTCAGTCACCAATACC

FlItl: TTCGGAAGACAGAAGTTCTCGTT Fltl: GACCTCGTAGTCACTGAGGTTTTG
Neun: CACTCTCTTGTCCGTTTGCTTC Neun: CTGCTGGCTGAGCATATCTGTA
GFAP:ACCAGTAACATGCAAGAGACAGAG GFAP: GATAGTCGTTAGCTTCGTGCTTG
PdgfrB: GGTACGTGTGAAGGTGTCAGAA PdgfrB: ACTCTCACTCAGCTCCAGCAC
Tie2: AAATGACCCTAGTGAAGCCAGA Tie2: GTCAGGAGGTAAGACTCGGTTG
Cldn5: ATGCAGTGCAAGGTGTATGAAT Cldn5: CCGGTCAAGGTAACAAAGAGTG
OcInl: TGGATCGGTATGATAAGTCCAA Oclnl: CATAGTCAGATGGGGGTGGAG
MGAPDH: ATTGTGTCCGTCGTGGATCTGA MGAPDH: AGATGCCTGCTTCACCACCTTCTT

Blood Brain Barrier: A 0.5% sterile Evans blue (EB, Sigma E2129) solution was prepared in PBS
and passed through a 0.2um filter to remove powder that has not dissolved. Mice having undergone
either sham or CCI surgery were injected with 200ul Evans Blue intraperitoneally. 3h after EB
injection, brains were removed from the ipsilateral and contralateral hemispheres cortexes and
incubated separately in 500ul Formamide (Invitrogen, 15515-026) for 24 h at 55° C. Samples were
centrifuged to pellet the tissue and absorbance was measured at 610 nm using a NanoDrop 1000
Spectrophotometer (Thermo Scientific, Wilmington, DE.) Formamide was used to blank the

instrument. EB absorbance for each injured animals was normalized to sham.

Tie2-Fc Infusion Studies: Juvenile mice at P21 were prepared for CCI injury as previously
mentioned. Immediately after injury, juvenile mice received a 100 uL injection of either Fc control
(Sino Biological Inc. S016080615) soluble protein diluted in 3 mL sterile saline or Tie2-Fc soluble

protein (Sino Biological Inc. 51087-M0ZH) diluted in 3 mL sterile saline to give a final
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concentration of 100 mg/ml. The animals received twice daily tail vein injections of 100 uL of
either Fc or Tie2-Fc for a total of two days. After the two days, juvenile mice were sacrificed and

lesion analysis was performed on fresh frozen tissue sections.

Statistical analysis. Data was graphed using GraphPad Prism, version 4 (GraphPad Software,
Inc., San Diego, CA). Student’s two-tailed t-test was used for comparison of two experimental
groups. For three or more groups, multiple comparisons were done using one-way and
two-way ANOVA where appropriate followed by Tukey or Bonferroni test for multiple pairwise
examinations. Changes were identified as significant if P was less than 0.05. Mean values were

reported together with the standard error of the mean (SEM).

Results

Juvenile Mice Have Reduced Lesion Volume

Clinical evidence suggests that the juvenile TBI patient population has a better clinical
outcome following injury, though our understanding of the mechanisms involved is limited (3).
To begin examining experimentally how the juvenile brain responds to TBI we sought to analyze
the acute and sub-acute neural tissue damage between adult and juvenile mice. Specifically, we
evaluated injury outcome in adult and juvenile mice, using the cortical controlled impact (CCI)
model (42, 43, 46), at 4 and 14 days post- injury. Serial sections were subjected to NISSL staining
and lesion boundaries were demarcated by the loss of NISSL stain, pyknotic neurons and tissue
hemorrhage (Figure 1). Using the Caveleri estimator, we found juvenile mice (1.5+0.13mm?; n=8)
(Figure 1B) have a significant reduction in lesion volume (F=16.63, P=0.16) compared to adult
mice (2.5+0.08mm?3; n=6) (Figure 1A) at 4 days post-CCl injury (Figure 1E). Sub-acute neural

protection was also seen at 14 days post-CCl injury where juvenile mice (1.2+0.10mm?; n=6)
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(Figure 1D) had reduced lesion volume compared to adult (2.15+0.20mm?3; n=7) (Figure 1C) mice.
These results indicate that juvenile mice have better tissue protection in the cortex following acute

TBI compared to adult mice and this tissue protection is also persevered at a more sub-acute time

point.
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Figure 1. Comparison of Lesion Volume at 4 and 14 days post-CCl. Nissl stained sections
collected at 4 and 14 days post-CCl from adult (A-C; respectively) and juvenile (B-D;
respectively) brains show juvenile mice have less tissue loss. Quantified analysis (E) of lesion
volume using Caveleri Estimator. Bar graph displays significant smaller lesion volume (mm?) at
4 and 14 days in juvenile compared to adult. Dataset represented as mean +/- SEM. ““P<0.0001.
CTX- cortex; hippo- hippocampus. (Adult n= 6-7 per group); (juvenile n= 6-8 per group). Scale

bar Imm.
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Age-dependent Difference in Cerebral Blood Flow Recovery after TBI

As we found that juvenile mice exhibited acute tissue protection following CClI injury, we
were interested to see if this overt neuroprotection was due to differences in CBF between juvenile
and adult mice. To test this, juvenile and adult mice were subjected to non-invasive high-resolution
infrared laser Doppler imaging to measure perfusion in the brain before and after CCI injury
(Figure 2). The region of interest (ROI) was defined as an oval over the area of focally induced
injury and outlined in Figure 2B-F. Relative blood flow using the defined ROI for each CCl-injured
mouse gave a perfusion for unit (pfu) value based on color intensity (blood flow) and was
compared to the average pfu values of sham-injured aged matched controls using the same ROI.
Prior to injury, adult (Figure 2A) and juvenile (Figure 2D) mice display no differences in perfusion.
There was a similar drop in perfusion in the area of injury immediately after CCI injury in both
juvenile (0.345+0.03pfu; n=10) (Figure 2E) and adult (0.462+0.04pfu; n=7) mice (Figure 2B).
This drop in perfusion was sustained at 3 hours to 1 days post-injury between adult
(0.297+40.03pfu; 0.53+0.06pfu) and juvenile (0.36+0.02pfu; 0.56+0.06pfu) mice (Figure 2G).
However, 2 days post-injury, juvenile mice (0.58+0.04pfu) had better perfusion to the area of
injury compared to adult (0.413+0.06pfu) mice (Figure 2G). This increase in perfusion was
significant in juvenile (0.67+0.05pfu; 0.62+ 0.05pfu) mice from 3 to 4-days (Figure 2F) post-CCl
injury compared to adult (0.38+0.06pfu; 0.44+ 0.03pfu) mice (Figure 2C and 2G). In addition, we
measured the blood perfusion on the contralateral side of injury and found juvenile (1.03+0.12pfu)
mice have a significant increase in perfusion 3 hours post-CCl injury compared to adult
(0.70+0.06pfu) mice and this increase in perfusion trended higher throughout the time course
compared to adult mice (Figure 2H). These results indicate that there is an acute restoration of

CBF to the area of injury in juvenile mice after CClI injury that is not observed in adult mice.
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Figure 2. Cerebral Blood Flow in Adult and Juvenile mice following CCl injury. Relative intensity
of blood flow analysis using the Laser Doppler Imager shows adult (A-C) and juvenile (D-F) mice
have loss of blood flow after 5-minutes post-CCl injury denoted by dotted circle, which represents
the region of interest (ROI) (B and E; respectively), compared to pre- injury (A and D;
respectively). 4 days post-CCl injury, juvenile mice (F) have increase in blood flow perfusion
around area of injury, compared to pre (D) and post (E) scans and to adult mice (C). Quantitative
(G) analysis using relative intensity around ROI displays juvenile mice have a significant increase

in blood flow to the area of injury starting at 2 days post-CCl and continuing onto 4 days compared
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to adult. Juvenile mice have a significant increase in perfusion on the contralateral side (H) 3 hours
following CCI injury and a trend toward an increase in perfusion with time. Dataset represented
as mean +/- SEM relative to age-matched sham-injured mice. ““P<0.0001; “P<0.05. Bregma and
lambda points noted on images. (Adult and Juvenile CCI n= 7 and n=10 per group) (Adult and

juvenile sham n=8 and n=11 per group).

Juvenile Mice Have Larger Pial Collaterals 4 Days Post-CCl injury

Pial arteriole vessels in juvenile pigs have been found to expand in diameter and contribute
to the increase in CBF following FPI injury (5). In addition, experimental and clinical studies in
the stroke field have demonstrated that the number and extent of pial arteriole collateral vessel
remodeling correlate with early tissue protection (47-49). As our juvenile CCI model has
demonstrated both neuroprotection and an early restoration of CBF, here we sought to analyze the
effects of pial collateral vessel remodeling between adult and juvenile mice following CCl injury
(Figure 3). At 4 days post-injury, adult and juvenile mice were analyzed for the density and
diameter of pial collaterals using vessel painting on the ipsilateral (F=9.5; P=0.41) and
contralateral (F=3.25; P=0.17) cortex (Figure 3A). Vessel painting selectively labels the arteriole
network using a fluorescent lipophilic cationic dye (Dil) that is administered into the left ventricle
during cardiac perfusion (45). Using this method, we observed that there was no difference in the
number of collaterals between adult (9.40+1.67; n=10) and juvenile (13+1.42; n=10) sham-injured
animals on both the contralateral and ipsilateral surface (Figure 3A and 3B). Not surprisingly, both
adult (4.18+0.50; n=11) and juvenile (8.7+0.83; n=14) CCl-injured mice saw a significant
reduction in the number of collaterals on the ipsilateral side of injury compared to non-injured age-

matched sham animals (Figure 3A and 3B). Yet, juvenile CCIl-injured mice had a significantly
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smaller reduction in the ipsilateral number of collaterals compared to adult CCl-injured mice
(Figure 3A).

We then measured the overall diameter of these collateral vessels on the ipsilateral (F=7.06;
P=0.0004) and contralateral (F=6.23; P=0.0031) sides 4 days post-CClI injury. Collateral diameters
were comparable between age-matched sham-injured mice (Figure 3C and 3D). We saw no change
in diameter between adult sham-injured (17.99+0.47um; n=5) and adult CCI-injured
(16.38+0.69um) collateral vessels on the ipsilateral and contralateral sides, 4 days post-CCl injury
(Figure 3C and 3D). Interestingly, juvenile CCl-injured (25.43+0.27um; n=6) mice had a
significant increase in diameter on the ipsilateral side of injury compared to juvenile sham-injured
(18.99 +0.71um; n=7) mice (Figure 3C). This overall increase in collateral diameter seen in
juvenile CCl-injured mice was significantly larger than the diameter of collateral vessels in adult
CCl-injured mice (Figure 3C).

As we observed an overall increase in collateral diameter in juvenile CCl-injured mice, we
next wanted to analyze the number of collaterals with specific diameters that ranged from 0-20
pm, 21-25 pum, 26-30 pm, 31-39 um, and 40 pum on both the ipsilateral and contralateral surface
to get a better understanding of how density and diameter of collateral vessels may contribute to
early tissue protection (Figure 3E and 3F). We found the number of remaining ipsilateral pial
collateral vessels at 0-20 pm was reduced in juvenile CCIl-injured (1.17+0.48; n=6) mice compared
to adult CCl-injured (4.20+0.74; n=5) mice (Figure 3E). No difference was observed between adult
sham-injured (5.67+0.49; n=6) and juvenile sham-injured (5.0+0.66; n=7) animals (Figure 3E and
3F). However, when we looked at larger diameter vessels within the 26-30 pm and 31-39 pm
range, juvenile CCl-injured (1.8+0.80) mice trended to have more collaterals that fell within these

ranges compared to adult CCl-injured (0.4+0.25) and juvenile sham-injured (1.17+0.47) animals
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(Figure 3E). Interestingly, this trend of the number of collaterals that fall in the 26-30 um and 31-
39 um was also seen on the contralateral side of injury (Figure 3F). We also observed a significant
decrease in the number of collaterals within the 0-20 um in juvenile CCl-injured (1.67+1.11; n=6)
mice compared to adult CCl-injured (5.6+0.25; n-5) and juvenile sham-injured (4.74+0.18; n=7)

mice on the contralateral side of injury (Figure 3F).
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Figure 3. Comparison of collateral density and diameter at 4 days following CCI injury. Bar
graph (A) shows a significant quantitative reduction in collateral numbers on the ipsilateral side of
injury in both adult and juvenile CCI-injured mice compared to age-matched sham-injured mice.

Injured juvenile mice lose fewer collaterals compared to adult injured mice. Bar graph (B) shows
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that there is no change in the density of collaterals on the contralateral side of injury between adult
and juvenile CCl-injured mice. Quantitative data (C) of the diameter of collateral vessels gets
significantly larger in juvenile CClI-injured mice compared to juvenile sham-injured mice. Juvenile
CCl-injured mice have larger diameter collateral vessels compared to adult CCl-injured mice.
There is no change in collateral diameter between adult sham-injured and adult CCI-injured mice.
On the contralateral side of injury, bar graph (D) shows juvenile CCIl-injured mice have a
significantly larger diameter of collateral vessels compared to juvenile sham-injured mice.
Juvenile CCl-injured mice have a greater diameter in collaterals compared to adult CCl-injured
mice. There is no change in diameter between adult CCI-injured and adult sham-injured mice. Bar
graph (E) of the breakdown of collateral vessel diameters show juvenile CCl-injured mice have
fewer diameter collaterals in the 0-20 pm range compared to juvenile sham-injured mice. Juvenile
CCl-injured mice have fewer collaterals in the 0-20 um range compared to adult CCI-injured mice.
Vessel painted whole brain images from adult (F) and juvenile (G) CCl-injured mice. Near the
area of injury, collateral vessels appear to be smaller in diameter in adult (G) compared to juvenile

*kk

(FY) mice. Dataset represented as mean +/- SEM. ““P<0.001; “P<0.01 “P <0.05. The dotted
yellow circle marks focal CClI-injury and loss of vasculature in vessel painted images. Asterisks
mark collateral vessels. Middle Cerebral Artery (MCA), Posterior Cerebral Artery (PCA), and
lesion noted on images (Adult and Juvenile CCI n=5 and n=6 per group) (Adult and juvenile sham

n=>5 and n=7 per group). Scale bar 1mm.

While conducting the number and diameter analysis of collateral vessels on our vessel

painted images of adult CCl-injured (Figure 3F) and juvenile CCl-injured (Figure 3G) brains, we

began to notice that collateral territories (middle cerebral artery (MCA-ACA); MCA-posterior
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cerebral artery (PCA); and MCA-MCA) closer to the area of injury had larger diameter collateral
vessels compared to collateral territories further away from the area of injury. While this was
evident in juvenile CCl-injured mice (Figure 3G') we did not see the same effect in adult CCI-
injured (Figure 3F) mice. Thus, we decided to quantitate our observation (Figure 4). Further
examination of the number and the location-territory of collateral vessels that are lost after CCI-
injury revealed collaterals between the MCA and anterior cerebral artery (ACA) branches are most
affected (Figure 4A). Not surprisingly, adult CCl-injured (2.05+0.33) and juvenile CCl-injured
(2.5+0.53) mice had significantly fewer collaterals within the MCA-ACA compared to adult sham-
injured (3.5+ 0.93) and juvenile sham-injured (4.49+1.53) mice (Figure 4A). No other territories
saw a significant change in number between our CCl-injured and sham-injured groups (Figure
4A). Interestingly, the contralateral MCA-ACA territory in juvenile CCl-injured (3.94+ 1.5) mice
had more collateral vessels compared to adult CCl-injured (2.61+ 1.16) mice, while there were no
other territories on the contralateral side that saw a change in number among our CCl-injured and
sham-injured groups (Figure 4D). Consistent with our observations, diameter analysis among
territories adjacent to the area of injury revealed that the MCA-PCA branches and intra MCA-
MCA branches were significantly larger in juvenile CCl-injured (25.92+0.53 um) mice compared
to adult CCl-injured (17.85+2.09 pm) and juvenile sham-injured (17.22+0.14 pm) mice.
Examination of collateral vessels on the contralateral side to injury revealed that among all
collateral territories (MCA-ACA; MCA-PCA; and MCA-MCA) juvenile CCl-injured mice (24.27
+1.07 um) had significantly larger diameter collaterals compared to juvenile sham-injured (18.01
+0.22 pm) mice. In the MCA-ACA and MCA-PCA territory, this increase in the size of the
collateral vessels was also significantly larger between juvenile CCl-injured and adult CCl-injured

(18.11 +1.22 pm) mice. There was no change in collateral diameter between adult CCl-injured
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mice and adult sham-injured (19.0 +1.15 um) mice. These findings suggest that while CCl-injury
disrupts collateral vessels in both adult CCl-injured and juvenile CCIl-injured mice, the remaining
collateral vessels found in the juvenile CCl-injured brain expand in diameter, while this is not
observed in adult CCl-injured mice. Further examination revealed that collateral vessels found

near the area of injury in juvenile CCl-injured mice were the vessels that expanded most in size.
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Figure 4. Comparison of collateral density and diameter at 4 days following CCI injury among
collateral territories. Bar graph (A-B) represent the number of collaterals that are found in the
different collateral territories between adult and juvenile mice. Bar graph (A) shows on the
ipsilateral side in all groups, the number of collaterals between adult and juvenile sham-injured
mice are similar. After CCI injury, there is a significant decrease in the number of collaterals that
fall within the MCA- ACA territory between adult and juvenile CCl-injured mice compared to

age-matched sham-injured mice. Bar graph (B) shows on the contralateral side of injury the density
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of collaterals between adult and juvenile sham-injured mice is similar. After CCI injury, juvenile
mice have significantly more collaterals between the MCA- ACA territory compared to adult CCI-
injured mice. Bar graphs (C-D) represents the diameter of collaterals that fall within each collateral
territory between adult and juvenile mice. Bar graph (C) shows on the ipsilateral side of injury
there is no change in collateral diameter among the territories between adult CCl-injured and adult
sham-injured mice. Juvenile CCIl-injured mice have a significant increase in diameter in all
collateral territories compared to juvenile sham-injured mice. Juvenile CCl-injured mice have a
significant increase in collateral diameter within the MCA-PCA and MCA- MCA branches
compared to adult CCl-injured mice. Bar graph (D) on the contralateral side of injury shows adult
CCl-injured mice and adult sham-injured mice see no change in diameter size in all collateral
territories. Juvenile CCl-injured mice have significantly larger diameter collateral vessels in all
territories compared to juvenile sham-injured mice. Juvenile CCl-injured mice have significantly
larger collaterals within the MCA-ACA and MCA-PCA branches compared to adult CCl-injured

*kk

mice. Dataset represented as mean +/- SEM. ““P<0.001; “"P<0.01 “P <0.05. (Adult and Juvenile

CCIl n=5 and n=6 per group) (Adult and juvenile sham n=5 and n=7 per group)

Juvenile Mice Have Larger Pial Collaterals 14 Days Post CCl-injury

While we analyzed the diameters of collateral vessels at an acute time point, we wanted to
ensure these changes in diameter are due to vessel remodeling and not due to spontaneous vessel
enlargement as a consequence of CCl-injury (50, 51). Thus, we repeated the 4-day post-CClI
collateral analysis at 14 days post-CClI (Figure 5). Spontaneous vessel spasms are shown to resolve
11 days post-injury in children and in experimental blast injuries in rodents, thus we were

interested in looking at vessel diameters at this sub-acute time point (51, 52). We found that
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numbers of surface collaterals in the ipsilateral (F=5.86; P=0.0037) and the contralateral (F=1.79;
P=0.90) sides among the groups had similar trends to the 4-day data. Thus, we found adult CCI-
injured (5.38+0.53; n=8) and juvenile CCl-injured (8.23+0.64; n=13) mice lost similar numbers
of collaterals on the ipsilateral side of injury compared to adult sham-injured (10.20+1.50; n=10)
and juvenile sham-injured (12.56+1.70; n=8) animals (Figure 5A). Similar to the 4-day data,
analysis on the contralateral side of injury revealed no change in collateral numbers among the
animal groups at the 14-day time point (Figure 5B).

Interestingly, similar to the 4-day diameter data, the collateral diameters on the ipsilateral
(F=5.04; P=0.0004) hemisphere of the juvenile CCl-injured mice (22.03um+1.22; n=7) remained
significantly larger compared to adult CCl-injured (17.35um+1.34; n=6) and juvenile sham-
injured (17.76pum+0.11; n=6) mice at the more sub-acute time point (Figure 5C). The collateral
diameters on the contralateral (F=12.10; P=0.1796) hemisphere were also significantly larger in
juvenile CCl-injured (24.01um+0.62; n=7) mice compared to juvenile sham-injured
(18.82um+0.68; n=6) and adult CCI-injured (17.61um+0.61; n=6) mice 14 days post-CClI injury
(Figure 5D).

We next wanted to determine if similar trends of density and diameter of collateral vessels
held true to the 4-day data at the 14-day time point. Again, we analyzed the number of collaterals
with specific diameters that ranged from 0-20 um, 21-25 pm, 26-30 pm, 31-39 pm, and 40 pum on
both the ipsilateral and contralateral surface (Figure 5E and 5F). On the ipsilateral surface we
found that juvenile CCl-injured (1.86+0.55; n=7) mice had a significant loss of the number of
collateral vessels in the 0-20 um range compared to adult CCl-injured (3.00+0.45; n=6) and
juvenile sham-injured (5.83+0.65; n=6) mice (Figure 5E). However, juvenile CCI-injured

(1.29+0.52; n=7) mice showed a significant increase in the number of collaterals that fell in the
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21-25 um range compared to adult CCl-injured (0.50+0.34; n=6) and juvenile sham-injured
(1.33+0.33; n=6) mice (Figure 5E). Juvenile CCl-injured mice also trended to have more vessels
that fell in the large diameter ranges of 26-30 pum and 31-39 um (Figure 5E). Analysis on the
contralateral surface in both adult CCl-injured (5.83+0.87; n=6) and juvenile CClI-injured
(2.0+0.58; n=7) mice revealed a significant reduction in the number of collaterals that fell in the
0-20 pm range compared to adult sham-injured (5.0+0.52; n=6) and juvenile sham-injured
(6.17+0.87; n=6) mice, respectively (Figure 5F). Taken together this data demonstrates that the
increase in diameter observed in juvenile CCl-injured mice at 4-days post-CClI injury was also
evident at 14-days post-CCl injury, while changes in collateral diameter of adult CCl-injured mice

were not observed.
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Figure 5. Comparison of collateral density and diameter at 14 days following CCI injury. Bar
graph (A) shows a significant reduction in collateral numbers on the ipsilateral side of injury in
both adult and juvenile CCIl-injured mice compared to age match sham-injured controls. Bar graph
(B) shows that there is no change in the density of collaterals on the contralateral side of injury
between adult and juvenile mice. Quantitative data (C) of the diameter of collateral vessels show
juvenile CCl-injured mice have significantly larger diameter collateral vessels compared to
juvenile sham-injured and adult CCl-injured mice. There is no change in collateral diameter

between adult CCl-injured and adult sham-injured mice. Bar graph (D) shows on the contralateral
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side of injury, juvenile CCI-injured mice have significantly larger diameter collateral vessels
compared to juvenile sham-injured and adult CCl-injured mice. There is no change in diameter
between adult CCl-injured and adult sham-injured mice. Bar graph (E) represents the ipsilateral
breakdown of collateral vessel diameters and shows juvenile CCl-injured mice have fewer
diameter collaterals in the 0-20 um range compared to juvenile sham-injured and adult CCl-injured
mice. Juvenile CCl-injured mice have more collaterals in the 21-25 pum range compared to juvenile
sham-injured and adult CCl-injured mice. Bar graph (F) represents the contralateral breakdown of
collateral vessel diameters and shows adult and juvenile CCl-injured mice have significantly fewer
collateral vessels in the 0-20 pum range compared to age- matched sham-injured controls. Dataset
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represented as mean +/- SEM. “P<0.001; “P<0.01 "P<0.05. (Adult and Juvenile CCI n= 6 and

n=7 per group) (Adult and juvenile sham n= 6 per group).

Juvenile Mice Have Larger Surface Diameter SMA™ Vessels 4 Days Post-CClI Injury

While we had observed the increase in diameter of surface collateral vessels in juvenile
CCl-injured mice, we were next interested in quantifying surface diameter changes histologically
as well as quantifying changes to the interstitial tissue and hippocampus (Figure 6). To do this, we
stained serial coronal sections with smooth muscle actin (SMA) and measured the diameter of
SMA* vessels that co-labelled with Dil* ECs from our vessel painting technique 4-days after CCI-
injury. Analysis of SMA*/Dil* vessels ensured that we were quantifying the arteriole network and
not veins that have also been found to be SMA™ (53). Diameter analysis was performed using the
Nucleator Program on SMA*/Dil* vessels that were found on the surface (F=10.91; P=0.0796),

within the interstitial cavity (F=2.20; P=0.124), and hippocampus (F=1.97; P=0.16) on the
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ipsilateral side of injury (Figure 6A, 6B, 6C). First, we found that SMA*/Dil" vessel diameters
were similar in all brain regions (surface, interstitial, and hippocampus) of our analysis between
adult sham-injured and juvenile sham-injured mice. When we quantified SMA*/Dil" vessels found
on the surface in adult CCl-injured (18.71um+0.62; n=8) mice saw no change in surface diameter
relative to adult sham-injured mice (20.84um+0.85; n=10) (Figure 6A). Next, we found that
juvenile CCl-injured (24.17um+ 0.95; n=8) mice saw a significant increase in SMA*/Dil" surface
vessel diameter compared to juvenile sham-injured (20.34um=+0.33; n=7) mice (Figure 6A). The
increase in surface diameter of SMA'/Dil* vessels in juvenile CCl-injured mice was also
significantly larger compared to adult CCIl-injured animals (Figure 6A). We saw no change in
SMA"/Dil* vessel diameter in adult CCl-injured and juvenile CCl-injured mice compared to age-
matched sham-injured controls within the interstitial tissue or hippocampus (Figure 6B and 6C).
Here we demonstrate that SMA*/Dil" vessels found on the ipsilateral surface of juvenile CClI-
injured mice increase in diameter after CCl-injury while SMA™/Dil* vessels found on the surface
of adult CCl-injured mice do not change in size following CCl-injury. Furthermore, SMA™*/Dil*
vessel diameter changes do not occur within the interstitial tissue or hippocampus following CCI-

injury in adult and juvenile mice.
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Figure 6. Comparison of SMA diameters 4 days post-CCI. Quantified analysis (A-C) of SMA*/Di*

vessels found on the surface, interstitial tissue, and hippocampus using Nucleator Program. Bar
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graph (A) displays juvenile CCl-injured mice have significant larger diameter SMA™ vessels found
on the surface compared to juvenile sham-injured and adult CCIl-injured mice. There is no change
in diameter between adult CCl-injured and adult sham-injured animals. Bar graph (B) displays no
change in diameter of SMA™ vessels found in the interstitial tissue among the groups. Bar graph
(C) displays no change in diameter of SMA™ vessels found in the hippocampus among the groups.
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Data sets represented as mean +/- SEM. ““P<0.0001; “P<0.001. (Adult and Juvenile CCI n= 3-8

and n=7-9 per group) (Adult and juvenile sham n=4-10 and n= 4-7 per group).

Juvenile Mice have more CD31* microvessels within the peri-lesion 4 Days Post-CCl injury

To expand upon our vascular findings, we were next interested in determining if we would
observe microvascular differences in numbers between adult CCl-injured and juvenile CCl-injured
mice within the peri-lesion (Figure 7). To do this, we stained coronal sections collected 4 days
post-CCl injury, with CD31 (PECAM). Quantitative analysis was performed using the optical
fractionator program, which allowed us to randomly sample sites throughout the peri-lesion and
count for CD31" microvessels. Upon analysis, we noticed phenotypical differences of CD31*
microvessels between adult CCl-injured and juvenile CCl-injured mice (Figure 7A and 7B).
CD31" vessels found in the adult CCl-injured peri-lesion were observed to be fragmented, swollen,
and unhealthy (Figure 7A-7A3%). CD31" vessels found in the juvenile CCl-injured peri-lesion were
observed to be intact, more abundant, and absent of cellular swelling (Figure 7B!-7B%). We next
quantified the number of CD31" microvessels within the peri-lesion between adult and juvenile
mice (F=29.44; P=0.0001) (Figure 7C). First, we found that the density of CD31" vessels was
similar between adult sham-injured (76403+7844; n=3) and juvenile sham-injured (80044+5477,

n=3) mice (Figure 7C). Not surprisingly, following CCI-injury, both adult CCl-injured
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(29951+2731; n-=5) and juvenile CCl-injured (47015+3104; n=6) mice saw a significant decrease
in the number of CD31" microvessels in the peri-lesion compared to age-matched sham-injured
controls (Figure 7C). Juvenile CCl-injured mice were found to have less of a reduction of CD31"
vessels within the peri-lesion, leaving juvenile CCl-injured mice with significantly more CD31"

vessels within the peri-lesion compared to the adult CCI-injured mice (Figure 7C).
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Figure 7. Comparison of CD31" density at 4 days post-CClI injury within the peri-lesion. Adult
CCl-injured (A) and juvenile CCl-injured (B) brains show the density of CD31" vessels is less in
adult CCl-injured mice compared to juvenile CCl-injured mice. The morphology of adult CCI-

injured (A-A%) CD31" vessels appear more fragmented compared to juvenile CCl-injured (B*-
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B%) CD31" vessels. Quantified analysis (C) of CD31* vessels using optical fractionator. Bar
graph displays adult and juvenile sham-injured mice have similar densities of CD31" vessels.
After CCl injury there is a significant loss of CD31" vessels within the peri-lesion of adult and
juvenile CCl-injured mice compared to age-matched sham-injured controls. Juvenile CCl-injured
mice lose significantly less CD31" vessels compared to adult CCl-injured mice. Data sets

*kKk

represented as mean +/- SEM. ““P<0.0001; “P<0.05. (Adult and Juvenile CCI n= 5-6 per group)

(Adult and juvenile sham n=3 per group). Scale bar 20pum.

Juvenile mice have less CD11b* cell infiltration and fewer observable hypertrophic GFAP™ cells
4 Days Post-CClI Injury

Microglia are the resident immune cells of the brain and astrocytes provide a link to the
vasculature, transporting glucose to fuel neural function (54, 55). Following CCI-injury in mice,
both cells types become activated and contribute to neuronal tissue loss by secreting inflammatory
cytokines that overtime impede the repair process (56, 57). We were interested to see if there were
differences in infiltrating microglia cells within the peri-lesion and differences in astrocyte
reactivity between adult and juvenile mice (Figure 8). For the microglia analysis, coronal tissue
sections were collected 4 days after CCl-injury and stained for CD11b. Prior to quantification of
infiltrating CD11b* cells, we noticed within the peri-lesion adult CCl-injured mice appeared to
have more numbers of CD11b"* cells compared to juvenile CCl-injured mice (Figure 8A-C and
8D-F, respectively). The rounded cell phenotype of the CD11b" cells was similar between adult
CCl-injured and juvenile CCl-injured mice (Figure 8A-C and 8D-F). Quantification of infiltrating
CD11b" cells consisted of counting the number of CD11b* cells in five coronal brain sections

within six fields of view throughout the peri-lesion of adult and juvenile mice (F=13.08; P=0.002)
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(Figure 8G). Not surprisingly, we found very few numbers of CD11b" cells within the
corresponding regions in adult sham-injured (10.57+3.81; n=3) and juvenile sham-injured
(9.73+0.71) mice (Figure 8G). Following CCl-injury the number of infiltrating CD11b* cells
within the peri-lesion of both adult CCl-injured (111.1+21.42; n=5) and juvenile CClI-injured
(53.34+3.98; n=7) mice increased relative to sham-injured controls. Similar to our initial
observation, we found adult CCl-injured mice had significantly more CD11b" cells within the peri-
lesion compared to juvenile CCIl-injured mice (Figure 8G).

We next wanted to determine if there were differences in astrocyte reactivity between adult
and juvenile mice. 4 days post-CCl injury coronal sections were stained for GFAP (Figure 8H-K).
GFAP™ cells were observed throughout the ipsilateral cortex and hippocampus in adult and
juvenile sham-injured mice and adult and juvenile CCl-injured mice (Figure 8H-I and Figure 8J-
K, respectively). We did not observe differences in numbers of GFAP™ cells among our groups.
While we observed GFAP* cells to be hypertrophic in both adult CCl-injured and juvenile CCI-
injured brains the prevalence of GFAP™ hypertrophic cells appeared to be more pronounced in
adult CCl-injured brains compared to juvenile CCl-injured brains (Figure 8J and 8K, respectively).
Taken together, we observed greater infiltration of CD11b" cells and more pronounced GFAP*

cells in adult CCl-injured mice compared to juvenile CCIl-injured mice.
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Figure 8. Comparison of the number of CD11b" infiltrating cells and GFAP reactivity at 4 days
post-CCl injury. Adult CCl-injured (A-C) and juvenile CCI-injured (D-F) brains show adult CCI-
injured mice appear to have more infiltrating CD11b" cells compared to juvenile CCl-injured mice.
Quantified (G) analysis of CD11b* cells using random plains of view counts within the peri-lesion.
Bar graph displays adult and juvenile sham-injured mice have similar densities of CD11b" cells.
After CCl injury there is a significant increase of CD11b" cells within the peri-lesion of adult CCI-
injured mice compared to adult sham-injured mice. Juvenile CCl-injured mice trend to have an
increase of CD11b" cells compared to juvenile sham-injured mice. Adult CCl-injured mice have
significantly more CD11b" cells within the peri-lesion compared to juvenile CCl-injured mice. No
observable differences were seen in GFAP numbers between adult sham-injured (H) and adult

CCl-injured (J) mice and between juvenile sham-injured (I) and juvenile CCl-injured (K) mice.
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Adult CCl-injured mice appear to have more swollen, hypertrophic GFAP* cells compared to
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juvenile CCl-injured mice. Data sets represented as mean +/- SEM. ““P<0.0001; “P<0.05. (Adult

and Juvenile CCI n= 5-7 per group) (Adult and juvenile sham n=3 per group). Scale bar 20pum.

Juvenile Mice Have Less BBB Permeability 4 days Post-CCl injury

Blood Brain Barrier (BBB) damage has been shown to be a pathological hallmark of CCI-
injury and the extent of BBB permeability can be contributed to further tissue loss as the
homeostatic environment of the brain is disrupted (10, 58, 59). To examine whether adult and
juvenile mice have differences in BBB integrity in our CCl model, we employed an Evans blue
(EB) brain tissue extravasation assay following CClI-injury (Figure 9). CCl-injured mice and sham-
injured controls were injected with EB at 4 days post-CCl injury and the amount of EB
extravasation into the tissue was quantified using a spectrophotometer. We did not observe EB
extravasation in the tissue of adult sham-injured or juvenile sham-injured mice and these animals
acted as our age-matched relative controls to CCl-injured mice for our spectrophotometer readings
(data not shown). CCI injury resulted in an increase in EB extravasation into adult CCl-injured
and juvenile CCl-injured brains (Figure 9A and 9B). Quantitative assessment of EB extravasation
from the injured cortex between adult CCl-injured (3.63+0.37; n=6) and juvenile CCl-injured
(0.33+0.05; n=9) mice relative to age-matched sham-injured controls revealed juvenile mice have
a significant reduction in EB absorbance compared to adult CCl-injured mice (Figure 9C).

To further investigate our findings from the EB extravasation assay we sought to compare
tight junction (TJ) relative expression of claudin-5 and occludin-1 between adult CCl-injured and
juvenile CCl-injured mice relative to age-matched sham-injured controls through qPCR (Figure

9D and 9E). To do this, 4 days post-CClI injury, adult CCI and sham — injured and juvenile CCI
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and sham-injured endothelial cells (ECs) were magnetically separated using a CD31 antibody and
RNA was isolated, per- group, from this CD31" population. While relative expression levels of
claudin-5 and occludin-1 were low in both juvenile and adult CCI-injured mice relative to sham,
for both claudin-5 and occludin-1, juvenile CCl-injured ECs trended to have higher relative
expression (Figure 9D and 9E). Together the data from the EB extravasation and tight junction
expression studies reveal juvenile CCl-injured mice have less BBB permeability following CCI-

injury compared to adult CCl-injured mice.

Figure 9. Comparison of BBB integrity in adult and juvenile mice 4 days after CCI injury.
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Representative images of adult CCl-injured (A) and juvenile CCl-injured (B) brains 3 hours
following Evans Blue (EB) injections. Analysis (C) of EB extravasation assay using a spectrometer
to read absorbance relative to age-matched sham-injured controls. Bar graph displays adult CCI-
injured mice have a significant increase in EB absorption compared to juvenile CCl-injured mice.
gPCR data of relative mRNA expression of isolated endothelial cells to age-matched sham-injured

controls (D- E). Bar graph (D) shows juvenile CCI-injured mice trended to have up-regulation of
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relative expression of claudin-5 compared to adult CCl-injured mice. Bar graph (E) shows juvenile
CCl-injured mice trended to have up-regulation of relative expression of occludin-1 compared to
adult CCl-injured mice. Data sets represented as mean +/- SEM. (Adult and Juvenile CCI n=6 and

n=9 per group) (Adult and juvenile sham n=5 per group).

EC Gene Expression Profile Difference Are Age-Dependent following CCI Injury

The finding of TJ expression differences between the ECs of juvenile CCl-injured and
adult CCl-injured mice prompted us to investigate if there were differences in expression of other
EC-associated factors between adult and juvenile mice following CCl-injury that may contribute
to the vascular differences we observed. 4 days post-CCl or sham-injury, CD31" ECs were
extracted from adult and juvenile brains through magnetic separation using a CD31 antibody and
analyzed by gPCR. The CD31" fraction which contains a mixture of brain cell types was also
analyzed by qPCR. Flt-1 (vascular endothelial growth factor receptor 1), GFAP (glial fibrillary
acidic protein), NeuN, and Pdgfr8 (platelet-derived growth factor receptor) expression levels were
analyzed between the CD31" EC fraction and the CD31" fraction among the corresponding
treatment groups to show the purity of our CD31" EC fraction. Our findings demonstrate the
relative expression of EC-specific Flt-1 receptor was greater in both adult CCl-injured (12.80+
1.01) and juvenile CCl-injured (4.22+0.66) CD31" EC fraction compared to the CD31" fraction
(Adult CCI Flt-1 0.01+ 0.00; Juvenile CCI Flt-1 0.62+0.09) (Figure 10A). Relative expression of
astrocytic marker GFAP was found to be low in adult CCl-injured (0.04+ 0.01) and juvenile CClI-
injured (0.04+ 0.01) CD31" EC fraction compared to the high expression found in the CD31"
fraction (Adult CCl GFAP 108.9+ 4.05; Juvenile CCl GFAP 42.5+ 13.51) (Figure 10B). Relative
expression of neuronal marker NeuN was found to be low in adult CCl-injured (0.00+ 0) and

juvenile CCl-injured (0.13+ 0.01) CD31" EC and CD31" fractions (Adult CCI NeuN 0.11+ 0.01;
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Juvenile CCI NeuN 0.13+ 0.01) (Figure 10C). Relative expression of mural cell marker Pdgfr was
found to be lower in adult CCl-injured (1.79+ 0.26) and juvenile CCl-injured (0.01+ 0.01) CD31"
EC fraction compared to the CD31" fraction (Adult CCI Pdgfr 1.79+ 0.26; Juvenile CCI Pdgfr
0.04+0.01) (Figure 10D). Results from this study confirmed that our CD31" fraction consisted

mostly of a pure population of ECs.
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S 5
N N
CD31- CD31+ CD31- CD31+
B grap D, pagfr
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Figure 10. QPCR data to test the purity of isolated C31" EC fraction compared to CD31
fraction. mMRNA from isolated CD31* ECs or CD31 from 7 animals per group at 4 days post-CCl
or -sham injury and ran in triplicate with primers to test the purity of the samples. Gene
abundances were normalized to Gapdh levels and relative expression to respective samples in the
CD31 fraction. Bar graphs (A-D) represent relative mRNA expression between adult and

juvenile isolated CD31* endothelial cell fraction and CD31" fraction. Data sets represented as
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mean +/- SEM. "P<0.001; ““P<0.01. (Adult and Juvenile CCI n= 7 per group) (Adult and

juvenile sham n=7 per group).

Next we investigated the relative expression levels of MCP-1 (monocyte chemotactic
protein 1); eNOS (endothelial cell nitric oxide synthase); caspase-12; BCL-2 (B-cell lymphoma
2); Ang-1 (angiopoeitin-1); Ang-2 (angiopoetin-2); VEGF (vascular endothelial growth factor);
and Tie2 (TEK tyrosine kinase receptor) following CCl-injury in adult and juvenile mice using
gPCR (Figure 11). Gene expression levels were made relative to age-matched sham-injured
controls in both the CD31" EC fraction and CD31" EC fraction and sham-injured expression values
are represented by the black line in Figure 11. Relative expression of monocyte marker, MCP-1,
was found to be increased in adult and juvenile CCI-injured mice compared to adult and juvenile
sham-injured mice in the CD31" EC fraction (Figure 11A). Juvenile CCl-injured mice had a
significant up-regulation of MCP-1 relative to adult CCl-injured mice (Figure 11A). Within the
CD31" EC fraction, juvenile CCl-injured had a significant up-regulation of MCP-1 expression
compared to juvenile sham-injured and adult CCl-injured mice (Figure 11A). Relative expression
of eNOS was significantly down-regulated in juvenile CCl-injured and adult CCl-injured mice
relative to sham controls in the CD31* EC fraction (Figure 1B). Expression levels in the CD31
EC fraction show a down-regulation of eNOS in both adult and juvenile CCI-injured mice relative
to sham controls, but a significant down-regulation in adult CCl-injured mice relative to sham
(Figure 1B). Relative expression of inflammatory cytokine caspase-12 was down-regulated in the
CD31" EC fraction of both juvenile CCl-injured and adult CCl-injured mice relative to sham
controls (Figure 11C). Interestingly, the expression level of caspase- 12 within the CD31" EC

fraction was significantly up-regulated in juvenile CCl-injured mice (Figure 11C). Relative
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expression levels of anti-apoptotic marker, BCL-2 was significantly down-regulated in adult CCI-
injured mice within the CD31" EC fraction (Figure 11D). It was down-regulated in juvenile CCI-
injured mice within the CD31" EC fraction (Figure 11D). Interestingly, within the CD31" EC
fraction, adult CCI-injured mice saw a significant down-regulation compared to adult sham-
injured mice and this down-regulation was also significant compared to juvenile CCl-injured mice
(Figure 11D). The relative expression levels for Ang-1, found to be released by astrocytes and
mural cells to promote vessel stability, was found to be decreased in the CD31" EC fraction of
both adult CCl-injured and juvenile CCl-injured mice relative to sham controls (Figure 11E).
Surprisingly, juvenile CCI-injured mice had sustained Ang-1 expression in the CD31" EC fraction,
which was found to be significantly up-regulated relative to adult CCl-injured mice (Figure 11E).
Relative expression of Ang-2, found to be released by ECs during vessel remodeling, was
significantly down-regulated in the CD31" EC fraction and the CD31" EC fraction relative to sham
controls (Figure 11F). Adult CCl-injured mice saw a significant reduction of CD31" expression
relative to adult sham-injured mice (Figure 11F). Relative expression of VEGF was found to be
significantly up-regulated in adult CCl-injured mice within the CD31" EC fraction relative to adult
sham-injured and juvenile CCl-injured mice (Figure 11G). While VEGF trended to be increased
in both adult and juvenile CCl-injured mice in the CD31" EC fraction relative to sham-injured
controls (Figure 1G). Relative expression levels of the Tie2 receptor was found to be down-
regulated in adult and juvenile CCl-injured mice relative to sham controls in both the CD31" EC

fraction and CD31" EC fraction (Figure 1H).
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Figure 11. QPCR data to test different relative gene expression of isolated CD31* ECs and
CD31 fraction between adult and juvenile mice. mMRNA from isolated CD31* ECs or CD31 from
7 animals per group at 4 days post-CClI or -sham injury and ran in triplicate. Gene abundances
were normalized to Gapdh levels and relative expression to sham-injured animals represented on
the graphs with a black line (A-H). Bar graphs represent relative mRNA expression between
adult and juvenile isolated CD31" endothelial cell fraction and CD31" fraction. Data sets
represented as mean +/- SEM. ““P<0.001;""P<0.01; "P<0.05. (Adult and Juvenile CCI n= 7 per

group) (Adult and juvenile sham n=7 per group).
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Juvenile mice have a better functional outcome in behavior compared to adult mice after CClI
injury

We also performed behavioral assessments to test whether motor deficit and recovery,
memory, and balance/coordination were affected between adult and juvenile mice following CCI-
injury (Figure 12). Mice were pre-trained on the Rotarod 4 days prior to CCI-injury then subjected
to motor assessment at 4, 7 and 14 days post-sham or -CCl injury. Time to fall was recorded then
normalized to the average baseline time for each mouse. No differences between groups were seen
following sham-injury for each time points tested (Figure 12A). Motor deficits were observed
following adult CCl-injury at all time point tested (4d- 60.2%z+ 3.52; 7d- 66.8%+ 6.8; 14d-
74.18%+8.93: n=6) compared to baseline (Figure 12B). Interestingly, juvenile CCl-injured mice
saw no motor deficits at all time points tested (4d- 116.4%+ 5.30; 7d- 112.16%+5.75; 14d- 114.17+
5.21: n=13) compared to baseline (Figure 12B).

Adult and juvenile mice were subjected to Novel Object Recognition (NOR) testing at the
before mentioned time points to observe if there were deficits in memory following CCl-injury.
Specifically, we scored the amount of time exploring the novel object to the total time exploring
both objects to give us our preference of object index score (preference index). At the 4 day time
point tested, adult CCl-injured (51.91+ 3.97) mice could not discern between the novel and
familiar objects compared to adult sham-injured (65.17+ 3.43) mice; however, this deficit in
memory was not observed at the subsequent time points, 7 and 14 days, tested (Figure 12C).
Interestingly, juvenile CCl-injured mice could discern between the novel and familiar objects
compared to juvenile sham-injured mice at all time points tested (Figure 12D).

Mice were pre-trained on beam walk 4 days prior to CCl-injury then subjected to balance

and coordination assessment at 4, 7 and 14 days post-sham or -CCI injury. Time to cross the beam
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was recorded then normalized to the average baseline time for each mouse and the number of hind
limb foot slips were noted then normalized to the average number of foot slips from baseline.

We found that it took juvenile CCl-injured (8.46s+ 1.54) mice significantly more time to cross the
beam compared to juvenile sham-injured (4.73s+ 0.45) mice at 4 and 7 days post-CCl injury;
however, this time deficit to cross the beam was not observed at 14 days post -CCI (Figure 12E).
Interestingly, adult CCl-injured (3.63s+ 0.47) mice did not show a time deficit to cross the beam
compared to adult sham-injured (3.09s+ 0.06) mice at all time points tested (Figure 12E).
Although adult CCl-injured mice crossed the beam faster compared to juvenile CCIl-injured mice
at 4 and 7 days post — CCI injury, at these time points, adult CCI-injured (0.96+ 0.26) mice had
significantly more left hind limb foot slips compared to adult sham-injured (0.17+ 0.02) mice and

juvenile CCl-injured (0.35+ 0.02) mice (Figure 12F).
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Figure 12. Behavioral testing in adult and juvenile mice following CCI injury. Rotarod (A-B)
data presented as mean latency on rod compared to pre-injury. Graph (A) shows there is no
significant difference between adult sham-injured and juvenile sham-injured mice. Graph (B)
shows at 4, 7, and 14 days post-CClI injury, juvenile CCIl-injured mice have significantly longer
latency to fall compared to adult CCl-injured mice. Novel object recognition (C-D) data
presented as the ratio of preference for the novel object to total time exploring objects. Graph (C)

shows at 4 days post-CClI injury, adult CCl-injured mice spent significantly less time exploring
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the novel object compared to adult sham-injured mice. Graph (D) shows juvenile CCl-injured
and juvenile sham-injured mice show no significant difference in exploring the novel object at all
time points. Beam balance (E-F) data presented as the time to cross the beam (E) and number of
left hind limb foot slips (F). Graph (E) shows juvenile CCl-injured mice took significantly longer
time to cross the beam compared to juvenile sham-injured at 4 and 7 days post-CCl. Juvenile
CCl-injured mice took significantly longer time to cross the beam compared to and adult CClI-
injured mice at 4 days- post CCI. Graph (F) shows adult CCl-injured mice had significantly more
foot slips compared to adult sham-injured and juvenile CCI-injured mice at 4 and 7 days post-

*k*k

CCI. Data sets represented as mean +/- SEM. ““P<0.001; “P <0.05. (Adult and Juvenile CCI n=

6 and n=13 per group) (Adult and juvenile sham n=7 per group).

Disruption of Ang-Tie2 Binding Causes Larger Lesion Volume in Juvenile Mice

From the relative vascular gene expression studies between adult CCl-injured and juvenile
CCl-injured mice, we were particularly interested in determining if the Ang-Tie2 pathway had an
age-dependent role in juvenile CCl-injury. To test this, P21 mice were subject to CCI injury and
received twice daily tail vein injections of either control FC or Tie2-Fc soluble proteins for a total
of two days. Specifically, we evaluated injury outcome between juvenile CCl-injured FC
injections and juvenile CCl-injured Tie2-Fc injections, at 2 days post- injury (Figure, 13). Juvenile
CCl-injured FC and juvenile CCl-injured Tie2-Fc serial sections were subjected to NISSL staining
(Figure 13A and 13B). Using the Caveleri estimator, we found juvenile CCl-injured Tie2-Fc (2.6+
0.15 mm?; n=6) mice to have a significantly larger lesion volume compared to control juvenile

CCl-injured FC (1.51+ 0.11 mm?; n=3) mice (Figure 13C). These data demonstrate that disruption
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of Ang-Tie2 signaling through Tie2-Fc soluble proteins in juvenile mice following CCl-injury
have a larger lesion volume compared to juvenile CCl-injured mice that received control FC

injections.

Fc Tie2Fc

lesion cavity kG lesion cavity

Tie 2-Fc

Figure 13. Comparison of Lesion Volume at 2 days post-CCl between juvenile FC treated and

juvenile Tie2-Fc treated mice. Nissl stained sections collected at 2 days post-CCI from juvenile
control treated Fc (A) and juvenile treatment treated Tie2-FC (B) brains show juvenile FC treated
brains have less tissue loss compared to juvenile Tie2 treated brains. Quantified analysis (C) of
lesion volume using Caveleri Estimator. Bar graph displays significant smaller lesion volume
(mm?3) in Fc treated juvenile mice compared to Tie2-FC treated juvenile mice. Dataset represented
as mean +/- SEM. “P<0.001. CTX- cortex; hippo- hippocampus. (Juvenile Fc n= 3) (Juvenile

Tie2Fc = 6). Scale bar Imm.
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Discussion

Insights into differential age-dependent responses and recovery to cerebral ischemic
conditions have prompted its investigation in the stroke field and are now starting to emerge as an
important determinant of TBI outcome (4, 60). The current study shows that juvenile mice at P21
have less cortical tissue loss following CCI injury compared to adult mice and this overt
neuroprotection in the juvenile brain can be attenuated by blocking the endothelial cell (EC)
specific Angiopoietin-Tie2 signaling cascade. These results identify an age-dependent mechanism
and response of the juvenile vasculature that confers tissue protection following CCI injury. Our
data conflicts with another finding that demonstrates significant cortical tissue loss in P21 mice
after CCl injury (8). This discrepancy may be due to the strains of mice used or differences in the
severity of CCI injury. Variability in tissue recovery has been demonstrated by studies in the TBI
field that have shown strain related genetic differences exist in rats that are subjected to lateral
fluid percussion injury (61). Furthermore, the initial severity of the impact is a strong predictor of
outcome in the clinical and experimental settings, suggesting more severe injuries can cause
greater initial tissue loss and irreversible damage that may force the tissue to a point of no return
(62-65).

In the present study, we utilized P21 mice, which have been previously shown to model
the adolescent human brain (4, 66). We have identified that this murine age, P21, is better protected
from CCI injury and demonstrate that the vasculature’s acute response within the juvenile brain
confers this protection. This is evidenced by early and sustained improvements in CBF to the area
of injury that was not observed in adult CCl-injured mice (Figure 2G). Clinical evidence suggests
that while depressed levels of CBF leads to a poor prognosis, the early restoration of blood flow

is linked to improvements in motor and neurological function (67, 68). We found in the
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experimental setting that juvenile CClI-injured mice showed no deficit in motor recovery or
hippocampal learning and memory when tested with the rotarod and novel object recognition
behavioral tasks, respectively; while adult CCl-injured mice saw a motor and an acute memory
deficit (Figure 12). We show that the increase and sustained levels of CBF in our P21 model is
further supported by the increased diameter sizes of vessels found on the surface of the brain and
the abundance of CD31" microvessels found within the peri-lesion in juvenile CCl-injured mice
that was not observed in adult CCl-injured mice (Figure 3 and Figure 7; respectively). Overall we
found that juvenile CCl-injured mice had significantly larger diameter collateral vessels and SMA*
surface vessels compared to adult CCl-injured mice. These findings are consistent with studies
that looked at pial arterioles in juvenile pigs after fluid percussion injury and found these surface
vessels to be larger after injury and constrict less, increasing overall CBF compared to newborn
pigs which were observed to have the opposite effect after injury (5). Taken together these studies
demonstrate a conserved age-dependent mechanism across species of the juvenile pial arteriole
response to TBI. Furthermore, findings within the stroke literature show that the extent of collateral
vessel remodeling confers greater tissue protection after ischemic injury (47, 69). While future
studies will need to further investigate the cellular mechanisms of collateral remodeling in TBI,
our studies show juvenile collateral vessels respond to CCI by increasing in diameter, therefore,
may enhance the CBF we observed in these mice. Furthermore, the preservation of the number
and non-apoptotic morphology of CD31" cells found in the peri-lesion of juvenile CCl-injured
mice compared to adult CCl-injured mice contributes to supplying the vulnerable neuronal tissue
with blood.

Our findings also indicate an age protective role of BBB permeability in juvenile CClI-

injured mice. We demonstrate that the BBB is less permeable in juvenile CCl-injured mice as we
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observed a significant reduction of Evan’s Blue into the tissue compared to adult- CCI injured
mice (Figure 9). Juvenile CCl-injured mice also trended to have an up-regulation of TJ proteins,
claudin-5 and occludin-1 from extracted ECs after CCI injury. In line with this finding, stroke
studies have also reported an age-dependent BBB resistance to hypoxic ischemic injury in juvenile
rats compared to younger rats (4). Thus, we began to wonder what the developmental differences
were in regard to BBB function with respect to age. Studies have shown that while the BBB is
established during embryogenesis in rodents with expression of tight junction proteins and
associated pericytes, these vessels are void of astrocytes (35, 70, 71). Staining with GFAP shows
with age, astrocyte end feet increasingly become associated with the vessels further establishing
the fully functional BBB by adolescence or at P21 when rodents are weaned (70). During TBI,
when there is physical disruption of the barrier, neonatal mice may actually be more susceptible
to injury because their BBB is missing an integral structural component, astrocyte end feet
coverage compared to more mature brains, which would have this astrocyte-vessel association.
Prolonged, increased permeability of the BBB leaves the brain vulnerable to molecules that
exacerbate tissue loss (4). BBB integrity has also been shown to decline with increased age due to
the cellular stresses of aging that allow ECs to lose tight contact with one another (72). Thus, to
begin to address the difference in BBB permeability in our studies between juvenile and adult CCI-
injured mice, we focused on EC- specific signaling pathways.

While other studies have looked at gene expression changes within the cortex after TBI
injury, our study is unique in the sense that we specifically looked at how ECs were responding
to CCl-injury in an age-dependent manner as we isolated ECs through CD31" magnetic bead
separation (14). Specifically, we were interested in the Angiopoietin-Tie2 signaling cascade as

this signaling pathway is predominately EC specific. The importance of Ang-Tie2 signaling for
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the survival of ECs has been demonstrated by developmental studies that have shown deletion or
early inactivation of Tie2 results in embryonic lethality or pronounced vascular deficits,
respectively (73, 74). These vascular deficits include reduction in the integrity of blood vessels
and loss of ECs (74-76). Furthermore, in-vitro studies have shown that Ang-1-Tie2 signaling
protects ECs from apoptosis through downstream activation of PI-3, which then goes to activate
Akt mediated anti-apoptotic signals (77, 78). Thus we were interested if Ang-Tie2 signaling
would have a robust response in juvenile mice after CCl-injury compared to adult mice to confer
this tissue protection.

To test the role of the Ang-Tie2 axis, we administered soluble Tie2-Fc recombinant
proteins immediately after juvenile CCI-injury through tail vein injections. Fc soluble proteins
were administered to another subset of juvenile CCl-injured mice to act as our control. We found
that by blocking the Ang-Tie2 signaling cascade with Tie2-Fc, the overt neuroprotection we saw
in juvenile- CCI injured mice was attenuated (Figure 13). This finding is supported by an elegant
study in the stroke field, which demonstrated that activation of Tie2 using AKB- 9785, which
causes Tie2 phosphorylation, after MCA occlusion in adult mice, resulted in significant tissue
protection which was not observed when Tie2 was not phosphorylated in a normal injury setting
(17). Furthermore, the authors imply Tie2 phosphorylation has a positive role on BBB integrity
as they observed less 1gG staining in AKB-9785 treated (Tie2 phosphorylated) brains compared
to non-treated brains after MCA occlusion (17). To test how Tie2 phosphorylation may be
regulating BBB function, the authors cultured ECs in the presence of Ang-2, which caused EC
permeability; however, the addition of AKB- 9785 and subsequent phosphorylation of Tie2
resulted in ECs overcoming the permeability effects of Ang-2, suggesting a role of Tie2

activation in strengthening the integrity of BBB (17).
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While we saw a significant increase of Ang-1 expression in the CD31" fraction in juvenile
CCl-injured mice compared to adult CCl-injured mice, our findings are consistent with other
reports that have shown Ang-1 is expressed by pericytes and astrocytes and we were not
surprised that we did not see Ang-1 expression in the CD31* EC fraction (21, 79) (Figure 11).
Pericytes and astrocytes constitutively express Ang-1 to provide vessel stabilization and further
recruitment of mural cells to maintain the integrity of the BBB (80, 81). We speculate that in
juvenile mice while the BBB has pericyte coverage and newly associated astrocyte endfeet
surrounding ECs, CCI-injury causes an age-related release of Ang-1 from pericytes and
astrocytes onto the Tie2 receptor, causing phosphorylation. This increase in expression of Ang-1
would cause a robust response from the ECs in stimulating pro-survival signals through the
downstream Akt pathway, promoting vessel integrity and supplying blood to the underlying
tissue. In addition, Ang-1 phosphorylation of Tie-2 would aid against BBB permeability by
further strengthening the association of adjacent ECs (17, 82-84). While we have identified a key
developmental age that has better protection from CClI-injury conferred by Ang-Tie2 binding,
future studies will be needed to address our incomplete understanding of age-dependent
responses of the BBB to injury. Further understanding age-related differences of the immune
system to CCl-injury is another important part of tissue survival (71, 85, 86). Studies have found
age-dependent responses of particular immune cells after CCl-injury (8). Interestingly, CD45"
leukocytes and GR-1" granulocytes have been found to have an age-dependent elevated response
in P21 mice compared to adult mice following CCl-injury (8, 87). While early immune cell
activation is important for tissue recovery, a pro-longed inflammatory response interferes with

repair mechanisms further complicating the recovery process (88).
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Future work will look to further address the complicated cascade of mechanisms that may
confer protection; however, in this study we have demonstrated an age-dependent role of the
Ang-Tie2 axis following CCI injury. Understanding how the vasculature responds to trauma in a
juvenile brain, where BBB vulnerability is reduced and vessels are responsive to injury cues by
enlarging in diameter, will be critical in better understanding the pathogenesis after childhood
TBI. Developing specific age therapeutics is an important step in treating TBI taking into
account brain maturation stages that may require differential treatment to stimulate tissue

protection and limit BBB permeability.
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Abstract

Traumatic brain injury (TBI) is a major health concern worldwide and a pathological feature of
TBI is immediate reduced levels of cerebral blood flow (CBF) that directly contribute to mortality
and morbidity. While there are different severities of TBI that range from mild, moderate, to
severe, any injury to the brain can trigger fluctuations in CBF that can then further impair
functional output and cause irreversible damage to the brain. To better understand the underlying
pathology of changes in CBF after trauma and potential avenues for therapeutic potential, animal
models have been developed to replicate many aspects of TBI. While arteriole remodeling has
been highly studied in the context of ischemic diseases such as stroke, few studies have
investigated the extent of large arteriole remodeling in the context of TBI. Here we examine
arteriole remodeling in collateral vessels in two different models of TBI and in two different
species of mice. Adult CD1 and C57BL/6 mice were subject to either cortical controlled impact
(CCI) injury, which replicates moderate head injury, or repetitive weight drop model injury, which

replicates mild concussive injuries, followed by blood perfusion scans to observe changes in CBF
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over the time course of the injuries. We use a technique called vessel painting that selectively
labels the arteriole network to address remodeling of the surface arteriole collaterals after TBI and
found that arteriole remodeling is both model and species dependent. We observed that CCI
resulted in impaired collateral remodeling in both strains that correlated with no changes in blood
flow perfusion or tissue perseveration between CD1 and C57BL/6 mice. In contrast, following
mTBI, we found that the collateral vessels in C57BL/6 mice were larger after injury compared to
sham control and CD1 mice. These findings suggest that surface arteriole remodeling is both strain

and model dependent following TBI.
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Introduction

Traumatic brain injury (TBI) is an acquired neurological condition resulting from sudden
head trauma leading to a decline in cognition and behavior (1-5). TBI is often classified as mild
to moderate to severe depending on the extent of the primary mechanical injury (6-8). There is
little known about the mechanism(s) underlying the effects of mild or moderate hits to the brain
due to the restrictive assessments (cognitive or imaging) used to evaluate this type of non-fatal
injury (9-12). Thus, laboratory models of these types of injuries allow us to better understand the
biological outcome of the brain (13-20). Two established models to help assess the brain’s
response to trauma are the cortical controlled impactor (CCl) (21-24) and the closed-skull mild
repetitive weight drop model (rmTBI) (20, 25-28). The CCI model causes a focal cortical lesion
that is accompanied by pathological features of human brain injury that correlate with severity (21,
22, 29). Pathological hallmarks of this injury include hemorrhaging (30, 31), neuronal cell loss
(32-34), and ischemia to and around the area of injury (35-37). In a single closed-skull injury that
causes a concussive injury to the brain, minor immunohistochemical changes are observed (9, 10,
18, 26) wherein repeated mTBIs diffuse axonal injury accompanied with mild astrocytic reactivity
can be observed with no apparent neuronal loss (9, 38-40). While single concussions present with
acute cognitive dysfunction (41, 42), repetitive concussions cause an increase in neurological
deficits over time (43-46).

Targeted treatment is limited to the secondary or delayed, non-mechanical damage
mediated by a multidimensional cascade of events including changes in cerebral blood flow and
oxygenation (47, 48). Disruption of the arteriole vascular network contributes to an ischemic
milieu which mediates neuronal tissue loss and impedes prospective repair strategies (49-54).
Interestingly, pial arteriole collaterals (i.e. natural by-pass vessels) have been linked to tissue

preservation, where both pre-existing density and post-injury enlargement are known to play an
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important role in the pathophysiology of cerebral ischemia (55). Cerebral collateral vessels, also
known as leptomeningeal anastomoses, provide an alternative route around vascular obstructions
and are vital in restoring and re-routing blood flow to affected tissue regions (56).

While numerous clinical attempts to increase angiogenesis (neovascularization of the pre-
existing capillary network) in individuals with ischemic disease by administration of growth
factors have mixed results (57, 58), the notion of improving the extent of arteriole collateral
circulation has recently garnered increased attention. Rodent studies have provided significant
insight into collateral function, including the observation that several murine strains such as
C57BL/6 possess greater numbers of pre-existing collaterals, which help regulate cerebral blood
flow following vascular occlusion and reduce tissue damage compared to strains with fewer
collaterals (59). While having greater numbers of collaterals that form during development can
prevent progressive stroke-induced damage occurring in adulthood, tissue reperfusion can also be
enhanced by their post-injury remodeling (60). Arteriogenesis occurs by enlargement of native
collaterals or by de novo formation of arterioles (61-64). This putative tissue-saving adaptation
has also been shown to be strain dependent (59, 65), however, to-date no studies have analyzed
this effect following brain trauma. Our current investigation, therefore, aimed to establish whether
collateral remodeling is affected by mechanical tissue trauma using moderate controlled cortical
impact (CCI) and mild repetitive TBI model in two different strains of mice, inbred C57BL/6, and
outbred CD1. We found consistent with others that C57BL/6 mice have more collaterals compared
to CD1 mice (59, 66). We also found that while there is no change in collateral size in the CCI
model comparing sham to injured animals, the closed head weight drop model causes a significant

increase in collateral diameter size in the C57BL/6 mice suggesting a head severity dependent and
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species dependent remodeling of collateral vessels. The potential of immediate restoration of blood

flow after TBI is an important area of investigation to prevent irreversible damage.

Materials and Methods

Animals. All mice were generated and housed in an AAALAC approved, virus/antigen-free
facility with a 12 h light-dark cycle; food and water ad libitum. CD1 and C57BL/6 mice were
purchased from Charles Rivers and Jackson lab, respectively, and bred until desired numbers were
generated for experimentation. All experiments were conducted in accordance with the NIH Guide
for the Care and Use of Laboratory Animals and were conducted under the approval of the Virginia
Tech Institutional Animal Care and Use Committee (IACUC; #15-063) and the Virginia Maryland

Regional College of Veterinary Medicine.

CClI Injury. Male CD1 and C57/BL6 mice at 2-4 months were anesthetized with ketamine and
xylazine intraperitoneal (i.p.) injection and positioned in a stereotaxic frame (67-69). Body
temperature was monitored with a rectal probe and maintained at 37°C with a controlled a
heating pad (homeothermic blanket system; Harvard Apparatus). A 5mm craniotomy was made
using a portable drill over the right parietal-temporal cortex (—2.5 mm A/P and 2.0 mm lateral
from bregma). Injury was induced by moderate CClI using the eCCI- 6.3 device (Custom Design
& Fabrication; 3mm impounder) at a velocity of 3.5 m/s, depth of 1.0 mm, and 150 ms impact
duration (68, 69). Sham controls received anesthesia, skin incisions and sutures only. Following
injury, the incision was closed using Vetbond tissue adhesive (3M, St. Paul, MN, USA) and the
animals were placed into a heated cage to maintain body temperature for 1 h post-injury followed

by daily monitoring for 4 days post-injury.
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Weight Drop. Male CD1 and C57/BL6 mice at 2-4 months were anesthetized with ketamine and
xylazine intraperitoneal (i.p.) injection and placed chest-down on a foam cushion. The mouse is
quickly positioned so its head is directly under the path of the falling weight over midline lambda.
The weight is released down the cylinder at a height of 36 inches, where it impacts the skull. A
thin metal disk is placed on the exposed skull to prevent skull cracking. Body temperature is
maintained at 37°C with a controlled a heating pad (homeothermic blanket system; Harvard
Apparatus) and monitored with a rectal probe. The mouse is then placed onto a stereotactic frame
where blood flow imaging takes place and returned to a holding cage to recover. Methods were

repeated every 45 mins per animal until the mouse received a total of three hits.

Blood Flow Analysis. Cerebral blood flow measurement was conducted using LDI (Moor LDI
5061 and Moor Software Version 5.3, from Moor Instruments) as previously described (70). Mice
were anesthetized and kept at 37.0 + 0.5°C body temperature. For the CCI injury group, the
measurements were performed before surgery, directly after impact, and 4 days post- injury. Tissue
perfusion is quantified with a region of interest (ROI) defined around the area of injury.
Corresponding areas in contralateral hemispheres and sham were similarly surveyed. For the
rmTBI group, the measurements were performed before surgery, directly after injury, 45mins
before and post subsequent injuries. Tissue perfusion is quantified with a region of interest (ROI)
defined as an oval around the caudal most area of the cortex reaching into both hemispheres.
Corresponding areas in contralateral hemispheres and sham were similarly surveyed. Shams acted
as internal controls and the valid pixel (VP) and mean pixel (MP) of ROIls of each hemisphere of
sham animals was averaged. The ratio of injured animal’s corresponding hemispheres to sham

hemispheres was used to plot the time-course.
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Vessel Painting. Vessel painting on post-natal and CClI-injured mice was modified from previous
studies (70, 71). Briefly, mice were injected s.c. with heparin (2,000 units/kg), and sodium
nitroprusside (SNP, 0.75 mg/kg) five minutes prior to euthanization using an overdose of
isoflurane. When breathing stopped, the chest cavity was opened and then cardiac perfused using
a Gilson MiniPuls3 peristaltic perfusion pump (Gilson Scientific, Bedfordshire, UK). Using a
continuous infusion, 6-10 ml of 1x phosphate buffered saline (PBS) containing 20 units/ml heparin
was perfused to flush blood from the cerebrovascular system, then 10 ml Dil (0.01pg/ml,
Invitrogen)— 4% sucrose—PBS-heparin mixture was perfused to label the vasculature (0.7 ml/min
for P1, 1.0 ml/min P7 and 2ml/min for P21 and adult flow rate), and finally, 4% cold
paraformaldehyde (PFA) was perfused to fix the tissue. After perfusion, brains were carefully
removed from the skull and placed in PFA overnight. Fixed brains were imaged at multiple image
planes at 4x magnification on an upright fluorescence microscope (BX-51, Olympus America),
using mosaic tile imaging from Stereolnvestigator software (MBF, Williston, VT). Scaled mosaic
images were imported into ImageJ, then the total number of intra- and inter-tree collaterals were
identified between and within the MCA, ACA, and PCA artery branches and quantified using the
counting tool in ImageJ on each scaled mosaic image. Pial collateral diameters were also
individually assessed on the scaled mosaic images using ImageJ by averaging four independent

diameters along the collateral length.

Quantification of collateral number and diameter. Collateral number and diameter was obtained
from vessel painted, imaged brains at 4x magnification and analyzed in Stereolnvestigator
(MicroBrightField, Williston, VT, USA). The number of collaterals between the MCA, ACA, and

PCA trees were counted. Once collaterals were identified, and the scaling for the images was set,
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diameters were measured using the measure line tool. Two measurements were taken for each

collateral and averaged to give the closest estimated size of the vessel.

Immunostaining. Brains were transferred into a 30% sucrose solution to cryopreserve for three
days and then embedded in tissue freezing medium. Ten serial, coronal sections (30pum in
thickness) were collected, from a cryostat (Thermo Fisher Cryostar NX50). For immunostaining,
sections were blocked in 2% FISH gel with 0.1% Triton for 3 hours and incubated in primary
antibody in block at 4°C. Green fluorescent NISSL 1/200 (Invitrogen N21480) was diluted 1:100
and added for one hour at room temperature. Rabbit anti-Glial Fibrillary Acidic Protein (GFAP):
1/200 (Cell Signaling 12389S) was diluted 1:100 and added overnight at 4C. Sections were
washed 4 times with 1X PBS and GFAP slides were incubated with anti-rabbit Alexa Fluor

488-conjugated secondary antibodies (Molecular Probes, Carlsbad, CA) for 1h at RT.

Confocal Image Analysis

In order to analyze images taken on Zeiss LSM 880 confocal laser scanning microscope, three
series coronal sections per brain were imaged using z-stack at 20X and 40X magnification. To
analyze z-stacks as one image rather than several images individually, we used Fiji by ImageJ

(NIH) (72) to project the z-stack images into a 2D plane.

Evaluation of lesion volume. Lesion volume was assessed by a blinded investigator using Caveleri
Estimator from Stereolnvestigator (MicroBrightField, Williston, VT, USA) and an Olympus
BX51TRF motorized microscope (Olympus America, Center Valley, PA, USA). Lesion volume

(mm?3) was determined as previously described (67). Briefly, volume analysis was performed by

93



estimating the area of tissue loss in the ipsilateral cortical hemisphere for five coronal serial
sections at or around the epicenter (—1.1 to -2.6 mm posterior from bregma) of injury. Nissl
stained serial sections were viewed under fluorescent illumination (GFP) at a magnification of 4x.
A random sampling scheme was used that estimates every 10" section from rostral to caudal,
yielding five total sections to be analyzed. A randomly placed grid with 100 um spaced points
was placed over the ipsilateral hemisphere and the area of the lesion was marked within each grid.
Lesion boundaries were identified by loss of NISSL staining, pyknotic neurons, and tissue
hemorrhage. The marked areas, using grid spacing, was then used to estimate total tissue volume
based on section thickness, section interval, and total number of sections within the Caveleri
program, Stereolnvestigator. Data is represented as the volume of tissue loss or lesion volume

(mm?) for juvenile and adult mice.

Evaluation of GFAP™ Cells. GFAP reactivity was assessed by a blinded investigator. Images of
sham and mTBI injured serial sections were collected on confocal microscopy under fluorescent
illumination (GFP) at a magnification of 10x. The images were then analyzed in Zenlight 2012. A
region of interest (ROI) was placed around the Dentate Gyrus and hippocampus and intensity was

taken. Another ROI was taken with no staining to subtract for the background.

Statistical analysis. Data was graphed using GraphPad Prism, version 4 (GraphPad Software,
Inc., San Diego, CA). Student’s two-tailed t-test was used for comparison of two experimental
groups. Multiple comparisons were done using one-way and two-way ANOVA where appropriate

followed by Tukey test for multiple pairwise examinations. Changes were identified as significant
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if P was less than 0.05. Mean values were reported together with the standard error of the mean

(SEM).

Results
Analysis of pial collateral number and diameter following moderate controlled cortical impact
(CCI) injury

To assess whether strain related differences in collateral density and remodeling occur
following CCI injury, we vessel painted CD1 mice and C57BL/6 mice four days after CCl-injury
to count and measure collateral vessels (Figure 1). In agreement with other published reports (59,
66) we found that C57BL/6 sham-injured mice had significantly more collateral vessels on the
contralateral (31.6+2.16; n=5) and ipsilateral (30.4+2.70) sides of injury compared to CD1 sham-
injured mice on the contralateral (10.67+2.67; n=6) and ipsilateral (9.5+2.49) injury sides (Figure
1A and 1B). Following CClI injury, C57BL/6 CCl-injured (16.6+2.32; n=5) mice had a significant
reduction in the number of collaterals compared to C57BL/6 sham-injured mice; however,
C57BL/6 CCl-injured mice still had significantly more collateral vessels compared to CD1 CCI-
injured mice (3.33+0.99; n=6) (Figure 1B). Not surprisingly, on the contralateral side of injury,
both CD1 CCl-injured (9.67+1.78) and C57BL/6 CClI-injured (35.6+0.51) mice do not lose
collateral vessels compared to non-injured sham controls (Figure 1A).

We next assessed the diameter of these identified collateral vessels between the two strains
to determine if these collateral vessels responded differently to CCI-injury (Figure 1C and 1D).
Interestingly, we found that C57BL/6- sham-injured mice had significantly larger diameter
collateral vessels on the contralateral (20.40+0.91um; n=8) and ipsilateral (21.55+1.6um) sides of

injury compared to the contralateral (16.36+0.70um; n=8) and ipsilateral (17.63+0.40um) sides of
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CD1 sham-injured mice (Figure 1C and 1D). No significant changes in collateral diameter were
found in both strains following CCI-injury (Figure 1C and 1D).

To assess how density and diameter of collateral vessels may be different between the two
strains in CCI, we separated collaterals based on diameter ranges (0-20 pm; 21-25 pum; 26-30 pum;
31-39 um; 40 um) (Figure 1E and 1F). We found that on the contralateral side of injury, within
the 21-25 um range, C57BL/6 sham-injured (2.67+ 0.76; n=6) and C57BL/6 CCl-injured (2.67+
0.62; n=6) mice had significantly more collaterals compared to CD1 sham-injured (0.25+ 0.16;
n=8) and CD1 CClI-injured (0.60+0.60; n=5) mice, respectively (Figure 1E). On the ipsilateral side
of injury, CD1 CCl-injured (1.6+ 0.40) mice lost a significant amount of collaterals in the 0-20
pm range compared to CD1 sham-injured (4.38+ 1.09) mice (Figure 1F). C57BL/6 sham-injured
(3.17+ 0.70) mice had significantly more collaterals in the 21-25 pum range compared to CD1
sham-injured (0.38+ 0.26) mice (Figure 1F). Representative vessel painted whole mount images
from CD1 and C57BL/6 sham-injured and CD1 and C57BL/6 CClI-injured mice show the loss of
collateral vessels in both strains after CCI-injury compared to sham-injury (Figure 1G- 1J). These
findings suggest that moderate CCI injury does not induce collateral remodeling in both CD1 and
C57BL/6 mouse strains. Interestingly, we did find that C57BL/6 sham-injured collateral vessels

were larger in diameter compared to CD1 mice.
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Figure 1. Pial collateral density and diameter in CD1 and C57BL/6 mice following CClI injury.
Bar graph (A) shows that on the contralateral side of injury, C57BL/6 sham and CCl-injured
mice have significantly more collateral vessels compared to CD1 sham and CCl-injured mice.
Bar graph (B) shows on the ipsilateral side of injury both CD1 and C57BL/6 CClI-injured mice
loose collateral vessels compared to sham-injured controls. C57BL/6 CCl-injured mice have
significantly more collateral vessels compared to CD1 CCl-injured mice. Bar graphs (C-D) show
on the contralateral and ipsilateral side of injury, C57BL/6 sham-injured mice have significantly
larger collateral diameter compared to CD1 sham-injured mice. After CClI injury there is no

significant change in diameter among the groups. Bar graph (E) represents breakdown of
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collateral vessel diameters and shows C57BL/6 sham and CCI -injured mice have significantly
more collateral vessels within the 21-25 pm range compared to CD1 sham and CCI-injured mice.
Bar graph (F) shows on the ipsilateral side of injury, CD1 CClI-injured mice significantly lose the
number of collaterals that lie within 0-20 pm range compared to CD1 sham-injured mice.
C57BL/6 sham-injured mice have significantly more collateral vessels within the 21-25 pm
range compared to CD1 sham-injured mice. Vessel painted whole mount images show the
collateral vessels among CD1 sham-injured (G) and C57BL/6-sham-injured (H) and the loss of
collateral vessels in CD1 CCl-injured (I) and C57BL/6 CCI-injured (J) mice. Asterisks mark

*k*k

individual collateral vessels. Dataset represented as mean +/- SEM. ““P<0.0001; ““P<0.001;
“P<0.05. (CD1 sham and injury n= 8 and n=5 per group); (C57BL/6 sham and injury n= 8 and

n=6 per group). Scale bar Imm.

Analysis of pial collateral number and diameter following repetitive mild traumatic brain injury
(mTBI)

We next wanted to assess if strain differences in collateral density and remodeling occur
following a mild repetitive model of TBI using the weight drop model. Similar to the CCl-injury
studies, we vessel painted C57BL/6 and CD1 mice four days after mTBI-injury to count and
measure collateral vessels (Figure 2). We found that C57BL/6 sham-injured mice had significantly
more collateral vessels on the left (18.6+1.21; n=5) and right (21.68+1.31) hemispheres compared
to CD1 sham left (10+1.53; n=4) and right (13.3+2.33) hemispheres (Figure 2A and 2B). After
repetitive mTBI, there was no change in collateral number between mTBI and sham-injured

controls. C57BL/6 mTBI mice had significantly more collaterals on the left (21.6+1.70; n=9) and

98



right (23.71+0.75) compared to CD1 mTBI mice on the left (13+1.0; n=7) and right (13.3+0.88)
hemispheres (Figure 2A and 2B).

We next wanted to determine if remodeling occurred in this mild model of TBI by
measuring the diameter of identified collateral vessels. We found that C57BL/6 sham-injured mice
have significantly larger diameter collateral vessels on the left (21+0.70um; n=5) and right
(21.68+1.31um) hemispheres compared to CD sham-injured left (16.82+0.89um; n=6) and right
(17.4440.66pum) hemispheres (Figures 2C and 2D). Interestingly, C57BL/6 mTBI mice had
significantly larger collateral vessel diameters on the left (25.56+1.18um; n=6) and right
(25.59+0.71um) hemispheres compared to C57BL/6 sham-injured mice. The increase in diameter
seen in the C57BL/6 mTBI strain was also significantly larger compared to CD1 mTBI left
(18.16+0.90um; n=7) and right (18.40+0.66um) hemispheres (Figure 2C and 2D).

To assess how density and diameter of collateral vessels may be different between the two
strains in mTBI, we separated collaterals based on diameter ranges (0-20 pm; 21-25 um; 26-30
pm; 31-39 pum; 40 um) (Figure 2E and 2F). On the left hemisphere we found that both CD1 mTBI
(4.87+ 0.80; n=7) mice and C57BL/6 mTBI (3.3+ 1.02; n=6) mice had a significant reduction in
the number of collateral vessels within the 0-20 um compared to sham-injured control strains
(6.67+ 0.72; n=6 and 6.4+1.36; n=7; respectively). While the subsequent ranges of diameters (21-
25 um; 26-30 um) had similar densities of collateral vessels between the strains, we found within
the 31-39 um range, C57BL/6 mTBI (2+ 0.37) mice had significantly more collateral vessels
compared to CD1 mTBI (0.17+ 0.17) mice (Figure 2E). On the right hemisphere, CD1 sham-
injured (5.33+ 0.72) and CD1 mTBI (4.57+ 0.78) mice had significantly more collaterals within
the 0-20um range compared to C57BL/6 sham-injured (3.4+0.75) and C57BL/6 mTBI (1.83+0.54)

mice, respectively (Figure 1F). C57BL/6 mTBI (3.8+0.60) mice had significantly more collateral
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vessels within the 21-25um range compared to C57BL/6 sham-injured (2.0+0.45) controls. In
addition, C57BL/6 mTBI (3.8+ 0.60; 1.83+ 0.31; 1.83+0.54) mice had significantly more collateral
vessels within the 21-25um, 26-30pum, and 31-39um compared to CD1-mTBI (1.0+0.54; 0.14+
0.14; 0) mice (Figure 2F). On both the left and right hemispheres C57BL/6 mTBI mice had
collateral vessels that reached the 40 um range that was absent in CD1 mTBI and sham-injured
mice. Confocal images of individual collateral vessels stained with Dil through our vessel staining
technique showed CD1 sham-injured collaterals to be smaller compared to C57BL/6 sham-injured
collaterals (Figure 2G and 21; respectively). There were no observable changes in diameter in CD1
sham-injured and CD1 mTBI vessels (Figure 2G and 2H; respectively). Interestingly, C57BL/6
mTBI collaterals appeared larger compared to C57BL/6 sham-injured and CD1 mTBI mice
(Figure 2J; 21; 2H, respectively). This data demonstrates mTBI causes an increase in diameter of

collateral vessels in the C57BL/6 strain that is not observed in the CD1 strain.
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Figure 2. Pial collateral density and diameter in CD1 and C57BL/6 mice following repetitive
mTBI. Bar graphs (A-B) show that on the left and right hemispheres, C57BL/6 sham-injured and
mTBI strain have significantly more collateral vessels compared to CD1 sham-injured and mTBI
mice following repetitive mTBI. Bar graphs (C-D) show on the left and right hemispheres,
C57BL/6 sham-injured mice have significantly larger collateral diameters compared to CD1
sham-injured mice. After repetitive mTBI, C57BL/6 mTBI mice have significantly larger

diameter compared to C57BL/6 sham-injured mice and CD1 mTBI mice. Bar graph (E)
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represents the breakdown of collateral vessel diameters on the left hemisphere. After repetitive
mTBI, both strains see a reduction in collateral number within the 0-20pum compared to sham-
injured control strains. C57BL/6 mTBI mice have significantly more collateral vessels within the
31-39um range compared to CD1 mTBI mice. Bar graph (F) represents the breakdown of
collateral vessel diameters on the right hemisphere. CD1 sham-injured and mTBI mice have
significantly more collateral vessels within the 0-20um range compared to C57BL/6 sham-
injured and mTBI mice, respectively. At the 21-25um, 26-30um, and 31-39um range, C57BL/6
mTBI mice have more collaterals compared to CD1 mTBI mice. Representative confocal vessel
painted images show collateral vessel diameter differences. CD1 sham-injured (G) strain
collateral vessels appear smaller compared to C57BL/6 sham-injured (1) strain. No change in
diameter is observed CD1 mTBI (H) strain. C57BL/6 mTBI (J) strain display increase in

*kk

collateral diameter. Dataset represented as mean +/- SEM. ““P<0.0001; ““P<0.001; "P<0.05.
(CD1 sham and injury n=6 and n=7 per group); (C57BL/6 sham and injury n="5 and n= 6 per

group). Scale bar Imm.

Cerebral blood flow (CBF) analysis using Moor Laser Doppler Imaging following moderate CCI
injury and repetitive mTBI

To assess whether strain differences in collateral density and remodeling correlated with
changes in cerebral blood flow (CBF), we measured CBF via Moor Laser Doppler analysis
following CCl injury and repetitive mTBI (Figure 3). In the CCI model, the perfusion units (PFU)
were quantified using the same sized region of interest (ROI) around the focal area of injury and
measurements were made relative to pre-scans for each animal. First, both strains of mice were

subjected to moderate CCI injury and CBF was assessed immediately (0 minutes) and at 5-30
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minutes during a repeat scan, followed by analysis at 4 days post-injury. The quantified data shows
a similar loss in CBF in the ipsilateral cortex of CD1 (54.5 + 3.6% of Pre-CCl scan) and C57BL/6
mice (58.9 + 1.3% of Pre-CCl scan) immediately following CCl injury (Figure 3A). No significant
difference was found between the CBF of CD1 and C57BL/6 at this time or up to 30m post-injury.
CBF was then assessed at 4 days post-CCl, which also showed no significant difference between
CD1 (67.1 + 7.1% of Pre-CCI scan) compared to C57BL/6 mice (66.8 + 9.1% of Pre-CClI scan)
(Fig. 1B). No significant change in CBF was observed following sham surgery at the indicated
time points (data not shown).

Next, we evaluated whether the extent of injury severity impacted changes in CBF and
whether this effect is differentially regulated between the two strains of mice. In the mTBI model,
the perfusion units (PFU) were quantified using a region of interest (ROI) which included the
entire right and left cortical hemispheres. Measurements for each animal were made relative to the
average sham control strain’s same ROI. Using repetitive mTBI, CBF was evaluated immediately
and at 45 minutes following each consecutive mTBI (Fig. 3C and 3D; black arrows) and a final
assessment at 4 days post-mTBI. The quantified data shows a similar trend of CBF loss and
reperfusion after subsequent hits between the two strains. We found that after each successive hit,
there was no significant change in CBF compared to CBF prior to the hit. Representative blood
flow scans so no real change in CBF between C57BL/6 strain and CD1 strain (Figure 3E). Taken
together there were no changes in CBF between the strains following CCI-injury or repetitive

mTBI.
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Figure 3. Acute changes in cerebral blood flow (CBF) following CCl and mTBI in CD1 and
C57BL/6 mice. Quantitative analysis (A) using relative intensity shows there is no change in
blood flow restoration to the area of injury following CCI. Relative intensity (B) of blood flow
analysis using the Laser Doppler Imager shows CD1 and C57BL/6 have similar responses and
recovery of blood flow perfusion. Quantitative analysis (C-D) using relative intensity shows
there is no change in blood flow restoration to the area of injury following repetitive mTBI.
Relative intensity (E) of blood flow analysis using the Laser Doppler Imager shows CD1 and
C57BL/6 have similar responses and recovery of blood flow perfusion. (CD1 sham and injury

n=>5 and n=7 per group); (C57BL/6 sham and injury n=5 and n=7 per group).
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Analysis of tissue damage following CCI and mTBI.

To assess whether strain differences in collateral density and remodeling and changes in
CBF correlated with lesion volume, we observed neural tissue damage following 4-days post-CClI
injury (Figure 4). Serial sections were subjected to NISSL staining and lesion boundaries were
demarcated by the loss of NISSL stain, pyknotic neurons, and tissue hemorrhage (Figure 4A and
4B). Using the Caveleri estimator, we found no significant difference in lesion volume between
CD1 mice (3.37+0.18mm?3) and C57BL/6 mice (3.45+0.03mm?) four days after CCl injury (Figure
4E). We next subjected repetitive mTBI sections to NISSL staining and found no loss of NISSL

stain, pyknotic neurons or signs of tissue hemorrhage between the two strains (Figure 4C and 4D).
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Figure 4. Strain effects on acute neural tissue loss following CCI injury and repeated mTBI.
Nissl stained sections collected at 4d post-CCI from CD1 (A) and C57BL/6 (B) mice show no
significant change in lesion volume. Quantified analysis (E) of lesion volume using Caveleri
Estimator. Bar Graph display non-significant change in lesion volume (mm?3) at 4 d between
CD1 and C57BL/6 strains. Nissl Stained sections collect at 4d post repeated mTBI from CD1 (C)
and C57BL/6 (D) show no overt histological damage or focal lesion in the cortex or

hippocampus. CTX- cortex, hippo- hippocampus. Dataset represented as mean +/- SEM. (CD1

and C57BL/6 n=4). Scale bar 1mm.
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Analysis of astrogliosis following repetitive mTBI

As astrocytes have been shown to be tightly associated with blood vessels, we were interested in
assessing the role astrocytes may be playing after repetitive mTBI. To do this, we evaluated
patterns of GFAP expression in the cortex and hippocampus between the CD1 and C57BL/6 strain.
Vessel painted coronal sections were used to visualize penetrating Dil* blood vessels and co-
labeled with GFAP to observe blood vessel/astrocyte interactions (Figure 5). We observed that
CD1 and C57BL/6 sham-injured mice had similar phenotypes with no to very few GFAP™ cells
found around penetrating vessels (Figure 5A and 5C). However, after mTBI injury, both strains of
mice had an increase of GFAP™ cells around penetrating vessels relative to sham controls (Figure
5B and 5D). Interestingly, CD1 mTBI strain had an observable increase in GFAP™ cells in around
Dil* vessels compared to C57BL/6 mTBI strain (Figure B! and D!, respectively). A similar
phenotype of increased GFAP* cells after mTBI injury was also observed in the hippocampus
between the two strains compared to sham-injured mice (Figure 5E-I). To quantify our
observations, we then analyzed the mean intensity of GFAP stained serial sections between CD1
and C57BL/6 strains at 4 days- post mTBI within the dentate gyrus where we observed the greatest
increase of GFAP* cells (Figure 5J). We found that CD1 sham-injured (59.32+15.94) and C57BL/6
sham-injured (59.34+16.98) strains have similar relative mean intensities of GFAP™ cells.
Following mTBI injury both CD1 (260.8+62.49) and C57BL/6 (114+27.65) mice saw an increase
in the relative mean intensity of GFAP™ cells relative to sham controls. However, CD1 injured
mice had a significant increase in the relative mean intensity of GFAP™ cells compared to CD1
sham and injured C57BL/6 mice. These results suggest that mice subject to repetitive mTBIs

revealed evidence of mild reactive astrogliosis within the hippocampus and cortex of penetrating
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vessels. In contrast, no gliosis was observed in sham animals. Interestingly, GFAP reactivity

occurred to a greater extent in CD1 mice compared to C57BL/6 mice.
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Figure 5. Strain effects on acute astrogliosis following repeated mTBI. GFAP stained sections
collected at 4d post- mTBI from CD1 sham (A) and C57BL/6 sham-injured (C) strains show
comparable staining of GFAP* cells in and around Dil" penetrating blood vessels. CD1- mTBI
(B) and C57BL/6 mTBI (D) strains appear to have an increase of GFAP™ staining relative to

sham controls. Higher magnification of CD1 mTBI strain (B') and C57BL/6 mTBI strain (D)
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reveals GFAP™ cells around Dil" vessel with greater staining of GFAP" cells in CD1 mTBI strain.
GFAP staining of the hippocampus reveals observable similar staining of GFAP™ cells between
CD1 sham (E) and C57BL/6 sham-injured (G) mice. mTBI injury appears to cause an increase of
GFAP" staining between CDL1 (F) and C57BL/6 (1) relative to shams. Quantified analysis (J)
displays relative mean intensity of GFAP™ within the hippocampus. Bar graph displays a
significant increase in GFAP intensity in CD1 mTBI strain relative to sham-injured C57BL/6 —
mTBI strain. Dataset represented as mean +/- SEM. “P<0.001; "P<0.05. (CD1 sham and injury

n=>5 and n=3 per group); (C57BL/6 sham and injury n=4 and n=5 per group). Scale bar 20 pm.

Discussion

Insights into linking pial arteriole collateral responses, the pre-existing density, and post-
injury enlargement, with tissue preservation following vascular occlusion have prompted its
investigation in ischemic diseases such as hind-limb ischemia and stroke; however, the collateral
response has not been addressed in the context of TBI (66, 73-75). The current study demonstrates
a model-dependent and strain-dependent role on the remodeling extent of pial arteriole collateral
vessels after TBI. We have found that when we subjected the C57BL/6 strain and CD1 strain to
repetitive mTBI using the weight drop model, C57BL/6 mice have larger diameter collateral
vessels compared to injured CD1 mice, highlighting a murine strain response difference to mTBI
(Figure 2). Histological differences in GFAP reactivity that found GFAP expression to be
increased in CD1 compared to C57BL/6 mice after repetitive mTBI also provide evidence of strain
differences to repetitive mTBI at the cellular level (Figure 5). Furthermore, when we subjected the
C57BL/6 strain and CD1 strain to moderate TBI using the CCI-injury model, collateral remodeling

was not observed in either strain, suggesting a model-dependent response to collateral remodeling
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(Figure 1). This impaired collateral response following CClI-injury is further supported with no
significant changes in blood flow reperfusion to the area of injury and no significant differences
in lesion volume between the two strains (Figure 3A and Figure 4, respectively). These results are
the first to identify a strain and model dependent response of pial arteriole collaterals in the context
of TBI. Our findings are further supported by studies in hind-limb ischemia that demonstrate
genetic differences in pre-existing collateral numbers are observed between mouse strains that
mediate tissue recovery after injury and these differences in collateral numbers are also evident in
the brain (66). For example, genome-wide microarray analysis between C57BL/6 and BALB/c
mice revealed differences in expression of VEGF-A that was attributed to a larger pre-existing
collateral density that conferred better tissue perfusion and protection after hind-limb ischemia in
the C57BL/6 that expressed higher levels of VEGF-A (66). Strain-related differences have also
been known to exist in TBI as variability in tissue recovery after lateral fluid percussion injury has
been attributed to the genetic differences seen in rats (76). Understanding these genetic differences
in rodent species is important as clinical studies have shown collateral response is varied among
the human population and their response to ischemic disease (77, 78).

In the present study, we utilized the murine C57BL/6 strain and CD1 strain. C57BL/6 mice
have been previously shown to have significantly more collateral vessels compared to Balb/c mice,
which have been observed to have very few collateral vessels (59). In addition, C57BL/6 mice
have been shown to have larger collateral vessel diameters compared to Balb/c mice (59).
Consistent with these studies, we have found C57BL/6 mice to have significantly more collateral
vessels with overall larger diameter compared to the CD1 strain (Figure 1A-B and Figure 2A-B).

Experimental and clinical evidence in the stroke field has shown that the pre-existing

number of collateral vessels can dictate tissue recovery and outcome following stroke, (55, 56,
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79). Although the pathological response of TBI is initiated by a force applied to the brain, it shares
a common disease characteristic to that of stroke, which is cerebral ischemia (80). Studies have
shown within minutes following CCl-injury, there is a significant loss of perfusion at the impact
site, which reaches ischemic conditions (21, 51, 81, 82). Taken together these studies prompted us
to explore the extent of collateral remodeling in CCl-injury. We demonstrate that CCl-injury
induces a loss of collateral vessels at and around the impact site in both strains relative to sham
controls (Figure 1A and 1B). We visualized collateral vessels using vessel painting that selectively
labels the arteriole network using a fluorescent lipophilic cationic dye (Dil) that is administered
into the left ventricle during cardiac perfusion 4 days post-CCl injury (71) (Figure 1G-J).
Interestingly, although C57BL/6 CClI-injured mice had significantly more remaining collateral
vessels compared to CD CCl-injured mice, this did not confer tissue protection (Figure 4A-B and
4E). Furthermore, collateral diameters did not change in either strain relative to sham controls after
CCl-injury (Figure 1D). In addition, this impaired collateral remodeling exhibited by the two
strains following CCl-injury, we also did not observe changes in blood flow perfusion to the area
of injury (Figure 3). There have been numerous studies which have shown collateral vessel
remodeling to dictate the outcome of ischemic stroke; however, our understanding of the collateral
response after hemorrhagic stroke is greatly understudied (56, 66, 83). Hemorrhagic stroke occurs
when a weakened vessel ruptures and bleeds into the surrounding tissue (84-86). Interestingly, a
retrospective clinical study on patients that have suffered ischemic stroke or hemorrhagic stroke
found that collateral numbers could dictate the outcome of patients with ischemic stroke, but could
not predict the outcome in hemorrhagic stroke patients (87). The pathological response of a
ruptured/weakened blood vessels that subsequently bleeds into the surrounding tissue during a

hemorrhagic stroke is similar to how the vessels would respond after CCI-injury (21, 51, 84, 85).
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Collateral vessel remodeling is triggered by mechano-receptors in endothelial cells (ECs) that
sense increases in fluid shear stress (FSS) that cause an outward remodeling of the vessel (88).
Thus, we speculate the focal impact of the CCl injury not only ruptures blood vessels upon contact,
but the dispersal of blood in all directions weakens the surrounding ECs walls, reminiscent of
hemorrhagic stroke (21, 51, 84-86). Thus, we predict that the bleeding from vessel walls and the
craniotomy that is necessary to induce this focal injury lowers the overall FSS pressure sensed by
the ECs of collateral vessels, causing them not to remodel (88, 89). In the context of CCl-injury
having a greater density of collateral vessel does not confer tissue protection as seen in ischemic
stroke (56, 66, 83).

Clinical studies have shown that concussive injuries can cause mild reductions of blood
flow or even increases of blood flow after injury (90-92). As we were interested in collateral
remodeling, we wanted to mimic ischemic stroke as close as we could, in the context of TBI.
Despite these unknown CBF fluctuations after mTBI, what can be agreed upon is that the injured
brain is highly vulnerable to ischemic conditions (90). Recent studies have shown that repetitive
injuries can induce decreases in CBF, which is absent after a single hit, thus we decided to look at
collateral remodeling in the repetitive weight drop model (93, 94). Our studies indicate that
following repetitive mTBI using the weight drop model, the C57BL/6 strain is observed to have
an outward remodeling of collateral vessels relative to non-injured mice (Figure 2C-D). This
collateral vessel remodeling after repetitive mTBI also appears to be strain dependent as we did
not observe collateral vessel diameter changes in the CD1 strain between injured and non- injured
mice (Figure 2C-D). This overall increase in diameter of collateral vessels that we observed in the
repetitive mTBI injured C57BL/6 strain was not observed in the CD1 strain. Although we did not

observe changes in CBF to correlate with increases in diameter in the C57BL/6 strain, this may be
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attributed to our experimental design. Both strains received multiple doses of ketamine prior to
each hit, which has been shown to increase the overall effects of CBF (95). Thus, we may have
picked up a ketamine-induced increase of CBF in our CD1 strain. In addition, we did not observe
neuronal loss in the cortex or other brain regions, using NISSL stained coronal sections, in either
strain after repetitive mTBI injury and this finding is supported by other studies that have used a
similar repetitive mTBI model and did not observe neuronal tissue loss (9, 20, 38). Not surprising,
there was no loss of collateral vessels after repetitive mTBI injury in both strains relative to sham-
injured controls as the weight drop model has been shown to mimic axonal diffuse injury after a
concussion (96, 97) (Figure 2A and 2B). While there are no studies that address the FSS pressure
across the cerebral vasculature after closed-head injuries, we can infer that pressure gradients are
increased in all cells types by studies that looked at the biomechanical forces of the brain after
blast injury (98). This study found that the sudden acceleration and deceleration of forces
experienced by the brain, for example, the soft brain tissue hitting the hard skull, could generate
enough force to increase the shear stress across the brain; therefore, increasing the intracranial
pressure (98). This shear stress of axonal stretching was seen greatest on the cortex where the force
was applied and countercoup (98). From these studies, we can infer a similar scenario occurs in
our repetitive weight drop model that causes an increase in intracranial pressure experienced by
the surface collateral vessels. This increase in shear stress produces enough force across the
vasculature to cause collateral vessels to outwardly remodel in the C57BL/6 strain as this strain
has been shown to have an interconnected vascular network through the number of these collateral
vessels. Conversely, the CD1 strain does not have an intricate collateral network, so the pressure

experienced by the blood vessels could be lost (Figure 2G-J).
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Previous research has shown that after repetitive mTBI there is an increase of GFAP
reactivity, measured by mean GFAP staining intensity that is most evident in the hippocampus,
although there is no hippocampal cell loss (9). Our findings support this as we observed an increase
in GFAP reactivity in the hippocampus in both strains following repetitive mTBI (Figure 5E-J).
Interestingly, we also found a strain related difference in GFAP reactivity as the CD1 strain had
more GFAP™ cells within the dentate gyrus compared to the C57BL/6 strain (Figure 5E-I).
Previous studies in immunology support this finding as studies have shown strain background
plays a role in the inflammatory response (99, 100). In addition, astrocytes help bridge the
neurovascular unit as they help regulate the microcirculatory response and help make up the blood
brain barrier (BBB) (101-104). Interestingly, as astrocytes help regulate the permeability of the
BBB, which is needed in physiological settings, in the context of the pathological setting, studies
have found that in order to protect neurons from injury, reactive astrocytes restrict immune cells
from entering the brain (105).

Collateral vessel remodeling is dependent on infiltrating monocytes and macrophages to
help stimulate vessel growth (106, 107). We speculate the tight association of reactive astrocytes
on blood vessels in the CD1 strain after repetitive mTBI may dampen the collateral response by
preventing monocytes and macrophages from entering the brain to stimulate remodeling.
Conversely, less reactive astrocyte association with the blood vessel as we have seen in the
C57BLY/6 strain after repetitive mTBI would allow monocytes and macrophages to enter the brain
to stimulate the collateral remodeling process. Collectively, these findings further confirm the
response and repair of the cerebral vasculature to different severities of TBI, while highlighting a

model and strain dependent role of collateral remodeling following TBI.
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Abstract

Traumatic brain injury (TBI) elicits the immediate production of pro-inflammatory cytokines
which participate in regulating the immune response. While the mechanisms of adaptive immunity
in secondary injury are well-characterized, the role of the innate response is unclear. Recently, the
NLR inflammasome has been shown to become activated following TBI, causing processing and
release of interleukin-1p (IL-1B). The inflammasome is a multi-protein complex consisting of
nucleotide-binding domain and leucine-rich repeat containing proteins (NLR), caspase-1 and
apoptosis-associated speck-like protein (ASC). ASC has been shown to be upregulated after TBI
and is critical in coupling the proteins during complex formation resulting in IL-1p cleavage. To
directly test whether inflammasome activation contributes to acute TBI-induced damage, we
assessed IL-1B, IL-18 and IL-6 expression, contusion volume, hippocampal cell death and motor
behavior recovery in NIrpl”, Asc’ and wild type mice after controlled cortical impact (CCI)
injury. Although IL-1B expression is significantly attenuated in the cortex of NIrp1” and Asc™
mice following CCI injury, no difference in motor recovery, cell death or contusion volume is
observed compared to wild type. These findings indicate that inflammasome activation does not

significantly contribute to acute neural injury in the mouse CCI model.
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Introduction

Mechanical trauma to the CNS results in the disruption of the cellular microenvironment
leading to massive necrotic and apoptotic loss of neuronal and glia populations. The progressive
cascade of secondary events, including ischemia, inflammation, excitotoxicity and free radial
release contribute to neural tissue damage. Activation of the innate immune response including
microglia, peripheral-derived macrophages and astrocytes (1-3), can lead to the expression of pro-
inflammatory cytokines, chemokines and reactive oxygen species, thereby triggering the
inflammatory responses in the central nervous system (CNS). Recently, the initiation of such a
response following tissue injury was shown to involve a multi-protein complex called the
inflammasome (4). This cytosolic complex enables the activation of pro-inflammatory caspases,
mainly caspase-1 (5, 6) resulting in a potent inflammatory response. Inflammasome complexes
generally have three main components: an NLR protein; the enzyme caspase-1; and an adaptor
protein that facilitates the interaction between the two. The NOD-like receptors (NLRs) are critical
in this process and members of the inflammasome forming NLR subfamily recruit the adapter
apoptosis-associated speck-like protein (ASC) to activate caspase-1. Currently, at least 8 different
NLR proteins are well characterized as being capable of inflammasome formation under a diverse
range of stimuli. In the brain, the inflammasome forming NLRs NLRP1, NLRP2, and NLRP3 have
each been shown to modulate caspase-1 activation and the subsequent processing of IL-1f and IL-
18, primarily from glia cells (7-10). The CNS is particularly sensitive to IL-1p and IL-18 signaling
since multiple neural cell types express receptors for these cytokines (11-13). In addition,
activated caspase 1 can mediate a form of necrotic cell death known as pyroptosis (14-16), making
it a potential candidate for cell death signaling within neurons following injury. Therefore,

induction of the NLR-mediated inflammasome complex could contribute to the pro-inflammatory
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milieu as well as neuronal pyroptosis following immunopathogenic conditions such as traumatic
brain injury (TBI). Interestingly, recent studies have demonstrated assembly of the NLRP1 and
NLRP3-inflammasome complex including increased expression of ASC, activation of caspase 1
and processing of IL-1p in a rat model of TBI (8, 9). Furthermore, therapeutic administration of
anti-ASC neutralizing antibodies was shown to reduce the innate immune response and
significantly decrease contusion volume in the same model (9). These studies suggest that
inflammasome activation plays a critical role in acute neural injury and that pyropotosis may be a
key element of neuronal cell death following brain trauma.

To better understand the role of the NLRP1 inflammasome complex in TBI-induced
damage, we sought to evaluate the effects of NLRP1 and ASC gene deletion on cortical tissue loss
in a murine model of controlled cortical impact (CCI) injury. This model produces a well-
demarcated cortical lesion that mimics the contusions commonly observed in TBI patients.
Because the pathophysiological sequela of TBI is dependent on impact severity and location, we
investigated whether the absence of inflammasome activation impacts the histopathological
outcome using this distinct model. The overall goal of this study was to assess the role of the NLR
inflammasome following CCI injury by quantifying IL1- B, IL18 expression and determine
whether inflammasome disruption impacts cortical contusion volume and motor recovery in wild

type, NIrp17-and Asc” mice.

Materials and methods
Animals/Ethics Statement
The generation and characterization of NIrpl” and Asc” mice have been previously

described (17, 18). All mice were maintained on the C57BI/6 background and all animals were
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genotyped using standard PCR analysis prior to each study. All experiments were conducted in
accordance with the NIH Guide for the Care and Use of Laboratory Animals and were conducted
under the approval of the Virginia Tech Institutional Animal Care and Use Committee (IACUC,;

#12-081) and the Virginia Maryland Regional College of Veterinary Medicine.

CClI Injury.

Male mice ages 2-4 months were anesthetized with ketamine and xylazine by
intraperitoneal (i.p.) injection and positioned in a stereotaxic frame (19, 20). Body temperature was
monitored with a rectal probe and maintained at 37°C with a controlled heating pad set. A 5mm
craniotomy was made using a portable drill over the right parietal-temporal cortex (2.5 mm
A/P and 2.0 mm lateral from bregma). Injury was induced by moderate CCI using the eCCI- 6.3
device (Custom Design & Fabrication; 4mm impounder) at a velocity of 3.5 m/s, depth of 0.5 mm,
and 150 ms impact duration (19, 20). Sham controls received anesthesia, skin incisions and sutures
only. Following injury, the incision was closed using Vetbond tissue adhesive (3M, St. Paul, MN,
USA) and the animals were placed into a heated cage to maintain body temperature for 1 h post
injury. At 1, 3 or 14 days post-CClI injury, mice were anesthetized and brain tissue removal was
performed following decapitation. Fresh frozen tissue was embedded in OCT and sectioned at 30
um thick. Five serial coronal sections were (300um apart) stained for NISSL substance (21).

Rotarod behavior assessment was performed as previously described (21).

Evaluation of contusion volume

Lesion or contusion volume was assessed by a blinded investigator using Caveleri

Estimator from Stereolnvestigator (MicroBrightField, Williston, VT, USA) and an Olympus
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BX51TRF motorized microscope (Olympus America, Center Valley, PA, USA). Contusion
volume (mm?®) was determined as previously described (21). Briefly, volume analysis was
performed by estimating the area of tissue loss in the ipsilateral cortical hemisphere for five coronal
serial sections at or around the epicenter (—1.1 to -2.6 mm posterior from bregma) of injury. Nissl
stained serial sections were viewed under brightfield illumination at a magnification of 4x. A
random sampling scheme was used that estimates every 10" section from rostral to caudal, yielding
five total sections to be analyzed. A randomly placed grid with 100 um spaced points was placed
over the ipsilateral hemisphere and the area of contusion was marked within each grid. Contusion
boundaries were identified by loss of NISSL staining, pyknotic neurons and tissue hemorrhage.
The contoured areas, using grid spacing, was then used to estimate total tissue volume based on
section thickness, section interval and total number of sections within the Caveleri program,
Stereolnvestigator. Data is represented as volume of tissue loss or contusion volume (mm?q) for

wild type, NIrp1” and Asc” mice.

Evaluation of protein Cytokine levels in cortical tissue samples

Protein was isolated from cortical tissue samples of wild type, NIrp1”-and Asc”" mice at 1
day post-CClI injury as previously described (21). Briefly, fresh brain tissue was dissected in L15
(Gibco) media on ice and homogenized in RIPA buffer (pH 7.5, 1% NP-40, 1% sodium-
deoxycholate, 0.1% SDS, 0.15M NaCl, 2mM EDTA and 0.01 M sodium phosphate) in the
presence of Complete protease inhibitor cocktail (Roche, Florence, SC, USA) and phosphatase
inhibitor cocktail 2 (Sigma-Aldrich, St. Louis, MO, USA). Supernatant was collected by
centrifuging at 14 000 x g for 30 min at 4 °C and the Lowry assay was used for the determination

of protein concentration (Pierce, Rockford, IL, USA). Protein samples were then tested for IL-18,
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IL-18, and IL-6 expression levels using ELISA (BD Biosciences), as previously described (22).
Final concentrations of each cytokine were calculated based on internal standard controls and
represented as pg/ml then normalized to the amount of protein (mg) loaded per well of the ELISA
and represented at (pg/ml)/mg for each sample. This is a standard procedure to account for
differences in starting protein levels that could significantly influence the final concentration of

each cytokine (23-25).

Meta-data Analysis
The microarray data was generated following a metadata analysis or data mining of
publically available datasets using a publically accessible microarray meta-analysis NextBio search

engine; Available: http://www.nextbio.com/b/search/ba.nb. The data analysis was performed from

the following datasets (human: GSE2392, 1432, 10612, 12837, 12305 12679; mouse: GSE17256,
10246, 9566, 11288; TBI study: GSE2392).
Statistical analysis.

Data was graphed using GraphPad Prism, version 4 (GraphPad Software, Inc., San Diego,
CA). Student’s two-tailed t test was used for comparison of two experimental groups. Multiple
comparisons were done using one-way and two-way ANOVA where appropriate followed by
Tukey test for multiple pairwise examinations. Changes were identified as significant if P was less

than 0.05. Mean values were reported together with the standard deviation (SD).
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Results
NLRP1 inflammasome activation does not contribute to acute cortical damage after CCI injury
Inflammasome complex formation has been shown to play a critical role in initiating
inflammation in a variety of settings (26), though our understanding of its role in
neuroinflammation is limited. Here, we sought to analyze the effects of inflammasome disruption
on acute neural tissue damage and cytokine production following TBI. Specifically, we evaluated
injury outcome in NIrp1” and Asc’~ mice, using the controlled cortical impact (CCI) model (19-
21), at 3 days post-injury. Serial sections were subjected to NISSL staining and contusion
boundaries were demarcated by loss of NISSL stain, pyknotic neurons and tissue hemorrhage.
Using the Caveleri estimator, we found no significant difference in contusion volume (F=1.37,
P=0.3) among wild type (4.22 + 0.97mm?; n=8), NIrp1” (3.70 + 1.12mm?3 n=7) and Asc”" (4.57
+ 1.43mm?3; n=5) mice at 3 days post-CCI (Figure 1A-1C and 1G) or 14 days (F=1.07; P=0.49);
(3.113 + 0.85mm?® n=8; 3.0 + 1.2mm?®n=5; 3.76 + 0.66mm?* n=5; respectively) (Figure 1D-1F)
post-CCl injury. These results indicate that genetic ablation of specific genes known to be involved
in the formation of the NLR inflammasome complex has no effect on neural tissue loss in the
cortex following acute TBI. We also performed Rotarod behavioral analysis to test whether motor
deficit and recovery was affected by inflammasome disruption following CCl-injury. Mice were
pre-trained on the Rotarod 4 days prior to CCI-injury then subjected to motor assessment at 3, 7
and 14 days post-sham or -CCI injury. Time to fall was record then normalized to the average
baseline time for each mouse. No differences between groups was seen following sham injury for
each time points tested (Figure 1H). Although motor deficits were observed following CCl-injury,
no difference between groups was observed in motor ability at 3 days (wild type 60.07% + 18.4

n=9; NIrp1”55.7% + 9.1 n=5; ASC”~ 45.44% + 10.5 n=5) compared to baseline, or at any other
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time point tested (Figure 11). These data correlate with contusion volume estimates and confirm
that inflammasome disruption has no effect on neural tissue loss or motor function after CCI-

injury.
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Figure 1. Genetic disruption of the NLRP1 inflammasome complex has no effect on contusion
volume and motor deficits following CCl-injury. Using Caveleri estimator on Nissl stained
sections collected from (A, D) Wild type, (B, E) NIrp1”, and (C, F) Asc”" brains at 3 and 14 days
post-injury, respectively, shows no significant change in contusion volume (mm?®). D) Bar graph
represents mean contusion volume + SD in wild type, NIrp1”- and Asc” mice (n=5-8 per group).
Rotarod assessment or motor function was performed in each group and demonstrate no significant
difference between sham-injured mice (H) or CCI-injured mice (I). n=5-9 per group; represented

as mean + SD.
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Next, we investigated the protein expression of the pro-inflammatory cytokines IL-1f, IL-
18 and IL-6 in the cortex of Nlrp1”, Asc” and wild type mice following CCI injury. Following
injury, we collected cortical tissue samples from the ipsilateral and contralateral hemispheres of
sham and CCl-injured mice at 24 hours. Total IL-1p, IL-18, and IL-6 levels were quantified using
ELISA. Our findings demonstrate that CCI injury results in a significant increase in IL-1p (1.3-
fold; 78.2 + 13.6 pg/ml per mg protein) and I1L-6 (5-fold; 229.3 + 30.9) levels in the wild type CCI-
injured ipsilateral cortex compared to un-injured contralateral (IL-1p 56.8 + 2.9; 1L-6 43.3 + 29.2)
or sham-injured ipsilateral tissue (IL-1p 45.3 + 5.7; IL-6 56.6 + 12.9) (Figure 2A and 2C).
However, ipsilateral IL-1levels are significantly attenuated in CCl-injured Nlrp1” (51.9 + 6.5) and
Asc™ (56.8 + 3.7) mice where levels reach that of un-injured wild type samples (Figure 2A). On
the other hand, we observed a similar increase in IL-6 in the injured cortex of wild type, NIrp1”-
and Asc” mice (Figure 2C). Ipsilateral 1L-6 levels are slightly reduced in Nlrp1” (172.6 + 34.9)
but not Asc”" (197.4 + 29.7) compared to wild type. Interestingly, no significant difference in IL-
18 levels was found following CClI-injury although a reduced trend in all ipsilateral samples is
observed (Figure 2B). We find that disruption of the NLRP1 inflammasome complex leads to an
attenuation of IL-1p production, an end-product of the inflammasome complex, while having
minimal effects on IL-6 following CCl injury. These data indicate that IL-1f does not significantly
contribute to the neural tissue injury in this model. We further characterized the histopathological
changes induced by CCI injury in wild type (Figure 2D), NlIrp1” (Figure 2E) and Asc”" (Figure
2F) using H & E staining. For each strain of mice we found a well-demarcated area of necrosis,
hemorrhage and loss of neuropil at 3 days post-CCl injury. In all sections tested, the surrounding
devitalized brain tissue was vacuolated and contained numerous necrotic neurons (Figure 2 insets;

thin arrows), low numbers of macrophages containing phagocytized erythrocytes and cellular
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debris (Figure 2 insets; arrowheads), and numerous neutrophils present in the peri-lesion site and
perivascular spaces (Figure 2 insets; thick arrows). No overt differences in the pathological

phenotype was observed between the strains of mice following CCl injury.
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Figure 2. Cytokine protein expression and Histopathology in wild type, NLRP” and ASC”" mice.
Quantification of IL-1p, IL-18 and IL-6 in wild type, NIrp1”-and Asc™ cortical tissue samples
analyzed by ELISA at 1 day post-CCl injury. A) IL-1B, a direct release product of the
inflammasome signaling cascade is significantly reduced in the ipsilateral cortex of Nlrp1” and
Asc”’- compared to wild type cortex. B) No significant differences were observed in IL-18 levels at

1 day post-injury. C) IL-6 is increased in wild type, NIrp1”-and Asc”- mice following trauma with
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a slight attenuation in NIrp1” ipsilateral cortex compared to wild type. *P<0.05; **P<0.01;
***P<0,001 compared to the contralateral and sham-injured cortical control samples. *P<0.05;
###P<0.001 compared to wild type ipsilateral cortex. D) H&E staining on coronal brain sections
from wild type, E) NIrp 7-and F) ASC - mice shows no difference in histopathological outcome.
Prominent cellular features present in all sections include large numbers of necrotic neurons (thin
arrows), few macrophages (arrowheads) and neutrophils (thick arrows); insets. Scale bar= 1mm.

n=4-5 per group; represented as mean + SD.

Hippocampal dysfunction and cell loss is a hallmark of TBI (21, 27-29). In addition to cortical
tissue loss, we also evaluated cell death in the dentate gyrus (DG) of wild type, Nlrp1” and Asc”-
mice (Figure 3). Serial coronal sections were stained with TUNEL and optical fractionator,
Stereolnvestigator was used to quantify the total number of TUNEL-positive cells in the
contralateral and ipsilateral DG at 3 days post-CClI. In all three strains, our analysis revealed a
similar increase in cell death in the ipsilateral DG compared to contralateral, however, no
significant difference was observed (Figure 3A) between wild type (1507.7 + 1221.2), Nirp1™”
(1840.6 + 862.3) and Asc” ( 1635.8 + 315.8) mice in the ipsilateral DG (Figure B, C and D,

respectively).
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Figure 3. TUNEL analysis in the dentate gyrus of wild type, NLRP” and ASC” mice. (A)
Quantification of TUNEL-positive cells in the ipsilateral and contralateral dentate gyrus (DG) 3
days followings CCI injury. Increased cell death is observed in the ipsilateral compared to
contralateral DG in all groups, however, no significant difference in TUNEL is observed between
wild type, NIrp1”- and Asc” mice following trauma. Representative immunofluorescence images
of TUNEL (green)-DAPI (blue) co-labeled cells in the ipsilateral DG of (B) Wild type, (C) Nlrpl

"~and (C) Asc”" mice. Images from 4x magnification; scale bar=1mm. n=4-5 per group; represented

as mean + SD.
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Meta-analysis of NLRP1, ASC and IL-15 gene expression

To expand upon these findings, we sought to evaluate cell-specific expression in murine
and human samples using a data mining bioinformatics approach. NLRP1, ASC and IL-1P
expression was analyzed in immune and neural cell types using a publically accessible microarray
meta-analysis search engine (Nextbio website. Available:

http://www.nextbio.com/b/search/ba.nb.), as previously described (30). This analysis revealed

highly variable levels between select cell populations relevant to the immune response compared
to neural tissue. Overall, human NLRP1, ASC and IL-14 show greater than median cell expression
in the naive peripheral blood (PB) cells known to respond to trauma. These include neutrophils,
macrophages and monocytes (Figure 4A-4C), with the exception of IL-/4, which has the highest
level of expression in human microglial cells (Figure 4C). Brain-derived cell types show lower
than median expression levels of these genes suggesting the greatest activity occurs in response to
immune activation. NIrpl (Nlrpla; Nlrplb; and Nirplc) (Figure 4D) expression data has not been
added to the datasets evaluated using this method. However, similar results to the human findings
were obtained for Asc and I11-b in naive C57BI/6 mice (Figure 4E and 4F; respectively), with the

exception of neutrophils that express these genes in the bone marrow but not PB (data not shown).
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Figure 4. Cell specific gene expression of NLRP1, ASC and IL-/f in human and murine tissue.
Expression of human A) NLRP1, B) ASC and C) IL-/p in relevant immune and neural system cell
types was compiled using a publically accessible microarray meta-analysis search engine (Nexthio

website: http://www.nextbio.com/b/search/ba.nb. Accessed 2014 Sept. 8). Expression of mouse

D) Nlrpl, E) Asc and F) ll1b from the C57BI/6 strain can be directly compared to the human
expression profile in specific immune and neural cells. No gene expression data was available for
Nlrpl (Nlrpla, Nlrplb, and Nlrplc) at the time the search engine was accessed. PB, peripheral

blood; PFC, prefrontal cortex.
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Finally, we compared our ELISA data with previous microarray obtained from murine
cortical tissue samples following sham- and CCl injury at 4-72 hrs post-trauma using meta-analysis
(31). At each time point tested from the datasets GSE2392, no change was observed in gene
expression for NIrpl or Asc between sham and injury levels (Figure 5). However, in agreement
with our ELISA results the microarray metadata shows an increase in 1l1b (1.8 fold) and 116
expression (2.54 fold) at 24 hr post-CCl injury (Figure 5A and 5C; respectively). Likewise, I11a
(data not shown; 8 hr post-injury) and the 111r1 (Figure 5) is also increased during acute trauma.
Interestingly, at this time there was also an observed decrease (-1.28 fold) in 1118 expression. We
also observed that Ccl2 expression consistently showed the highest fold increase at each time point
tested (5.78, 17.2, 8.86 and 5.59 fold; respectively). These results emphasize the trauma-induced

changes seen in the inflammasome-related pathways at the transcription level.
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Figure 5. Time course of gene expression in the murine parietal cortex after CCI injury.
Expression of several inflammasome related genes was compiled using the meta-analysis system.

Cortical tissue samples from sham and CCl-injured mice were subjected to microarray analysis
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(31). Changes in expression are represented as fold change from un-injured levels. No change in
Nirpl or Asc was detected, while greater expression is noted for 111b, 111r1, 116 and Ccl2 at 4, 8,
24 or 72 hrs after trauma. Conversely, there was a reduced fold change (-1.28) in the expression

of 1118 at 24 hours post-CCl injury.

Discussion

New insights into the role of the innate NLR inflammasome complex during acute
inflammation have prompted its investigation in the pathogenesis of numerous neurological
diseases, including TBI (32, 33). The current study shows that genetic deletion of NLRP1 (Nlrpla,
Nirplb and Nlrplc) or ASC, essential proteins for the assembly of the NLRP1 inflammasome
complex, has no direct effect on cortical tissue loss, hippocampal cell death or motor behavior
deficits. In this present study, we utilized the Rotarod as a measure of functional recovery
following CCI injury in the motor cortex. This technique measures aspects of motor impairment
that are not evident by either the beam-balance or beam-walking tasks in our model. For this reason
our current experiments focused on the Rotarod, which is the most robust, sensitive and efficient
index for assessing motor impairment produced by CCl injury (34). Although we find a significant
attenuation of IL-1p in NIrp1” or Asc” mice, histopathological changes seen following cortical
trauma were similar to that found in wild type mice. These results are the first to identify a non-
essential role for the NLR inflammasome in injury outcome following cortical brain trauma using
a genetic approach. Our data is not consistent with previous findings that demonstrate significant
protection following administration of ASC neutralizing antibodies in the rat lateral fluid
percussion injury (FPI) model of TBI (9). This discrepancy may be due to species differences

between rats and mice or possible variations in the cytokine profile induced between the CCI and
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fluid percussion TBI models. Likewise, recent studies indicate that mouse and rat genetic factors
may also mediate some of this variability (35). It is also possible that other compensatory
mechanisms may be associated with TBI progression in the Nlrp1” and Asc” mice, which are
completely devoid of NLRP1 inflammasome function from birth. The discrepancies observed in
our model versus the prior study in rats underscore the need for further investigation to develop
additional mechanistic insight into the role of the NLRP1 inflammasome following traumatic brain
injury.

In the present study, we utilized NLRP1 and ASC gene targeted knockout mice, which
have been previously shown to prevent NLRP1-mediated inflammasome complex formation
during acute inflammation (17, 18). We demonstrate attenuated inflammasome function in the
NIrpl” and Asc” mice, as evidenced by reduction of IL-1f following acute CCI injury.
Interestingly, IL18 levels were unaffected in the cortex after trauma (Figure 2B). In fact, we
observed a trend towards reduced 1L-18 levels in wild type, NIrp1”- and Asc”~ mice indicating that
non-inflammasome regulated pathways may be acting to suppress IL-18 induction in response to
cortical impact. This is further supported by our meta-analysis that also shows reduced expression
of 11-18 at the transcription level (Figure 5). Overall, we find abolishing IL-1B expression in the
absence of ASC and NlIrp1 does not correlate with changes in lesion volume or behavioral outcome
after controlled cortical impact. Therefore, in order to identify key cytokines that may play a more
central role, we further analyzed IL-6, as this cytokine has been largely implicated in tissue damage
and progression of cavity formation. IL-6 generation has also been shown to be significantly
modulated by several NLRs and is often dysregulated in NLR deficient mice in other models
beyond the nervous system (36-38). Compared to the ~2-fold increase in IL-1p, there was a ~6-

fold increase in IL-6 expression after TBI implying this protein, among others, are more central to
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the inflammatory response in brain trauma. NLRP1 has not previously been shown to regulate IL-
6 and the small reduction seen in the cortical tissue samples of TBI-injured NIrp1” mice (Figure
2C) is somewhat surprising. We do not believe such minimal changes would impact the overall
downstream effects on IL-6 production. However, it is possible that earlier induction (6-12hrs) of
IL-6 is unaffected, which is also critical for stimulating the inflammatory milieu and progression
of injury.

ASC, NLRP1 and IL-1B are expressed in neurons, glial, vascular endothelial and
peripheral-derived immune cells (36, 37) and have been shown to be up-regulated after TBI (8, 9).
These immune mediators play a vital role in activating the inflammatory response, which is a
necessary component of repair and healing (38, 39). However, acute inflammation also
exacerbates tissue damage in the brain for which IL-1 has been implicated as a major player (40,
41). Previous studies in ischemic stroke have demonstrated that exogenous IL-1 administration
can exacerbate neuronal injury (42) while inhibition of caspase-1 or IL-1 receptor antagonism
provides protection (43, 44). Deletion of IL-1 e and IL-1  also can significantly reduce ischemic
injury in mice (45). Furthermore, current clinical trials of IL-1 receptor antagonist are underway
in patients who suffer acute stroke (46). However, our studies indicate that attenuation of IL-1
does not correlate with neuroprotection in CCl-injured Nlrp1”- and Asc”-mice suggesting that NLR
inflammasome activation and IL-1 production does not play a significant role in neuronal damage
after TBI. Injury-induced expression of IL-1 3 in the current model may be too weak to participate
in eliciting a majority of the immune response. Our data shows that IL-1f is minimally upregulated
at 24 hr (1.3-fold increase) as compared to IL-6 (5-fold increase) suggesting that other pro-
inflammatory pathways may play a more prominent role (47). For example, TNF-a expression is

consistently upregulated across several TBI models in rodents including CCI, FPI and stab wound
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injury, with detectable levels at 1 h post-injury, maximal concentration at 3-8 h, and a decline at
24 h post-injury (48, 49). Similarly, IL-6 is also an important mediator of neuroinflammation in
the brain (50, 51) suggesting that these and other cytokine pathways may predominate following
CClI injury. Indeed, human clinical studies have demonstrated that levels of TNF-a, IL-6, IL-8
and IL-10, correlate with TBI severity and rates of complication (52-55).

We conclude that disruption of the NLRP1 inflammasome has no effect on injury outcome
in the mouse CCI model. Inflammasome activation and subsequent IL-1 B expression are not a
limiting factor in behavioral deficits, neuronal loss in the cortex or hippocampus following acute
injury. NLR inflammasome have been shown to be involved in a diverse range of conditions
associated with aberrant inflammation, including many neurological and neurodegenerative
conditions. While our current negative findings using a genetic approach were unexpected, they
emphasize the need to further explore the clinical relevance and mechanistic details underlying the

NLRP1 inflammasome in brain injury and other related central nervous system disorders.
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