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Kijana Kaaria George
ABSTRACT

Mild traumatic brain injury (mTBI)/ concussion accounts for 70-90% of all reported TBI
cases in the United States and can cause long-term neurological outcomes that negatively
impact quality of life. Previous studies revealed that increased blood-brain barrier (BBB) leakage
is correlated with poor neurological outcomes after mTBI, yet the biological mechanisms linking
BBB damage to the onset of neurological deficits after mTBI are not well understood. Previously,
we found that astrocytes lose expression of homeostatic proteins after mTBI, characterizing the
changes in astrocytic protein expression as an “atypical astrocyte response.” Yet, the upstream
mechanisms that induce this atypical astrocyte response after mTBI have yet to be elucidated. In
models of more severe TBI, exposure to blood-borne factors triggers astrogliosis via
upregulation in markers, such as glial fibrillary acidic protein (GFAP), but how exposure to
blood-borne factors affects astrocyte protein expression in the context of mTBI is not well
understood. Therefore, we hypothesized that mTBI-induced BBB damage causes atypical
astrocytes via exposure to blood-borne factors. To test this hypothesis, we use a mTBI mouse
model, two-photon microscopy, an endothelial cell-specific genetic ablation model, and serum-
free primary astrocyte cultures. Here, we found that mTBI causes BBB damage through the loss
of proteins involved in maintaining the BBB’s physical and metabolic barriers, and BBB damage
is sustained long-term after injury. Also, we demonstrated that leakage of blood-borne factors is
sufficient to trigger atypical astrocytes, and plasma exposure triggers a similar response in vitro.
Overall, these findings suggest that mTBI induces long-term BBB damage, and exposure to
blood-borne factors triggers the loss of key homeostatic astrocytic proteins involved in

maintaining healthy neuronal function.
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GENERAL AUDIENCE ABSTRACT
Mild traumatic brain injury (mTBI)/ concussion makes up 70-90% of all TBI cases
reported in the United States and is commonly observed after car crashes, sports-related tackles,
and blast exposure during military combat. People who experience mTBI develop debilitating
long-term neurological consequences, such as sleep disturbances, depression, and dementia.
Clinical data suggests mTBI causes damage to the barrier between the brain and blood, known
as the blood-brain barrier (BBB). This damage has been correlated to the onset of poor
neurological deficits, yet how damage to this barrier is causally linked to long-term neurological
consequences remains to be fully understood. In our lab, we found that mTBI causes loss of
proteins important for maintaining a healthy environment in the brain in specialized cells called
astrocytes. However, the biological events that trigger the loss of protein expression in
astrocytes after mTBI have yet to be fully investigated. Thus, we hypothesized that mTBI causes
loss of these proteins via leakage of blood-borne factors. To test this hypothesis, we used a mTBI
mouse model, two-photon microscopy, genetic manipulation, and cell cultures. In our studies,
we found that mTBI triggers BBB damage via loss of proteins that make up its protective
properties. Also, we demonstrated that leakage of blood-borne factors is sufficient to cause loss
of astrocyte-specific proteins both in brain and cell cultures. Altogether, we show that a single
mTBI is sufficient to cause loss of astrocyte-specific protein expression via exposure to blood-
borne factors. These findings may point to targeting either the blood-borne factor(s) or their
corresponding receptor pathways in astrocytes to halt the progression of long-term neurological

deficits after mTBI.
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1 Introduction/Review of Literature
1.1 The majority of cases of traumatic brain injury (TBI) are classified as mild
concussive TBI

Every year, about 1.7-3.8 million people sustain traumatic brain injuries (TBIs) in the
United States. As a result, about 280,000 people are hospitalized each year due to injuries
sustained from the impact (Leitner et al., 2021). Immediately after TBI, people can experience
symptoms that tend to resolve in the span of a few days, including loss of consciousness and
altered motor function. In other cases, people who experience TBI can develop long-term
neurological consequences associated with TBI, such as memory loss, lack of concentration, and
sleep and behavioral disturbances (Bolton-Hall, Hubbard, & Saatman, 2019; Ellis, Leddy,
Cordingley, & Willer, 2018; Kenzie et al., 2018), which can negatively impact the quality of life
for those affected.

Out of all TBI cases reported, about 70-90% are classified as mild TBI (mTBI)/
concussions which are commonly observed after car crashes, blast exposure, and sports-related
injury (Cassidy et al., 2004). While most people who experience mTBI are not admitted to the
hospital immediately after impact, about 10-40% of people develop long-term neurological
consequences (Fehily & Fitzgerald, 2017). Typically, mTBI does not result in detectable signs of
focal lesions in the brain that can be identified via standard imaging techniques, including
magnetic resonance imaging (MRI) and computed tomography (CT) scans (Pavlovic, Pekic,
Stojanovic, & Popovic, 2019). However, these patients who sustain mTBI can develop long-term
neurological consequences, similar to what is observed after more severe TBIs, suggesting that
underlying biological mechanisms may trigger the development of secondary brain injury, such
as cerebral edema and hyperexcitability in response to mTBI (Johnson et al., 2013). However,
the different biological mechanisms and how they induce the development of secondary brain

injury after mTBI are not well understood.



1.2 Blood-brain barrier (BBB) leakage has been linked to long-term neurological
consequences after mild concussive TBI

The blood-brain barrier (BBB) is a protective interphase that separates the brain
parenchyma from the periphery. One of the major hallmarks of the BBB — a hallmark that
makes the endothelial cells (ECs) that form cerebral blood vessels different from peripheral
blood vessels — is the presence of tight junctions, which are responsible for preventing foreign
blood-borne factors and pathogens from entering the brain parenchyma. Another key
characteristic of the BBB is that it is also a metabolic barrier, which contains transporters that
allow for the selective exchange of nutrients, ions, and proteins between the brain and the
periphery. Lastly, the BBB contains low expression leukocyte adhesion molecules, which reduce
transcytosis of peripheral immune cells into the brain parenchyma (Obermeier, Daneman, &
Ransohoff, 2013).

In addition to the BBB’s physical and metabolic properties, maintenance of the BBB is
regulated by the extracellular matrix (ECM), which is composed of basement membrane
proteins that are responsible for structural support, cell anchoring, and signaling transduction
in the ECs (Xu, Nirwane, & Yao, 2019). Also, neurons and glial cells, including astrocytes,
microglia, and oligodendrocytes, interact with the ECs of the BBB and help to control BBB
integrity and regulate blood flow throughout the brain (Yu, Ji, & Shao, 2020). Together, each of
these components form the neurovascular unit (NVU).

For decades, clinical studies have identified BBB dysfunction as one of the early biological
events that precede the onset of worsening neurological outcomes after TBI or
neurodegenerative disease (Sivandzade, Algahtani, & Cucullo, 2020; Szarka et al., 2019). With
the use of dynamic contrast-enhanced MRI, researchers observed increased BBB leakage that
occurs after a single mTBI (Li et al., 2014), and this leakage is sustained for several

months/years, suggesting that BBB damage is linked to the development of secondary brain



injury. Yet, the causal mechanisms tying BBB damage to long-term neurological consequences
after mTBI are not well understood.
1.3 What does exposure to blood do to the brain?

The development of long-term neurological consequences following BBB damage implies
that the leakage of blood-borne factors contributes to the initiation of secondary brain damage
in the context of TBI or disease. In the bloodstream, 55% of the total volume of blood is
composed of plasma, which contains mostly water and different plasma proteins. These plasma
proteins include fibrinogen, thrombin, albumin, and immunoglobulins. In response to vessel
damage, fibrinogen and thrombin interact with each other to form fibrin, which repairs sites of
vessel rupture. Both fibrinogen and thrombin extravasation have been linked to Alzheimer’s
disease and multiple sclerosis (MS) (Davalos et al., 2012; Lin et al., 2013; Sulimai & Lominadze,
2020).

Albumin makes up 65% of all plasma proteins in the blood and is responsible for
transporting nutrients, ions, and other proteins throughout the bloodstream (Moman, Gupta, &
Varacallo, 2021). In the context of brain pathology, albumin extravasation into the brain has
been linked to epileptogenesis (Ralay Ranaivo, Hodge, Choi, & Wainwright, 2012; Ralay Ranaivo
& Wainwright, 2010). Next, immunoglobulins (antibodies) are produced by B cells, which
initiate cytokine production to trigger an immune response (Ransohoff, Schafer, Vincent,
Blachere, & Bar-Or, 2015). Increased cytokine release, mediated by the production of
immunoglobulins by B cells can cause peripheral immune cells to migrate to the brain
parenchyma, initiating a neuroinflammatory response (Bush et al., 1999; Nettis & Pariante,
2020). For example, increased immunoglobulin G (IgG) circulation and the migration of B cells
to the meninges are implicated in the development of MS. Whether antibodies produced from B
cells trigger the onset of symptoms associated with neurodegenerative disease has yet to be fully
investigated (Brimberg et al., 2015).

Iron is found in the hemoglobin of erythrocytes and is important for transporting oxygen



throughout the bloodstream. While iron provides important health benefits, such as facilitating
oxygen transport and aiding in cellular respiration, elevated levels of iron can cause impaired
mitochondrial respiration by causing increased production of reactive oxygen species (ROS),
leading to cell death (D'Mello & Kindy, 2020). To determine how increased iron levels affect
brain function, previous studies used a mouse model of intracranial hemorrhage (ICH) and
treatment with inhibitors against iron, and they found that elevated iron levels trigger
neurodegeneration through impaired mitochondrial function (Wan, Ren, & Wang, 2019;
Wiethoff & Houlden, 2017).

Under healthy conditions, the BBB utilizes its physical and metabolic barriers to
maintain normal concentrations of different ions and ensure healthy neuronal function. For
example, establishing a physiological potassium ion gradient is responsible for maintaining all
excitable cells’ resting membrane potentials and for triggering repolarization during the
generation of action potentials in neurons. In addition to its role in generating excitable
conditions in the central nervous system (CNS), potassium ions are important for regulating
cerebral blood flow (Nguyen, Winn, & Janigro, 2000). In response to BBB disruption, the
concentration of extracellular potassium ions increases and can create hyperexcitability in

neurons and reduced cerebral blood flow (Janigro, 2012).

Blood-Borne Factors Molecular Weight (kDa)
Albumin 67 kDa

Fibrinogen 340 kDa

Thrombin 36 kDa
Immunoglobulins 150 kDa

Table 1. List of blood-borne factors and their molecular weights
1.4 Differences between focal TBI and mild TBI/ concussion
Focal TBI is characterized by direct brain damage that can lead to necrosis, scarring, and

hemorrhaging in the brain. As a result, it can lead to debilitating neurological outcomes such as



epilepsy, paralysis, and cognitive impairment (Sharma, Tiarks, Haight, & Bassuk, 2021). Most
studies examining the biological mechanisms linking TBI to such neurological consequences
were performed by using focal TBI models in rodents. For example, our understanding of how
blood-borne factors lead to pathological changes in the brain developed from studies where each
factor was injected directly into the brain (Brown et al., 2021; Frigerio et al., 2012). While these
studies help to show that leakage of different blood-borne factors contributes to brain pathology,
focal TBI makes up about less than 10% of all TBI cases (Shandra et al., 2019).

mTBI is characterized by rapid acceleration-deceleration forces that account for 70-90%
of all TBI cases. mTBI is commonly observed after sports-related injuries and car crashes, and
typically people experience symptoms, such as loss-of-consciousness and headaches after mTBI
(Fehily & Fitzgerald, 2017; Pavlovic et al., 2019). Usually, these symptoms last for a few days
after impact. However, a subset of people who experience mTBI develop worsening neurological
outcomes, such as chronic traumatic encephalopathy (CTE), which is characterized by
progressive neurodegeneration associated with repeated concussions (Tagge et al., 2018). Since
previous studies hint at BBB leakage as a contributing factor to the development of secondary
injury, it is important to determine the causal mechanisms linking the leakage of different

blood-borne factors and the onset of worsening neurological consequences after mTBI.

1.5 Astrocytes are active cellular players that promote healthy central nervous

system (CNS) function

Astrocytes are glial cells in the CNS that interact with neuronal synapses via their
astrocytic processes, which contain various transporters that remove excess neurotransmitters
and ions from the extracellular space. To maintain normal excitability in neurons, astrocytes
remove excess glutamate from neuronal synapses through astrocyte-specific transporters,
including glutamate transporter-1 (Glt1) and GLAST. Also, astrocytes play an important role in
the buffering of extracellular potassium ions through their Kir4.1 channels. In addition to

communicating with neuronal synapses, they facilitate cell-to-cell communication within



astroglial networks via gap junctions (Pannasch & Rouach, 2013).

Astrocytes play a key role in maintaining BBB integrity by contacting ECs via astrocytic
endfeet. The endfeet contain transporters that allow for the passage of nutrients, ions, and water
between the brain parenchyma and the periphery. Also, astrocytic endfeet have been shown to
regulate cerebral blood flow and secrete factors that ensure healthy tight junction function
(Kubotera et al., 2019). Initially, its role in BBB maintenance was first discovered in co-cultures
where ECs cultured with astrocytes displayed increased expression of proteins involved in the
formation of tight junctions compared to ECs cultured on their own (Lee et al., 2003). However,
we previously demonstrated that astrocytes play a crucial role in BBB integrity in vivo by
genetically ablating a subset of astrocytes, which caused disrupted tight junction vessel coverage

and increased BBB permeability (Heithoff et al., 2021).
1.5.1 How do astrocytes respond to focal TBI?

1.5.1.1 Consequences of astrocyte reactivity

In response to brain injury, astrocytes undergo changes in their morphology and
function through a process called astrogliosis. The neuroprotective role of astrogliosis in
response to focal TBI is well-documented: glial boundaries are formed around the primary
injury site to mitigate further brain damage and neuroinflammation (Sofroniew, 2009).
However, changes in the astrocytes’ morphology and function in response to brain pathology
can contribute to secondary injury. For example, the deletion of 3-integrin to trigger astrogliosis
causes the development of seizures by reducing both glutamate and potassium uptake in
astrocytes (Robel et al., 2015). These findings suggest that astrogliosis can have detrimental
effects on brain homeostasis in that it can compromise the astrocytes’ ability to remove excess
neurotransmitters and ions — a key function that is paramount for ensuring healthy neuronal
activity.
1.5.1.2 Blood-borne factors that trigger astrogliosis after TBI

BBB disruption has been observed in patients with epilepsy, suggesting that the leakage



of blood-borne factors may trigger astrogliosis after the onset of disease or injury (Heinemann,
Kaufer, & Friedman, 2012). Therefore, it is important to understand how astrogliosis may
trigger long-term neurological consequences in the context of TBI and identify the upstream
mechanisms that cause astrogliosis after injury. Some examples of the different blood-borne
factors involved in initiating astrogliosis after TBI include fibrinogen, albumin, and fibrin.
Fibrinogen has been shown to trigger GFAP upregulation and the production of proteoglycans
that form the glial boundaries in response to focal TBI (Schachtrup et al., 2010). Denaturing
fibrinogen with ancrod in vivo reduced the formation of glial boundaries after focal TBI. Also,
fibrin causes upregulation of GFAP, tyrosine receptor kinase B (TrkB), and intercellular
adhesion molecule 1 (ICAM-1) in cultured astrocytes (V. D. Clark, Layson, Charkviani,
Muradashvili, & Lominadze, 2018). While thrombin has been shown to induce GFAP
upregulation, it triggers the production of matrix metalloproteinase-9 (MMP9), which is
involved in the degradation of basement membranes of neighboring cells and is implicated in
inflammatory responses in primary astrocyte cultures (Lin et al., 2013; Mhatre et al., 2004).

In addition to iron causing neurodegeneration via increased production of ROS, it
interacts with astrocytes and causes them to release pro-inflammatory cytokines, including
tumor necrosis factor-alpha (TNF- a) and interleukin-6 (IL-6) (Bylicky, Mueller, & Day, 2018),
and to upregulate ferritin to prevent ROS buildup. Altogether, astrocytes’ responses to different
blood-borne factors have been well-characterized in more severe TBI models and in vitro
studies. However, how they respond to blood-borne factors in the context of mTBI is remains to
be fully investigated.

1.5.2 How do astrocytes respond to mild TBI/ concussion

Unlike the findings observed after focal TBI, there are some areas in the cortex where
astrocytes became mildly reactive but do not form glial boundaries in the cortex of mice that
were subjected to mTBI (Shandra et al., 2019). To further assess how astrocytes respond to

mTBI, we stain for astrocytic markers that are involved in maintaining homeostatic functions of



the brain. We observe a subset of astrocytes that had lost proteins, such as glutamate
transporter-1 (Glt1), Kir4.1, S100p, connexin 43 (Cx43), and glutamine synthetase that occur as
early as several minutes after mTBI. We characterize the loss of homeostatic proteins in
astrocytes as an “atypical astrocyte response,” and this response is sustained for months after
injury, which can pose a challenge for healthy neuronal function. Before the atypical astrocyte
response can be targeted to halt the progression of neurological consequences after mTBI, the

upstream mechanisms inducing this response remain to be fully understood.

Astrocyte Timepoints
Marker
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Table 2: List of astrocytic proteins and the changes in protein expression observed in
immunohistochemistry in response to mTBI. Red arrows represent downregulation and green
arrows represent upregulation of proteins at different timepoints. hpi: hours post-injury. dpi:

days post-injury. N/A: not applicable. Source: (Shandra et al., 2019)



2 Materials and Methods
2.1 Mice

C57BL/6 mice, 9 of 14 weeks of age, of both sexes were used for weight drop injuries, since
no sex-specific differences in mortality rates, righting reflex recovery time, or area covered by
atypical astrocytes after mTBI were observed in our previous study (Shandra et al., 2019). Mice
of both sexes were used in EC ablation experiments at 8 weeks of age. All animal procedures
were approved by and conducted according to the guidelines of the Institutional Animal Care
and Use Committee of Virginia Polytechnic and State University and were done in compliance

with the National Institute of Health’s Guide for the Care and Use of Laboratory Animals.

2.1.1 Mouse strains

For endothelial cell-specific ablation experiments, Gt(ROSA)26Sortm:(PTA)Jpmb /J mice
(Jackson Laboratory stock #006331) were crossed with Tg(Cdhs-cre/ERT2)1Rha
(MGI:3848982). We refer to Gt(ROSA)26Sortm1(PTA)Ypmb /T mice that express the diphtheria toxin
A (DTA) subunit heterogeneously as DTA®/*Y mice and Tg(Cdhs-cre/ERT2)1Rha that express
the transgene heterozygously as Cdh5(PAC)-CreERT2t%/*t, In mTBI experiments, C57BL/6 mice
were used, unless otherwise specified. Mice were purchased from The Jackson Laboratory and
bred in-house.
2.1.2 Weight-drop

An impact acceleration weight drop TBI model was used to mimic mTBI without focal
injury as previously described (Marmarou et al., 1994; Shandra et al., 2019). Mice were
anesthetized with 3% isoflurane for 5 minutes, administered analgesic buprenorphine (0.05-0.1
mg/kg), then placed on a form pad. A flat steel disc was placed on the mouse’s head to diffuse
the impact across the cranium. A 100 g weight guided by a plexiglass tube was dropped from a
50 cm height. For the 10 and 30 minutes post injury (mpi) timepoints, a single injury was
performed (1xTBI). For all other timepoints that occurred days post injury (dpi), the impacts

were repeated (3 total) and occurred at a 45-minute inter-injury interval (3xTBI). Shams



underwent all procedures with exception of the weight drop.

2.1.3 Two-photon microscopy

Aldhl1l-eGFP/FB Adlh-1l1-eGFP//FVB/N mice were used for repeated
in vivo two-photon imaging via a thinned-skull cranial window as described previously
(Shandra & Robel, 2019; Shandra et al., 2019). First, mice were anesthetized with 3% isoflurane
gas in an induction chamber and administered buprenorphine (0.1 mg/kg) rimadyl/carprofen
subcutaneously (5 mg/kg). During the surgery, the animal's head was fixed in a stereotactic
apparatus and the body temperature was maintained at 37.0°C. The level of anesthesia was
maintained at 1.5—2% isoflurane gas. An eye lubricant was applied to the eyes of the animal to
prevent corneal desiccation. A 2 cm circular area of the skull over the ROI was shaved using a
hand drill. The ROI was thinned to ~50 pum thickness. Dental cement was used to cover the area
around the ROI and to create a well. Mice were placed into a warm cage with hydrogel and
moistened food to recover. Next, baseline images were acquired using a four-channel
multiphoton laser scanning fluorescence microscope (Olympus FV1000MPE) equipped with an
XLPLN25X/1.05 numerical aperture (NA) water-immersion objective (Olympus). After the
baseline imaging session, mice were allowed to recover for one hour. After the recovery period,
mice were anesthetized with 3% isoflurane gas in an induction chamber for five minutes and
underwent removal of the dental cement cap. A metal disc was then placed over the exposed
skull, and mTBI was induced three times with 45 min intervals between impacts. After the final
impact, mice were placed in the stereotactic apparatus to apply cyanoacrylate glue and cover the
ROI with a cover glass thereby installing a permanent window for long-term reimaging. During
the imaging window installation, mice were kept at 1.5—2% isoflurane gas level. Dental cement
was applied to create a well and cover the area around the thinned ROI. The control mice
underwent only thinned skull preparation surgery, cover glass implantation, and imaging

(Shandra et al., 2019).
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2.1.4 Experimental design for endothelial cell (EC) ablation

DTA blocks protein synthesis, thus inducing apoptosis in the Cre-expressing cells
(Ivanova et al., 2005). DTA/¥t (f]: floxed allele, encoding loxP sites; wt: wild-type allele) mice
express DTA under the Rosa26 promoter behind a stop cassette flanked by loxP sites, which
interferes with DTA expression until the stop cassette is removed by Cre recombinase. Cre
recombinase is fused with an estrogen receptor and expressed behind the Cdh5(PAC) promoter
and as part of a complex in Cdh5(PAC)-CreERT'¢/*t mice (tg: allele carries transgene; wt: wild-
type allele). This restricts expression to ECs and enables the timed relocalization of the CreERT
protein complex to the nucleus for excision of the stop cassette only after tamoxifen (TX)
administration. Cdh5(PAC)-CreERT®/"tis expressed and causes Cre-mediated recombination in
a sparse number of endothelial cells.

Experimental DTAf/*t// Cdh5(PAC)-CreERT'/*t mice were given a single dose of Tx.
Control DTA/"t// Cdh5(PAC)-CreERT!/*t mice were given a corn oil solution, and mice that
expressed either DTA"/"t// Cdh5(PAC)-CreERT!/"t or DTAf/%t// Cdh5(PAC)-CreERT"/*t were
given a single dose of Tx. There were no differences between the control groups, so data were
pooled for analysis.

2.1.5 Tamoxifen administration

To drive Cre expression in adult mice, Tx (Sigma, catalog #T6548) was dissolved at 10
mg/mL in 100% corn oil (Sigma, catalog #C2867) for 2 hours while shaking at 37°C. The Tx
solution was administered once via oral gavage at 330 mg/kg once.

2.1.6 Cadaverine/dextran administration

To assess blood-brain barrier integrity, Alexa Fluor-555 Cadaverine (950 Da, 1mg;
Invitrogen, Catalog #A30677) or Dextran conjugated to Tetramethylrhodamine (70 kDa, 25 mg;
Invitrogen, Catalog #D1818) was injected into the mouse retro-orbital sinus. Cadaverine (1 mg)
or Dextran (25 mg) was dissolved in 300 uL of sterile saline. Each mouse was injected with a

volume of 100 uL (0.33 mg for Cadaverine or 8.33 mg for Dextran). Mice were perfused
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transcardially with phospho-buffer saline (PBS) followed by 4% paraformaldehyde (PFA) 30
minutes after Cadaverine injection.
2.2 Histology

Brains were harvested after transcardial perfusion and post-fixed in 4% PFA overnight.
Coronal slices were cut at 50 um thickness using a vibratome (Campden 5100mz). IHC was
performed using the primary antibodies in PBS with 10% goat serum and 0.5% Triton X-100 at
4°C overnight. Slices were washed in PBS and incubated in secondary antibody solution of PBS
with 10% goat serum and 0.5% Triton X-100 for 1-2 hours at room temperature. Then, 4,6-
diamidino-2-phenylindole (DAPI) was included in a secondary antibody solution as needed.
Slices were washed in PBS three times for 10 minutes each and then mounted onto glass
microscope slides with Aqua-Poly/Mount (Polysciences, catalog #18606).

2.3 Primary astrocyte cell culture

Before performing primary astrocyte cell culture experiments, 12 mm and 8 mm coverslips
were placed in 24 and 48-well plates respectively and were incubated in poly-o-orithinine for 2-
24 hours in the biosafety cabinet. Coverslips were washed with autoclaved Millipore water 3
times. Next, 10 ug/mL of laminin in 1x filtered PBS were added to the coverslips and incubated
overnight. Laminin solution was pipette back in the falcon tube and can be reused for up to 4
weeks.

Five C57BL/6 P3-P5 mouse pups were decapitated, and cortices were dissected in
carbogenated (95% 0./5% CO.,) artificial cerebrospinal fluid (ACSF: 125 mM NaCl, 3 mM KClI,
1.25 mM NaH,PO, 25 mM NaHCO; 25 mM glucose). Brain cortices were minced and digested
via a Papain Dissociation kit (Worthington Biomedical) and placed in a 37°C hot water bath for
10-15 minutes. Then, the tissue was titruated by using a serological pipette and placed in the
centrifuge at 300*rcf for 5 minutes at room temperature. Next, the supernatant was discarded,
and 1 mL of resuspension media was added to the tissue. The tissue was titruated with a fire-

polished pipette 5-7 times. The remaining 2 mL of resuspension media was added to the tissue
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homogenate. After titruating the tissue homogenate in resuspension meeting, it was layered on
top of 5 mL of albumin-ovomucoid inhibitor in a separate Falcon tube. Next, the solution was
centrifuged at 300*rcf for 3 minutes at room temperature. The supernatant was discarded and 4
mL of 0.5% bovine serum albumin (BSA) in PBS was added to the tissue. Then, 1 mL of 0.5%
BSA in PBS was added to a 70 um BD Falcon filter, and the tissue homogenate was added to the
filter to remove excess tissue that was not fully digested.

The filtered solution was centrifuged at 300*rcf for 3 minutes at 4°C. Then, 150 pL of 0.5%
BSA in PBS was added to the pellet, and magnetic microbeads containing antibodies that attach
to the cell of interest were added to the minced tissue. More specifically, 30 uL of both Cd11
(which binds to microglia) and myelin (which binds to NG2 cells) microbeads were added to the
tissue. Next, the solution is placed in the fridge to incubate at 4°C for 10 minutes. After
incubation, 1 mL of 0.5% BSA in PBS is added to the tissue, and the tissue was centrifuged at
300*rcf for 3 minutes at 4°C to remove excess microbeads. Next, the supernatant was discarded,
and 500 pL was added to the pellet. Then, the tissue was added to the LS columns to allow the
astrocytes and neurons to be collected in the falcon tube through a process called magnetic-
activated cell sorting (MACS). The LS column containing the microglia and NG2 cells was
discarded, and the flow-through was centrifuged at 300*rcf for 3 minutes at 4°C. The
supernatant was discarded and 150 pL of 0.5% BSA in PBS was added to the pellet. Then, 20 pL
of FcR blocking solution was added to the astrocyte/neuron pellet and placed in the fridge at 4
°C for 10 minutes. Then, 20 uL of astrocyte cell-specific antibody-2 (ACSA-2) microbeads (which
binds to astrocytes) were added to the pellet and placed in the fridge to incubate at 4 °C for 10
minutes. After incubation, 1 mL of 0.5% BSA in PBS is added to the tissue, and the tissue was
centrifuged at 300*rcf for 3 minutes at 4°C to remove excess microbeads. Next, the supernatant
was discarded, and 500 pL was added to the pellet. Then, the tissue was added to the LS
columns to allow the neurons to be collected in the falcon tube. The neurons were discarded and

5 mL of 0.5% BSA in PBS was added to the LS column. Astrocytes were eluted from the LS
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column with a supplied plunger into a separate falcon tube. The astrocytes were centrifuged at
300*rcf for 5 minutes at 4°C (Holt, Stoyanof, & Olsen, 2019). Then, 50x B27 stock solution was
diluted to 5x in serum-free astrocyte media (0.5x Neurobasil Media (NBM), 0.5x Minimum
Essential Media (MEM), 1 mM sodium pyruvate, 1 mM glutamine, 500 U
penicillin/streptomycin). Then, the supernatant was removed, and 1 mL of 5x B27 serum-free
media was added to the astrocyte pellet. The number of astrocytes was counted with a
hemocytometer to determine the cell density required to perform in vitro experiments.

On 12 mm coverslips, 375 uL of 5x B27 serum-free media and primary astrocytes were
added to each well on the day of the MACS isolation. Astrocytes were supplemented to 500 pL
with fresh B27 serum-free media on day 1 post-isolation followed by a complete replacement of
the media on day 3 post-isolation. Every 3 to 4 days, the wells were replaced with half the
volume of fresh 5x B27 media to maintain the cell cultures before treatment.

On 8 mm coverslips, 175 pL of 5x B27 serum-free media and primary astrocytes were
added to each well on the day of the MACS isolation. Astrocytes were supplemented to 250 pL
with fresh B27 serum-free media on day 1 post-isolation followed by a complete replacement of
the media on day 3 post-isolation. Every 3 to 4 days, wells were replaced with half the volume of

fresh 5x B27 media to maintain the cell cultures before treatment.

2.3.1 Cardiac puncture

Adult male C57B/6. mice were anesthetized with 3% isoflurane for 5 min by using the
SomnoSuite Small Animal Anesthesia System. A 25G needle was used to withdraw blood from
the left ventricle and collected in a 1.5 mL Eppendorf tube (Parasuraman, Raveendran, &
Kesavan, 2010). Blood was centrifuged at 14,000 rpm for 5 min at 4°C to separate erythrocytes
and leukocytes contained in whole blood to isolate blood plasma.
2.3.2 Heat-denaturation

Heat-denaturation was performed by first aliquoting 60 pL of fresh mouse plasma in a

separate Eppendorf tube. Then, the aliquot was heated with a Thermomixer at 75°C for 5
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minutes. Heat-denatured plasma was diluted to 600 pL with 5x B27 serum-free astrocyte media
and thoroughly mixed before treating the coverslips in 48 well-plates for 24 hours.
2.3.3 Treatment of blood-borne factors in vitro

Fresh mouse plasma or heat-denatured plasma was diluted to 10% in 5X B27 serum-free
media and was added to the primary astrocyte cultures for 24 hours in the incubator. Albumin
and fibrinogen were first diluted to 10 g/dL and 70 g/dL in autoclaved Millipore water,
respectively. Then, the proteins were diluted to 4.5 g/dL and 400 mg/dL, respectively in 5x B27
serum-free media and added to the primary astrocyte cultures for 24 hours in the incubator.
2.4 Immunocytochemistry

Primary astrocyte cultures were washed three times with 1x PBS and then fixed in 4% PFA

for 15-20 minutes. Coverslips were washed again three times with 1x PBS make both primary
and secondary antibody solutions, refer to Material and Methods 2.2. Coverslips were treated
with primary antibody solution at 4C for a minimum of 2 hours. Then, they were washed three
times with 1x PBS, before treating them with secondary antibody solution at room temperature
for 1-2 hours. Coverslips were mounted onto glass microscope slides with Aqua-Poly/Mount
(Polysciences, catalog #18606).

2.5 Data analysis

2.5.1 Quantification of Glt1 Loss

Large image scans of brain slices were taken by using a 20x objective with three to five
slices used per animal. Regions of interest (ROIs) were drawn in Glt1 negative areas in the
cortex, excluding neurons and large blood vessels that also show up as Glt1 negative via ImageJ.
Loss of Glt1 was reported as a percentage area of the total cortex lacking Glt1 in each slice. The
values were reported by plotting data by animal, in which the percentage represents the total
area lacking Glt1 in the cortex.
2.5.2 Quantification of Cadaverine Leakage

Large image scans of brain slices were taken by using a 10x objective with five slices used
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per animal. ROIs containing Cadaverine leakage were drawn in ImageJ based on three criteria:
1) Cadaverine+ cells appeared brighter than background signal, 2) Cadaverine+ cells were
clustered close to each other, and 3) there were at least 10 Cadaverine cells contained in each
drawn ROI. Cadaverine leakage was reported as percentage leakage area in the cortex per slice.
The values were reported by plotting the data points by animal, in which the percentage
represents the total area containing Cadaverine leakage in the cortex.

2.5.3 Quantification of ZO-1

Zonula occludens (ZO-1) vessel coverage was quantified by imaging areas containing Glt1
loss and BBB leakage. Then, ZO-1 images were converted to binary images based on intensity
and size on ImageJ. The resulting binary masks were overlaid onto corresponding images of the
blood vessel marker CD31. A CD31+ blood vessel was outlined in ImageJ, which generated a
plot profile that reported the number of pixels that either include or do not include ZO-1. The
number of pixels containing ZO-1 was normalized by the total number of pixels contained in the
ROLI.

Z0-1 signal intensity levels were quantified by drawing freehand selections in ImageJ
around areas containing Glt1 loss and measuring the average grayscale value in selected ROIs.
Similar areas were selected in shams. Three confocal images were taken in three different slices
per mouse, and data points were plotted by animal.

2.5.4 Quantification of GLUT1

Glucose transporter-1 (GLUT?1) signal intensity levels were quantified by drawing
freehand selections in ImageJ around areas containing Glt1 loss and measuring the average
grayscale value in selected ROIs, as described in the previous section. Similar areas were
selected in shams. Three confocal images were taken in three different slices per animal, and
data points were plotted by animal.

2.5.5 Quantification of Glt1/Kir4.1 in vitro

Six ROIs were taken per coverslip by using a 40x objective and immersion oil placed on

16



the coverslips. Images were collapsed into a maximum intensity projection on ImageJ with three
z-stacks used for each maximume-intensity projection. Then, the average grayscale value was
measured for both the Glt1 and Kir4.1 channels. Next, the area coverage of both proteins was
quantified by binarizing both channels to select cells that express either Glt1 or Kir4.1. Lastly,
the average grayscale value was divided by the area coverage of both proteins, and values were
normalized with respect to the control coverslips. Data points were color-coded with respect to
the independent culture and were plotted by either ROI or coverslip, depending on the number
of independent cultures used in each experiment.
2.5.6 Quantification of CD45+ cells in the cortex

Brain slices were stained for CD45, which labels peripheral immune cells, such as
monocytes and leukocytes. The number of CD45+ cells present in the cortex (excluding the
meninges) was quantified by scanning through the eyeport and counting individual cells with a
hand-held manual counter. Three brain slices per mouse were used, and the square root of the

sum of all CD45+ cells per mouse was calculated. The data points were reported by mouse.

2.5.7 Quantification of area coverage of CD31+ blood vessels

Images of four ROIs were taken in the cortex (two images of the opposing lateral regions
and two opposing regions towards the medial line) with a 20x objective. Three slices per mouse
were used in the quantifications. Pixels containing CD31+ signal were selected by thresholding
and binarizing the images via ImageJ. Then, the area coverage of CD31+ blood vessels in each
ROI were quantified. To estimate the number of ECs ablated after Tx administration, data were
normalized with respect to the control for the three timepoints used. Data points were plotted by

mouse.
2.5.8 Quantification of 3-dystroglycan

B-dystroglycan (bDG) signal intensity levels were quantified by drawing freehand
selections in ImageJ around areas containing Glt1 loss and measuring the average grayscale

value in selected ROIs, as described in the previous sections. Similar areas were selected in
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shams. Three confocal images were taken in three different slices per mouse, and data points

were plotted by mouse.

2.5.9 Quantification of AQP4

Aquaporin-4 (AQP4) signal intensity levels were quantified by drawing freehand
selections in ImageJ around areas containing Glt1 loss and measuring the average grayscale
value in selected ROIs, as described in previous sections. Similar areas were selected in shams.
Three confocal images were taken in three different slices per mouse, and data points were

plotted by mouse.

2.5.10 Quantification of MMP9

Matrix metalloproteinase-9 (MMP9) signal intensity levels were quantified by drawing
freehand selections in ImageJ around areas containing Glt1 loss and measuring the average
grayscale value in selected ROIs, as mentioned in previous sections. Similar areas were selected
in shams. Three confocal images were taken in three different slices per mouse, and data points
were plotted by mouse.
2.5.11 Quantification of pSMAD2

PSMAD2 signal intensity levels were quantified by drawing freehand selections in ImageJ
around areas containing Glt1 loss and measuring the average grayscale value in selected ROISs,
as mentioned in previous sections. Similar areas were selected in shams. Three confocal images
were taken in three different slices per mouse, and data points were plotted by ROIs and are
color-coded by mouse.
2.6 Statistics
2.6.1 For All Data Sets

Statistics were calculated and graphed using GraphPad Prism 8 (GraphPad Software).

All data were tested for Gaussian distribution using the Kolmogorov—Smirnov (KS) normality
test. Statistical tests were chosen accordingly and are specified in the results section or figure

legend. For all graphs, data points were plotted as the number of mice or coverslips in
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scatterplots and mean with standard error of the mean (SEM). Data points from the same
mouse or culture were plotted as dots of the same color. Statistics were also run after averaging
per mouse, and p values differed but with no overall change in significant group differences.
Statistical significance is indicated by *p<0.05, **p< 0.01, ***p< 0.001, **** p< 0.0001.
2.6.2 Poisson Distribution for CD45+ data

Quantification of CD45+ cells fall under a Poisson distribution instead of the standard
Gaussian distribution because the number of CD45+ cells is reported as discrete data. To
normalize and stabilize the variance of the data, the square root of the total number of CD45+
cells per mouse was calculated, followed by either a one-factor or two-factor ANOVA to compare

groups.
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3 Results

3.1 Loss of astrocytic proteins correlates with long-term neurological

consequences after mTBI

First, we explored how this atypical astrocyte response is relevant in the context of brain
pathology after mTBI. One of the neurological consequences associated with mTBI is post-
traumatic epilepsy (PTE), so I compared the presence of Glt1, which we use as a readout for the
atypical astrocyte response, in the cortex of mice that either did or did not develop seizures after
mTBI. Here, I found that the mice that developed PTE after mTBI had increased Glt1 loss in the
cortex compared to mice that did not experience seizures after injury (Fig. 1a,b). These
findings suggest that the atypical astrocyte response is correlated with poor neurological
outcomes after mTBI.

To determine the early biological events that induce the atypical astrocyte response after
injury, mice were given retro-orbital injections of Cadaverine (~1 kDa) after mTBI to assess for
BBB integrity. The presence of Cadaverine leakage in the brain indicates BBB damage. We found
that areas of Cadaverine leakage overlapped with areas containing loss of the astrocytic markers,
including Glt1, Kir4.1, S100, and Aldh1l1-eGFP, suggesting that the BBB leakage may cause
atypical astrocytes after mTBI (Fig. 2).
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Figure 1: Increased area containing atypical astrocytes is correlated with likelihood of

developing PTE after mTBI. a. The cortex of mice that developed PTE after mTBI had more
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Glt1/Kir4.1 loss compared to mice that did not experience seizures after injury. b. Percentage
area containing Glt1 loss was quantified between mice that developed or did not develop PTE.
(mice without PTE, 3.21 + 0.4604, n=4. mice with PTE, 5.871 + 0.9337, n=4. Unpaired t-test
significant difference between rdTBI, no seizures and rdTBI seizures. rdTBI, no seizures vs.

rdTBI, convulsive seizures, p=0.0432).

Figure 2
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Figure 2: BBB leakage overlaps with the loss of astrocytic markers, Glt-1, Kir4.1, S100p and
Aldhili-eGFP. Retro-orbital injections of Cadaverine were administered to mice 30 minutes

before perfusion to assess BBB integrity. Loss of Kir4.1 and S100p occurred at 7 dpi, and
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atypical astrocyte response and BBB leakage were sustained at 56 dpi

3.2 Significant BBB leakage, with minimal vessel rupture, occurs as early as 1 day
after mTBI

To determine if mTBI leads to BBB damage, we injected Cadaverine (0.33 mg/ulL) retro-
orbitally in mice to assess BBB integrity after single and repeated mTBI (Fig. 3b). While we
observed little to no Cadaverine leakage in sham brain slices, we observed Cadaverine leakage
overlapping with areas of Glt1 loss as early as 10 mpi (Fig. 3a). We used Glt1 loss as a readout
for the atypical astrocyte response, after demonstrating that BBB leakage overlapped with loss of
other astrocytic-proteins, such as S1000, Kir4.1, and Aldh1l1-eGFP (Fig. 2). Significant
Cadaverine leakage occurred at 1 dpi after both a single and repeated mTBI (Figure 3c). Here,
we demonstrate that even a single mTBI induces BBB damage after 10 mpi and continues at 1
dpi.

To assess the severity of blood vessel damage after mTBI, we stained for fibrinogen (340
kDa), a clotting factor that coagulates near sites of vessel rupture while it halts bleeding. Due to
fibrinogen’s large size, we expected that increased fibrinogen leakage into the brain parenchyma
suggests large vessel damage after mTBI. We examined 18 brain slices from six mice that were
subjected to mTBI and found that sparse fibrinogen deposition occurred in five out of 18 brain
slices in four mice, whereas Cadaverine leakage was found in almost all slices and in multiple
areas (Fig. 3d). Next, we assessed direct damage to blood vessels by using two-photon imaging
to identify areas of vessel rapture before and after mTBI. In only 1 of 10 ROIs (n=3), we
observed vessel rupture after mTBI or leakage of 70 kDa Dextran coupled with
Tetramethylrhodamine (Fig. 4). In addition to using two-photon imaging of areas of vessel
rupture, we labeled fixed brain slices for Ki67 to measure EC proliferation after mTBI, which is
required to repair damaged blood vessels. While few Ki67+ cells were found in the shams, the
difference in the number of Ki67+/CD31+ ECs (3/9 mice subjected to mTBI in 3/27 brain slices)

was negligible after mTBI, suggesting that some vessel repair occurs after injury (Fig. 3f).
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Figure 3: Blood-brain barrier leakage occurs in areas of atypical astrocytes after mTBI. a.
Cadaverine leakage occurred in the cortex within 10 minutes after a single mTBI and
overlapped with regions of atypical astrocytes, as indicated by lack of expression of the
glutamate transporter Glt1. b. Cadaverine was injected 30 minutes before perfusion for each

timepoint. Single (1xTBI) and/or repeated (3xTBI) mTBIs were induced at the timepoints 10
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mpi, 30 mpi, and 1 dpi. ¢. Cadaverine leakage was quantified as the percent area of total
cortex and plotted by animal. For 1dpi, both 1xTBI and 3xTBI were examined. Data points are
plotted by animal. (1x Sham 10mpi, 0.0864 + 0.0834, n= 3;1xTBI 10mpi, 2.5886 + 0.4985, n=
3; Sham 3ompi, 0.6329 + 0.6329 1xTBI 30mpi, 3.6953 + 2.2832, n= 3; 1x Sham 1dpi; 0.4930 +
0.4930 1xTBI 1dpi, 9.072 + 2.086, n=3; 3x Sham 1dpi, 0 + 0;3xTBI 1dpi, 6.0253 + 1.9186, n= 3.
Two-way ANOVA significant for post-injury timepoint, p< 0.0001; Sidak’s multiple
comparisons test. Sham vs. 1xTBI 1ompi, p=0.4375; Sham vs. 1xTBI 30mpi, p=0.2560; Sham
vs. 1xTBI 1dpi, p= 0.0012; Sham vs. 3xTBI 1dpi, p= 0.0063). d. Few areas of fibrinogen
deposition (yellow arrowhead), were found in regions of atypical astrocytes, as indicated by
lack of Glt1 expression. e. Live imaging of Dextran-labeled vessels using two-photon
microscopy revealed vessel rupture (white arrowheads) and reduced perfusion at 5 dpi.
Reperfusion and repair of the same vessel (multiple white arrowheads) was observed at 11 dpi.
J- The cell cycle marker Ki67 colocalized with the vessel marker CD31 (yellow arrowheads) in
areas of abruptly short vessels (white arrowheads), which indicated vessel proliferation. Of
the 9 mice and 27 slices examined after mTBI, only 3 mice and 3 slices (one slice in each
mouse) showed Ki67+/CD31* colocalization. For 9 sham mice and 12 slices examined, no

colocalization was detected. mpi = minutes post injury, dpi = days post injury.
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Figure 4
a  Sham Day0 Sham Day 5

Dextran Aldh-111-eGFP

3xTBI Day 0  3xTBI Day 3
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Figure 4: mTBI does not cause significant vessel rupture. Intact blood vessels after mTBI in 9
out of 10 ROIs. Live imaging of the cerebral vasculature after retro-orbital injection of a 70
kDa Dextran coupled to Tetramethylrhodamine using two-photon microscopy reveals intact
vasculature and perfusion at all timepoints (n=3, 9 ROIs total, 3 mice were imaged before and
acutely after repeated TBI, 2 out of 3 mice were subsequently imaged vessel). The figure
depicts the final timepoint (3dpi). No leakage of the Dextran was observed in the shams until

day 5 (n=1, 3 ROIs).
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3.3 mTBI triggers the loss of proteins responsible for maintaining BBB
properties

Since little to no vessel rupture was observed, we want to determine if the increased BBB
damage after mTBI was due to impaired BBB properties. First, we assess the expression and
amount of blood vessel coverage of zonula occludens-1 (ZO-1), a protein involved in forming
tight junctions in the BBB, which are important for preventing pathogens and blood-borne
factors from entering the brain parenchyma. In the shams, CD31+ blood vessels contain
continuously labeled ZO-1, while ZO-1 vessel coverage and expression are reduced significantly
in areas with Cadaverine leakage and atypical astrocytes in the cortex, as early as 10 mpi (Fig.
5a-c). Together, these data suggest that mTBI causes BBB damage by disrupting vessel coverage
and reducing ZO-1 expression.

Another BBB property that we want to examine was its metabolic barrier, which contains
transporters that shuttle water and nutrients into the brain. To determine if mTBI affects the
metabolic component of the BBB, we assess for EC-specific expression of GLUT1, which
accounts for 90% of all glucose transporters in the brain (Pardridge, Boado, & Farrell, 1990) In
the shams, large blood vessels were labeled with GLUT1, while GLUT1 fluorescence intensity
was reduced at 1 dpi in areas containing atypical astrocytes and Cadaverine leakage (Fig. 5d, e).
Thus, in addition to showing that ZO-1 expression and vessel coverage are reduced after mTBI,

we demonstrated that mTBI triggers disruption of the BBB’s metabolic properties.
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Figure 5
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Figure 5: The blood-brain barrier is damaged after mTBI. a. Labeling of the tight junction
protein ZO-1 was reduced and discontinuous after single and repeated mTBI, occurring in

areas of atypical astrocytes (indicated by lack of Glt1 expression) and Cadaverine leakage.
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Some vessels completely lacked ZO-1 labeling (yellow arrowheads). b. Continuity in ZO-1
labeling of vessels was quantified by binarizing ZO-1 signal and drawing a line along the
vessel using the vessel marker CD31 as a guide. The percentage of pixels with ZO-1 was
calculated as the percent of vessels with ZO-1 and was plotted by animal. (Sham, 89.05 +
2.301, n= 3; 1xTBI 10mpi, 35.65 + 8.654, n= 3; 3xTBI 1dpi, 28.33 + 11.40, n= 3. One-way
ANOVA significant for post-injury timepoint, p= 0. 0041. Dunn’s multiple comparisons test.
Sham vs. 1xTBI 1ompi, p= 0. 0073; Sham vs. 3xTBI 1dpi, p= 0. 0039). c. Fluorescence intensity
for the lines drawn in b were quantified and reported as mean grayscale (GS) units. (Sham,
1492 + 251.6, n= 3; 1xTBI 10mpi, 814.7 + 38.31, n= 3; 3xTBI 1dpi, 632.6 + 14.37, n=3; One-
way ANOVA significant for post-injury timepoint, p0.0139. Tukey’s multiple comparisons test.
Sham vs. 1xTBI 1o0mpi, p=0.0398; Sham vs. 3xTBI 1 dpi, p=0.0145). d. The endothelial
glucose transporter GLUT1 was greatly reduced in its labeling at vessels after mTBI in areas
of atypical astrocytes indicated by lack of Glt1 expression. e. Fluorescence intensity of GLUT1
was quantified after mTBI and reported as mean grayscale units. Data points are plotted by
animal. (Sham, 1416 + 41.32, n= 3; 3xTBI 1dpi, 508.8 + 79.17, n= 3; Mann-Whitney Test. Sham
vs. 3xTBI 1 dpi, p=0.002).
3.4 Leakage of blood-borne factors is sufficient to trigger atypical astrocytes
3.4.1 EC ablation reduces the expression of proteins involved in maintaining BBB

properties and induces an atypical astrocytes response

Based on our observations of Cadaverine leakage overlapping with atypical astrocyte
areas in the cortex, we hypothesize that the leakage of blood-borne factors triggers the atypical
astrocyte response after mTBI. To determine if BBB leakage is sufficient to trigger atypical
astrocytes in the absence of injury, we cross mice that express the Tx-inducible CreERT2
recombinase driven by the EC-specific Cadherin 5 PAC promoter (Cdh5(PAC)) with mice that
express the DTA subunit behind a stop cassette flanked by loxP sites. A single low dose of Tx was

administered to adult mice to trigger EC ablation, thus inducing BBB leakage.
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After quantifying the area coverage of CD31+ after Tx administration, there are no
significant changes compared to the controls, yet I observed Cadaverine leakage due to the DTA-
mediated apoptosis (Ivanova et al., 2005) of ECs as early as 2 hours post-administration (hpa)
of Tx (Fig. 6a,b). Here, we establish that a sparse ablation of ECs can induce significant BBB
damage. Also, we observe increased entry of CD45+ cells at 6 hours after EC ablation, but
number of CD45+ cells returns to levels similar to those of controls at 1 dpa (Fig. 6¢,d),
showing that EC ablation does not lead to increased immune cell infiltration. I see a significant
decrease in ZO-1 vessel coverage as early as 2 hpa (Fig. 7a-c¢). However, the ZO-1 fluorescence
intensity remains unaffected after EC ablation compared to the controls, suggesting a different
mechanism of tight junction loss after mTBI where its fluorescence intensity was reduced (Fig.
7a-c). Overall, these data suggest that ablating a small number of ECs can trigger loss of tight
junction proteins, contributing to induced BBB leakage.

After assessing ZO-1 protein expression and CD31+ blood vessel coverage after EC
ablation, we measure endothelial GLUT1 expression to determine if EC ablation affected the
BBB’s metabolic barrier. As expected, I observe a significant decrease in GLUT1 expression as
early as 2 hpa, and this reduction was sustained throughout the later timepoints, suggesting that
EC ablation triggers BBB leakage via loss of proteins involved in maintaining the metabolic
barrier.

Lastly, we hypothesize that BBB leakage triggers the atypical astrocyte response after
mTBI, so we measured the area of Glt1 loss in the cortex after EC ablation. We observed
significant Glt1 loss occurring as early as 6 hpa (Fig 7f-h). In addition to measuring Glt1 loss,
we observed Kir4.1 downregulation at 1 day post administration (dpa) of Tx, suggesting that
BBB leakage is sufficient to induce atypical astrocytes and is consistent with our findings after
mTBI (Shandra et al., 2019). In contrast to our observations after mTBI, GFAP upregulation was

found near sites of Glt1/Kir4.1 loss in the cortex after 1 dpa.
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Figure 6
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Figure 6: EC ablation in the BBB is sparse after Tx administration. a. BBB leakage occurs at
2 hours after EC ablation despite minimal CD31 loss. b. Amount of EC loss after Tx
administration was quantified by calculating average area coverage of CD31+ blood vessel.
Data points are normalized in respect to control and are plotted by animal. (Control 2hpa, 100
+ 24.1136, n=3; Experimental 2hpa, 93.9849 + 14.4379, n=3; Control 6hpa, 100 + 24.4736,
n=3; Experimental 6hpa, 77.6736 + 3.3162, n=3; Control 1dpa, 100 + 14.1257, n=3;
Experimental 1dpa, 75.6227 + 22.2295; Two-way ANOVA not significant for EC ablation,

p=0.2717, and not significant for post-administration timepoint. p=0.8665. Sidak’s multiple
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comparisons test. (Control 2hpa vs. Experimental 2hpa, p=0.9945; Control 6hpa vs.
Experimental 2 hpa, p=0.7993; Control 1dpa vs. Experimental 1dpa, p=0.7550) ¢. Number of
CD45+ cells is increased at 6 hours after EC ablation but this returned to that of the controls at
1 dpa. d. Immune cell infiltration was quantified by taking the square root of the total number
of CD45* cells per animal. (Control 2hpa, 3.4670 + 0.9074, n=3; Experimental 2hpa, 4.8087 +
0.5209, n=3; Control 6hpa, 4.1150 + 0.1823, n=3; Experimental 6hpa, 6.7575 + 0.5883, n=3;
Control 1dpa, 3.5976 + 0.4418, n=3; Experimental 1dpa, 5.5802 + 0.3118, n=3; Two-way
ANOVA significant for EC ablation, p=0.0007, but not significant for post-administration
timepoints. P=0.5052. Sidak’s multiple comparisons test. Control 2hpa vs. Experimental 2hpa,
p=0.2827; Control 6hpa vs. Experimental 6hpa. p=0.0142; Control 1dpa vs. Experimental

1dpa, p=0.0690).
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Figure 7
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Figure 7: BBB leakage induced via EC-specific genetic ablation is sufficient to trigger atypical
astrocytes in the absence of mTBI. a. ZO-1 covering of CD31* vessels was reduced as early as 2

hours after EC ablation and occurred in areas of atypical astrocytes, indicated by lack of Glt1
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expression (yellow arrowheads). b. Continuity in ZO-1 labeling of vessels overlapping with
atypical astrocytes was calculated as shown in Figure 5b. Data points are plotted by animal.
(Control, 77.60 + 5.497, n=3; 2hpa, 34.52 + 2.570, n= 3; 6hpa, 26.82 + 6.802, n= 3; 1dpa, 32.61
£ 10.08, n= 3. One-way ANOVA significant for post-administration timepoint. p= 0.0026.
Dunnett’s multiple comparisons tests. p<0.0001. Control vs. 2hpa, p= 0.0053; Control vs.
6hpa, p=0.0019; Control vs. 1dpa, p=0.0041). c. Fluorescence intensity for the ZO-1 lines
drawn in b were reported as grayscale values. Data points are plotted by animal. (Control,
495.4 + 44.22, n= 3; 2hpa, 417.1 + 37.37, n= 3; 6hpa, 448.5 + 35.16, n= 3, 1 dpa, 415 + 19.10, n=
3. One-way ANOVA not significant for post-administration timepoint. p= 0.3907. Dunnett’s
multiple comparisons test. p=0.2543. Control vs. 2hpa, p=0.329; Control vs. 6hpa, p=0.681;
Control vs. 1dpa, p=0.3118). d. GLUT1 labeling was reduced at vessels in atypical astrocyte
areas lacking Glt1 after genetically ablating ECs after 2 hpa. e. Fluorescence intensity of
GLUT1 in areas of atypical astrocytes was calculated and reported as grayscale values. Data
points are plotted by animal. (Control, 1134 + 88.85, n= 3; 2hpa, 404.1 + 93.97, n= 3; 6hpa,
446.4 + 47.41, n= 3; 1dpa, 338.5 £ 102.9, n= 3. One-way ANOVA significant for post-
administration timepoint. p= 0.0006. Dunnett’s multiple comparisons tests. p<0.0001.
Control vs. 2hpa, p=0.0008; Control vs. 6hpa, p=0.0013; Control vs. 1dpa, p=0.0005). f. The
percent area lacking Glt1 in the cortex was quantified per slice at 2 hours, 6 hours, and 1 day
after EC ablation. Data points are plotted by animal. (Control, 2.703 + 0.2573, n= 12; 2hpa,
4.139 £ 0.6135, n= 3; 6hpa, 4.960 + 0.8508, n= 5 ; 1dpa, 4.436 + 0.1246, n= 4. One-way
ANOVA significant for post-administration timepoint. p= 0.004. Dunnett’s multiple
comparisons tests. p=0.0002. Control vs. 2hpa, p=0.1663; Control vs. 6hpa, p=0.0033;
Control vs. 1dpa, p=0.0415). g. A decrease in Glt1 labeling occurred as early as 2hpa and
overlapped with areas of Cadaverine leakage. h. Kir4.1 loss occurred in areas of atypical
astrocytes (areas lacking Glt1), while GFAP boundary formation occurred in areas adjacent to

atypical astrocytes at 1 dpa. hpa= hours post administration, dpa= days post administration
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3.5 Development of a serum-free culture system to test the effect of blood-borne

factors

3.5.1 Plasma treatment triggers the atypical astrocyte phenotype in vitro at 24
hours

After establishing that BBB leakage is sufficient to cause atypical astrocytes, we want to
screen for the specific blood-borne factors that cause the loss of astrocytic proteins. To overcome
the challenges of identifying the causal link between each blood-borne factor and the atypical
astrocyte response in vivo, I use a serum-free astrocyte cell culture assay. In previous in vitro
studies, astrocytes were cultured in fetal bovine serum (FBS), which changed their morphology
to resemble more immature cells (Holt & Olsen, 2016). Thus, we use a serum-free, chemically
defined culture system to observe how primary astrocytes respond to different blood-borne
factors.

First, I maintained primary astrocytes in serum-free media for 7 days in vitro (div)
before treating them with 10% fresh mouse plasma for 2 hours and 24 hours. While there were
no significant changes in Glt1/Kir4.1 expression after 2 hours of plasma treatment, expression of
both proteins was reduced after 24 hours (Fig. 8a-d). Here, I demonstrated that exposure to
plasma-borne factors induces loss of Glt1/Kir4.1 expression in vitro, similar to what is observed

in vivo.

34



Figure 8
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Figure 8: Exposure to plasma triggered reduced Glt1/Kir4.1 expression after 24 hours in
primary astrocytes maintained in serum-free media for 7 div. a. Glt1 and Kir4.1 expression
remained unaffected after 2 hours of plasma exposure. b. A significant reduction in both Glt1
and Kir4.1 occurred at 24 hours. e.,d. Glt1 and Kir4.1 expression was quantified by dividing

the mean grayscale value by the area coverage of each protein, then data were normalized
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with respect to the control group. Data points represent coverslips and are color-coded in
respect to each independent culture. Three independent cultures were used in these
experiments. (Glt1. Control 2 hours, 100.00 + 7.00, n=6. Plasma 2 hours, 106.47 + 13.18, n=6.
Control 24 hours, 99.72 + 5.81, n=6, Plasma 24 hours, 68.53 + 5.48. Two-way ANOVA
significant for treatment. P=0.0353. Sidak’s multiple comparison tests. Control 2 hours vs.
Plasma 2 hours, p=0.8357. Control 24 hours vs. Plasma 24 hours. p=0.0336. Kir4.1. Control 2
hours, 100.00 + 9.37, n=6. Plasma 2 hours, 101.46 + 8.25, n=6. Control 24 hours, 100.00 +
13.48, n=6, Plasma 24 hours, 63.53 + 2.67. Two-way ANOVA not significant for treatment.
P=0.0564. Sidak’s multiple comparison tests. Control 2 hours vs. Plasma 2 hours, p=0.9924.

Control 24 hours vs. Plasma 24 hours. p=0.0244).

3.5.2 Treatment of primary astrocytes with plasma maintained on 12 mm and 8

mm coverslips

After establishing the conditions for the serum-free astrocyte culture, primary astrocyte
cultures were initially incubated on 12 mm coverslips, Next, I downscaled the cell-culture assay
by incubating primary astrocyte cultures on smaller coverslips to allow for more treatment
conditions from one independent culture. I isolated primary astrocytes from two separate MACS
isolations, plated them on 12 mm and 8 mm coverslips, incubated both cultures for 7 div, and
treated both cultures with 10% fresh mouse plasma for 24 hours. On both coverslips, Glt1 and
Kir4.1 signal intensity decreased after exposure to fresh plasma, allowing us to switch to using 8
mm coverslips to culture primary astrocytes to screen for more factors from one culture (Fig.

ga-d).
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Figure 9
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astrocyte cultures maintained in serum-free media for 7 div, regardless of coverslip size. a.
Primary astrocytes incubating on 12 mm coverslips showed significant reduction of Glt1, but

little reduction in Kir4.1 after plasma treatment. b. Plasma exposure triggered some loss of
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Glt1/Kir4.1 signal intensity in primary astrocytes maturing on 8 mm coverslips. c.,d. Glt1 and
Kir4.1 signal intensity was quantified by dividing the mean grayscale value by the area
coverage of each protein, then data were normalized with respect to the control group. Data
points are plotted by ROIs. One independent culture was used for these experiments. (Glt1.
Control 12 mm coverslip, 100.00 + 4.74, n=6. Plasma 12 mm coverslip, 71.67 + 8.96, n=6.
Control 8 mm coverslip, 100 + 7.03, n=6, Plasma 8 mm coverslip, 82.90 + 11.03. Two-way
ANOVA not significant for treatment. p=0.5052. Sidak’s multiple comparison tests. Control 12
mm coverslip vs. Plasma 12 mm coverslip, p=0.0494. Control 8 mm coverslip vs. Plasma 8 mm
coverslip. p=0.2936. Kir4.1. Control 12 mm coverslip, 100.00 + 2.72, n=6. Plasma 12 mm
coverslip, 76.42 + 13.34, n=6. Control 8 mm coverslip, 100.00 + 3.61, n=6, Plasma 8 mm
coverslip, 79.20 + 4.57. Two-way ANOVA not significant for treatment. P=0.0564. Sidak’s
multiple comparison tests. Control 12 mm coverslip vs. 12 mm coverslip, p=0.0704. Control 8
mm coverslip vs. Plasma 8 mm coverslip. p=0.1180).
3.5.3 Significant loss in Glt1/Kir4.1 expression in primary astrocytes maintained
in media for 14 days at 24 hours

I next determined how maintaining primary astrocytes for different lengths of time in
vitro affected their response to plasma exposure. Half of the wells were incubated for 7 div,
while the remaining coverslips matured in media for 14 div before plasma treatment. First, I
observed increased Glt1/Kir4.1 signal intensities in control primary astrocytes maintained in
media for 14 div compared to the control astrocytes cultures for 7 div. Next, I compared the
difference in Glt1/Kir4.1 signal intensities between the control groups and plasma treatment
group for both astrocyte conditions. Here, I found that astrocytes maintained in media for 7 div
and 14 div showed significant reduction in signal intensity for both proteins (Fig. 10a-d). Also,
increased Glt1/Kir4.1 signal intensity was observed in astrocytes maintained in media for 14 div
compared to astrocytes maintained in media for 7 div in the absence of plasma. Therefore, these

data highlight that astrocytes that are maintained in media for long periods of time are sensitive
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to plasma exposure in vitro.
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Figure 10: Astrocytes maintained in media for different lengths of time experience loss of
Glt1/Kir4.1 signal intensity after plasma exposure. a. Primary astrocytes maintained in

serum-free media for 7 div demonstrated a similar atypical astrocyte phenotype after 24 h
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plasma exposure. b. Control 14 div primary astrocytes showed increased Glt1/Kir4.1 signal
intensity compared to control 7 div primary astrocytes and showed reduced Glt1/Kir4.1 signal
intensity after plasma exposure. ¢,d. Glt1 and Kir4.1 expression was quantified by dividing the
mean grayscale value by the area coverage of each protein, then data were normalized with
respect to the control group. Data points represent ROIs. One independent culture was used
for these experiments. (Glt1. Control 7 div, 100.00 + 8.01, n=12. Plasma 7 div, 80.70 + 2.68,
n=12. Control 14 div, 121.27 + 6.37, n=12, Plasma 14 div plate, 82.90 +* 11.03. Two-way ANOVA
significant for treatment. p=0.0013. Sidak’s multiple comparison tests. Control 7 div vs.
Plasma 7 div, p=0.0400. Control 14 div vs. Plasma 14 div. p<0.0001. Two-way ANOVA
significant for time in culture. p=0.0013. Sidak’s multiple comparison tests. Control 7 div vs.
Control 14 div, p= 0.0219. Plasma 7 div vs. Plasma 14 div. p=0.0163. Kir4.1. Control 7 div,
100.00 + 5.28, n=12. Plasma 7 div, 64.51 + 2.24, n=12. Control 14 div, 161.32 + 8.94, n=12,
Plasma 14 div, 88.70 + 6.31. Two-way ANOVA significant for treatment. P<0.0001. Sidak’s
multiple comparison tests. Control 7 div vs. Plasma 7 div. p=0.0004. Control 14 div vs. Plasma
14 div. p<0.0001. Two-way ANOVA significant for time in culture. P<0.0001. Sidak’s multiple
comparison tests. Control 7 div vs. Control 14 div. p<0.0001. Plasma 7 div vs. Plasma 14 div.
Pp=0.0613).
3.6 Exposure to plasma in primary astrocyte cell culture mimics the atypical

astrocyte response in vitro

To begin screening for individual factors that may trigger the atypical astrocyte

phenotype, I heat-denatured fresh mouse plasma at 75 °C for 5 minutes to determine if a blood-
borne protein induces loss of key homeostatic proteins in primary astrocytes. Then, I diluted the
heat-denatured plasma in 5x B27 serum-free media before treating primary astrocytes with it
and compared it to fresh plasma treatment and the controls. I found that treating primary
astrocytes with heat-denatured plasma rescued Kir4.1, but not Glt1 expression, compared to the

controls, suggesting that blood-borne proteins and other factors may drive the atypical astrocyte
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response in vitro (Fig. 11a-c).

In previous studies, fibrinogen leakage has been implicated in increased GFAP
upregulation and glial boundary formation after focal TBI (Schachtrup et al., 2010) making
fibrinogen one possible candidate to treat in primary astrocytes. First, I diluted fibrinogen to
400 mg/dL to reflect the concentration found in the bloodstream (Pedrazzani et al., 2016) in 5x
B27 serum-free media, then added it to primary astrocytes for 24 hours. By comparing the
Glt1/Kir4.1 expression in the fibrinogen treatments to the control and plasma groups, I found
that Glt1 but not Kir4.1 expression was reduced (Fig. 12a-c). Therefore, fibrinogen, in addition
to other blood-borne factors, contributes to the atypical astrocyte phenotype in vitro.

While fibrinogen causes loss of some astrocytic homeostatic proteins in vitro, fibrinogen
leakage rarely occurred after mTBI, allowing us to test another blood-borne factor that may
trigger the development of the atypical astrocyte response. In previous studies, albumin leakage
has been shown to cause epileptogenesis after TBI, so I investigated albumin’s role in astrocytic
protein expression in vitro. First, I diluted albumin to 4.5 g/dL in 5x B27 serum-free media
before treating it on primary astrocyte cultures for 24 hours. Albumin treatment triggers the loss
of Glt1, but not Kir4.1 signal intensity (Fig. 13a-c).

Next, I investigated what downstream signaling pathways are activated by albumin and
fibrinogen to trigger atypical astrocytes. Previous studies have demonstrated that albumin and
fibrinogen activate the transforming-growth factor § (TGF- f8) signaling pathway. (Ralay
Ranaivo & Wainwright, 2010; Schachtrup et al., 2010; Senatorov et al., 2019). After these factors
bind to the TGF- {3 receptor, it leads to the phosphorylation of SMAD protein complexes. Then,
the SMAD complexes enter the nucleus and bind to the promoters to trigger the expression of
different target genes. Here, I assess the activation of the TGF- 3 signaling pathway by
measuring phosphorylated SMAD2 signal intensity in areas containing Glt1 loss. Increased
phosphorylated SMAD2 signal intensity is observed at 6 hpi compared to the shams (Fig.

14a,b). Overall, these data suggest that both albumin and fibrinogen exposure affect Glt1

41



expression via activation of the TGF- 3 signaling pathway, and that other factors may initiate

Kir4.1 loss in primary cell cultures.

Figure 11
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Figure 11: Glt1 and Kir4.1 expression in astrocytes is reduced 24 hours after plasma

0-

treatment in vitro and is triggered by a plasma protein(s). a. Treatment with heat-denatured
plasma rescued both Glt1 and Kir4.1 signal intensity in primary astrocyte cultures maintained
in serum-free media for 14 div. b,c. Glt1 and Kir4.1 signal intensity was quantified by dividing

the mean grayscale value by the area coverage of each protein, then data were normalized

42



with respect to the control group. Data points represent coverslips and are color-coded with
respect to each independent culture. Three independent cultures were used for these
experiments. (Glt1. Control, 100 + 7.133, n= 6 coverslips in 3 independent cultures; Plasma,
60.19 + 9.743, n= 6 coverslips in 3 independent cultures; HdPlasma, 79.53 + 6.402, n= 6
coverslips in 3 independent cultures. One-way ANOVA significant for treatment. p= 0.01.
Tukey’s multiple comparisons test. p<0.0001. Control vs. Plasma, p=0.0074; Control vs.
HdPlasma, po.1922; Plasma vs. HdPlasma, p=0.2257. Kir4.1. Control, 100 + 5.006, n= 6
coverslips in 3 independent cultures; Plasma, 72.45 + 3.705, n= 6 coverslips in 3 independent
cultures; HdPlasma, 93.30 + 4.001, n= 6 coverslips in 3 independent cultures. One-way
ANOVA significant for treatment. po.oo1. Tukey’s multiple comparisons test. p<0.0001.
Control vs. Plasma, p=0.001). Control vs. HdPlasma, p=0.0.5236. Plasma vs. HdPlasma,

P0.0094). div= days in vitro, HdPlasma= Heat denatured plasma
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Figure 12: Fibrinogen triggers Glt1, but not Kir4.1 loss in vitro. a. Fibrinogen triggered the

43



loss of Glt1 signal intensity in astrocytes maintained in serum-free media for 7 div, while
fibrinogen does not affect Kir4.1 signal intensity. b.,c. Glt1 and Kir4.1 signal intensity was
quantified by dividing the mean grayscale value by the area coverage of each protein, then
data were normalized with respect to the control group. Data points represent ROIs. Two
independent cultures were used in these experiments. (Glt1. Control, 100 + 3.94, n= 24 ROIs in
2 independent cultures; Fibrinogen, 81.35 + 4.648, n= 24 ROIs in 2 independent cultures;
Unpaired t-test significant for treatment. p= 0.0037. Kir4.1. Control, 100 + 4.359, n= 24 ROIs
in 2 independent cultures; Plasma, 94.17 + 4.57, n= 24 ROIs in 2 independent cultures.

Unpaired t-test not significant for treatment. p=0.3609).
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Figure 13
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Figure 13: Albumin triggers Glt1, but not Kir4.1 loss in vitro. a. Albumin triggered the loss of
Glt1 signal intensity in astrocytes maintained in serum-free media for 14 div, while fibrinogen
does not affect either Glt1 or Kir4.1 signal intensity. b.,c. Glt1 and Kir4.1 signal intensity was

quantified by dividing the mean grayscale value by the area coverage of each protein, then
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data were normalized with respect to the control group. Data points represent ROIs. One
independent culture was used for these experiments. (Glt1. Control, 100 + 7.27, n= 12 ROIs in
one independent culture; 10% plasma, 60.78+ 3.21, n= 12 in one independent culture; Albumin,
67.62 + 3.64, n=12 ROIs in 1 independent culture; Fibrinogen, 93.04 + 7.31, n= 12 ROIs in one
independent culture; One-way ANOVA significant for treatment. p< 0.0001. Tukey’s multiple
comparisons test. Control vs. Plasma, p<0.0001; Control vs. Albumin, p=0.0007; Control vs.
Fibrinogen, p=0.7216. Kir4.1. Control, 100 + 6.855, n= 12 ROIs in one independent culture;
Plasma, 74.43 + 7.54, n= 12 in one independent culture; Albumin, 87.32 + 6.101, n=12 ROIs in
one independent culture; Fibrinogen, 86.94 + 7.290, n= 12 ROIs in one independent culture;
One-way ANOVA not significant for treatment. p=0.0963. Tukey’s multiple comparisons test.
p=0.0963 Control vs. Plasma, p=0.0341; Control vs. Albumin, p=0.4382; Control vs.

Fibrinogen, p=0.4141).
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Figure 14
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Figure 14: mTBI triggers increased TGF- [ signaling in atypical astrocytes. a. Increased
PSMAD:2 activation occurs in areas of atypical astrocytes at 6 hpi. b. Fluorescence intensity
for pSMAD:2 in areas of atypical astrocytes was calculated and reported as grayscale values.
Data points are plotted by ROI and are color-coded for each animal. n=3 in sham group and
n=2 in both 30 mpi and 6 hpi timepoints. (Sham, 109.2 + 14.21, n=12; 1x TBI 30mpi, 123.0 +
9.604, n=6, 1x TBI 6hpi, 177.8 + 21.08. One-way ANOVA significant for post-injury timepoint,
p=0.0204. Tukey’s multiple comparisons test. Sham vs. 1xTBI 3o0mpi, p=0.8137; Sham vs.

1xTBI 6hpi, p=0.0164; 1xTBI 30mpi vs. 1xTBI 6hpi, p=0.1137).
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3.7 BBB leakage is not repaired after mTBI

3.7.1 BBB leakage is sustained at 64 days after mTBI

In previous studies that focused on focal TBI, BBB leakage and the presence of glial
boundaries around the site of primary injury was found to last for several days after focal TBI.
However, no glial boundaries are present after mTBI, yet the atypical astrocyte response persists
for several months after injury. Thus, we wanted to determine whether BBB repair occurs in
areas of atypical astrocytes after mTBI.

At 7 dpi, 14 dpi, and 64 dpi, mice were given retro-orbital injections of Cadaverine 30
minutes before perfusion to assess whether BBB leakage is contained after mTBI. We have
shown that BBB leakage was observed at all three timepoints (Fig. 15a-c¢). Next, we examined
BBB leakage after single and repeated mTBI at 1 dpi and 7 dpi. In addition to showing that both
single and repeated mTBI caused significant Cadaverine leakage compared to the shams,
Cadaverine leakage was doubled in mice subjected to repeated mTBI at 7 dpi (Fig. 15d). Here,
we demonstrated that there is a lack of BBB repair, resulting in increased BBB leakage that
overlap with atypical astrocytes in the long-term after mTBI. Also, we found that repeated
mTBIs trigger more BBB leakage, potentially leading to more secondary brain injury.

3.7.2 BBB properties remain disrupted at 64 days after mTBI

To identify the BBB properties that lead to prolonged BBB damage after mTBI, we
measure ZO-1 vessel coverage and signal intensity after 64 dpi. While ZO-1 signal intensity is
slightly reduced, ZO-1 vessel coverage is reduced significantly at 64 dpi (Fig 15e-g), suggesting
that prolonged BBB damage is due to the loss of proteins that maintain tight junction function.

Next, we want to determine if increased BBB damage caused entry of peripheral immune
cells into the brain parenchyma after mTBI; we perform IHC against CD45, which labels
lymphohematopoietic cells (Frik et al., 2018) such as monocytes. Typically, immune cells are
present in the meninges in the shams, but I observed an average of about 5-10 cells in the cortex

at 1 dpi and 7 dpi (Fig. 15h,i). However, number of CD45+ cells returned to similar values
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found in the shams at 64 dpi, suggesting that BBB damage after mTBI does not induce massive

immune cell infiltration compared to more severe TBI.

Figure 15
a Sham 3XTBI, 64dpi b 0 0 1 7
mpi mpi dpi dpi
) X
g T8l 1 7 14 64
> dpi dpi dpi dpi
S il - | |
v
50|.1m
v.
£
@
>
]
T
©
V]
C
15 " [ Sham d

] * " T8I 15
g’ » . g‘ 22
E]O ! hd % 10 EEX %% .
5 . 2 z i
S ° . : ',3 5 F .
\O . . .
ol B N 3 : ﬂ

ldpi 7dpi 14dpi 64dpi IxTBI 3xTBI 1xTBI 3xTBI

3xTEl 1dpi  1dpi  7dpi 7dpi

e Sham, 64dpi 3xTBI, 64dpi h Sham, 1dpi 1x TBI, 7dpi

Glt1 ZO-1

XERE

100
80
60
40
20

% of vessel with ZO-1 —

0
Sham 64 dpi

]
]
c
]
]
wv
1]
b
o
3
[=
Y
@]
N

Glt1

CD45

u
2500 E
22000 29 .
g 1500 g 4] =
4
2 1000 o,
500 ks
0 £ 0
Sham 64 dpi s Sham

7 64
dpi

Figure 15: The BBB is not repaired after mTBI. a. Cadaverine leakage was still present at 64

dpi. b. Mice were examined at later timepoints after 3xTBI and 1xTBI. ¢. Cadaverine leakage
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was quantified at later timepoints after 3xTBI as the percent area of total cortex and plotted
by animal. (3x Sham 1dpi, 0 + 0, n= 3; 3xTBI 1dpi, 6.0253 + 1.9186, n= 3; 3x Sham 7dpi, 0 + 0;
3xTBI 7dpi, 7.5890 + 1.6852, n= 3; 3x Sham, 0.8845 + 0.6973; 3xTBI 14dpi, 8.2640 + 2.1837,
n= 3; 3x Sham 64dpi, 0.0963 + 0.0963; 3xTBI 64dpi, 7.2668 =+ 3.051, n= 3. Kruskal-Wallis test
significant for post-injury timepoint, p< 0.0001. Sidaks’s multiple comparisons test. 3xSham
vs. 3xTBI 1dpi, p= 0.0717; Sham vs. 3xTBI 7dpi, p=0.0178; Sham vs. 3xTBI 14dpi, p= 0.0215;
Sham vs. 3xTBI 64dpi, p=0.0260). d. Cadaverine leakage quantifications were compared
between the 1dpi and 7dpi timepoints after either 1xTBI or 3xTBI. (1x Sham 1dpi, 0.0493 +
0.0493, n=3; 1xTBI 1dpi, 7.7900 + 0.50.62, n= 3; 1x Sham 7dpi, o + 0, n=3; 1xTBI 7dpi, 6.0253
+ 1.9186, n= 3; 3x Sham 1dpi, 0 + =,n=3; 3xTBI 1dpi, 3.9183 + 0.5503, n= 3; 3x Sham 7dpi, 0 +
o,n=3; 3xTBI 7dpi, 3xTBI 7dpi, 7.5890 + 1.6853, n=3. Two-way ANOVA significant for number
of injuries, p<0.0001; 1xSham 7dpi vs. 1xTBI 7dpi, p=0.0415;. 3xSham 7dpi vs. 3xTBI 7dpi, p=
0.0002; 1xSham 1dpi vs. 1xTBI 1dpi, p=0.0002, 3xSham vs 3xTBI 1dpi, p= 0.0.0002; Tukey’s
multiple comparisons test. 1xSham 1dpi vs 3xSham 1dpi. p=0.9898; 1xSham 1dpi vs. 1xSham
7dpi, p=0.9829; 1xSham 1dpi vs. 3xSham 7dpi, p=0.9829; 3xSham 1dpi vs. 1xSham 7dpi,
P>0.9999; 3xSham 1dpi vs. 3x Sham 7dpi, p>0.9999; 1xSham 7dpi vs. 3xSham 7dpi, p>0.9999;
1xTBI 1dpi vs. 1xTBI 7dpi, p= 0.0.05; 3xTBI 1dpi vs. 3xTBI 7dpi, p= 0.5737e. Lack of ZO-1
persists at 64 dpi. f. The continuity of ZO-1 labeling along vessels was quantified at 64dpi in
areas of atypical astrocytes as shown in Fig 5b. (Sham, 11.02 + 2.602, n= 3; 3xTBI 8 wpi,
75.08 + 1.531, n= 3. Unpaired t test for Sham vs. 3xTBI 8 wpi, p< 0.0001). g. Fluorescence
intensity for the ZO-1 lines drawn in e and were reported as grayscale values. (Sham, 1492 +
251.5, n= 3; 3xTBI 8 wpi, 632.5 + 14.13, n= 3; Unpaired t test for Sham vs. 3xTBI 8 wpi, p=
0.0755). h. Clusters of CD45* cells (indicated by yellow arrowheads) appeared in the cortex
after mTBI, while in sham mice, these clusters were found localized to the meninges. i.
Immune cell infiltration was quantified by taking the square root of the total number of CD45*

cells per animal. (Sham, 3.772 + 0.2013, n = 9; 1dpi, 5.241 + 0.0.6588, n= 3; 7dpi, 5.452 +
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0.3717, n=3; 64 dpi, 4.145 + 0.4912, n= 3. One-way ANOVA significant for post-injury
timepoint. p< 0.0001 Tukey’s multiple comparisons tests. p=0.0106. Sham vs. 1 dpi, p=0.0461;
Sham vs. 7 dpi, p=0.0209, Sham vs. 64 dpi, p=0.8754; 1 dpi vs. 7 dpi, p=0.851 1 dpi vs. 64 dpi,
p=0.1032; 7 dpi vs. 64 dpi, p=0.1872).

3.8 Loss of astrocytic factors that maintain BBB integrity occurs after mTBI

In addition to removing excess neurotransmitters and ions from the extracellular space,
astrocytes maintain BBB integrity by interacting directly with ECs via astrocytic endfeet. Thus,
we hypothesized that prolonged BBB leakage after mTBI is caused by the loss of astrocyte-
secreted proteins that maintain the BBB and stabilize endfeet to the blood vessels. Astrocyte
endfeet function within the neurovascular unit depends on the dystrophin-associated
glycoprotein complex (DAGC), a transmembrane scaffolding machine that anchors astrocyte
endfeet to the basement membrane. One protein from the DAGC that was examined via IHC is {3
-Dystroglycan (bDG), which outlines the endfeet in the sham brain slices. After mTBI, bDG was
reduced after 1 dpi (Fig. 16a, b).

The DAGC interacts with the basement membrane, which is comprised of proteins, such
as laminin and collagen IV that anchor neighboring cells (Hoddevik et al., 2020) Similarly,
collagen IV and laminin expression were lost after mTBI, as well (Fig. 17a, b). Collagen IV and
laminin are substrates of matrix metalloproteinase-9 (MMP9), which is a proteinase that breaks
down the extracellular matrix of neighboring tissue. In the context of brain pathology, MMP9g
expression has been shown to be upregulated in astrocytes (Mhatre et al., 2004). Using THC, we
found that MMPg expression appears to be limited to neurons, and its intensity was unaffected
in atypical astrocytes after mTBI (Fig. 18a,b). Overall, these data suggest that mTBI triggers
reduced bDG and basement membrane protein expression and may contribute to sustained BBB
damage.

Aquaporin-4 (AQP4) is responsible for transporting water between the brain

parenchyma and the periphery. While AQP4 contributes to maintaining the BBB’s metabolic
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barrier, its function depends on the function of the DAGC. As expected, we observed a reduction
in AQP4 labeling along blood vessels in atypical astrocyte areas at 1 dpi (Fig. 16¢, d). However,
Tdtomato+ astrocyte endfeet remained intact but contained little AQP4 expression after mTBI.
Therefore, these data highlight that astrocyte endfeet protein expression, but not the endfeet
themselves, are disrupted after mTBI.

While sonic hedgehog (Shh) signaling is involved in the formation of the nervous system
during development, it has been shown to be upregulated in reactive astrocytes after TBI and is
implicated in BBB maintenance (Allahyari, Clark, Shepard, & Garcia, 2019; Alvarez et al., 2011).
Thus, we used THC against the Shh antibody in reporter mice expressing Tdtomato+ astrocytes
and subjected to mTBI. In the sham tissues, we found that Shh was expressed in the astrocytic
processes. However, this Shh expression at the processes was lost after 3 dpi. Interestingly, Shh
expression appears to be upregulated in ECs after mTBI, yet it is not sufficient to halt BBB

leakage after injury (Fig. 16e).

52



Figure 16
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Figure 16: BBB leakage induces loss of astrocytic-secreted proteins responsible for BBB

maintenance after mTBI. a. B-dystroglycan is significantly lost after mTBI at 1 dpi. b.
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Fluorescence intensity for the B-dystroglycan in areas of atypical astrocytes was calculated
and reported as grayscale values. Data points are plotted by animal. (Sham, 2856 + 188.7,
n=3; 3xTBI 1 dpi, 1158 + 135, n=3, 3xTBI 7 dpi, 659.9 + 123.5, n=3; 3xTBI 64 dpi, 760.2 + 83.51.
One-way ANOVA significant for post-injury timepoint. p<0.0001. Tukey’s multiple
comparisons test. Sham vs. 1 dpi, p=0.0001; Sham vs. 7 dpi, p<0.0001; Sham vs. 64dpi,
P<0.0001; 1 dpi vs. 7 dpi, p=0.1244; 1 dpi vs. 64 dpi, p=0.2503; 7 dpi vs. 64 dpi, p=0.9533). C.
Astrocytic endfeet remain intact, but aquaporin-4 (AQP4) is reduced after mTBI. d.
Fluorescence intensity of AQP4 in areas of atypical astrocytes was calculated and reported as
grayscale values. Data points are plotted by animal. (Sham, 1440 + 229.7, n=3, 3xTBI 1dpi,
320.6 + 78.54, n=3. Unpaired t test for Sham vs. 3xTBI. p=0.0099). e. Sonic hedgehog (Shh)
signaling is localized mostly along blood vessels after mTBI, whereas in the shams, Shh

signaling is located more along the fine processes of tdTomato+ astrocytes.
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Figure 17
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Figure 17: Basement membrane proteins are lost after mTBI. a. Laminin is reduced in
atypical astrocytes at 1 dpi. b. Fluorescence intensity of laminin in areas of atypical astrocytes
was calculated and reported as grayscale values. Data points are plotted by animal. (Sham,
1402 + 41.16, n=3, 3xTBI 1dpi, 243.1 + 44.40, n=3. Unpaired t test for Sham vs. 3xTBI,
P<0.0001. c. Collagen IV is lost in atypical astrocytes after mTBI. d. Fluorescence intensity
for collagen IV in areas of atypical astrocytes was calculated and reported as grayscale
values. Data points are plotted by animal. (Sham, 1943 + 155.7, n=3, 3xTBI 1dpi, 293.4 +

65.36. Unpaired t test for Sham vs. 3xTBI, p=0.0006).
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Figure 18: mTBI does not cause changes in MMP9 expression. a. Matrix-metalloproteinase-9

(MMP-9) remains unaffected in atypical astrocytes after mTBI. b. Fluorescence intensity for
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MMP-9 in areas of atypical astrocytes was calculated and reported as grayscale values.
(Sham, 446.1 + 80.03, n=3; 3xTBI 7dpi, 490.1 + 108.6, n=3. Unpaired t test for Sham vs.

3xTBI, p=0.7622).
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4 Discussion

4.1 mTBI is sufficient to trigger BBB damage

First, our data show that a single mTBI is sufficient to cause BBB leakage, and this leakage
overlaps with areas containing atypical astrocytes as early as 10 mpi. In our studies, we measure
the amount of BBB leakage in the cortex, but we did not determine if this leakage was observed in
other brain regions. In clinical studies that use DCE-MRI, increased BBB permeability was found
in the hippocampus, as well as in other gray and white matter regions, of older patients who
experienced early-onset Alzheimer’s Disease (Nation et al., 2019; van de Haar et al., 2016). While
patient data suggest that neurodegenerative disease results in increased BBB permeability in
multiple brain regions, one possible interpretation of our data could be that BBB damage occurs
predominately in the cortex after mTBI. However, more studies that include determining in what
other brain regions BBB leakage is found as well as how much leakage is taking place in these
areas after mTBI need to be conducted.

One of the major drawbacks of the standard imaging techniques used to assess BBB
damage in patients is the lack of sensitivity in detecting immediate changes in BBB permeability
(Cash & Theus, 2020). In our studies, we used a small tracer dye, such as Cadaverine, to identify
subtle signs of BBB disruption. However, Cadaverine leakage does not provide insight into what
factors are leaking into the brain parenchyma after injury. In both human and rodent studies,
tracer dyes, such as Evans blue, bind to as albumin and are used to assess for BBB permeability
(Y. Xu et al., 2019; Yao, Xue, Yu, Ni, & Chen, 2018). To begin elucidating the causal link
between BBB leakage and the development of long-term neurological consequences, labeling
blood-borne factors that differ in molecular weight can help to identify possible cellular
mechanisms that are activated by these factors after injury.

4.2 Does the primary astrocyte culture model mimic what is observed after
mTBI?

In previous cell culture studies, astrocytes have been maintained in media containing FBS.
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To determine how astrocytes respond to blood-borne factors and if this response mimics what is
observed in vivo, we used a chemically defined cell culture system where astrocytes are cultured
in the absence of serum-based factors found in FBS. In our endothelial ablation model, I observe
Glt1 and Kir4.1 loss occurring after 6 hpa and 1 dpa respectively. While I observe reduction in
both Glt1 and Kir4.1 signal intensity after 24 hours of plasma exposure in vitro, I did not
examine at what timepoint after plasma exposure does reduction in both proteins occur. Thus,
the next step would be to determine if reduction of either Glt1 or Kir4.1 at several timepoints
between 2 and 24 hours after plasma exposure. In addition to identifying when both Glt1 and
Kir4.1 expression are reduced after plasma exposure, we should investigate if plasma exposure
causes changes in expression of other astrocytic markers that were examined after mTBI to
assess the validity of the primary astrocyte cell culture in mimicking the changes observed after
injury.

One of the main challenges in characterizing brain pathology after mild TBI is the
difficulty in determining whether worsening neurological consequences arise from mechanical
strain or secondary injury (Fehily & Fitzgerald, 2017). To overcome this challenge, I culture
astrocytes and treat them with plasma to determine how they respond to blood-borne factors
independent of the responses from other cell types. Under healthy conditions, astrocytes
maintain synapses by secreting thrombospondins and responding to neuronal activity (Allen &
Eroglu, 2017). In response to mTBI, leakage of blood-borne factors triggers the loss of neuronal
markers and post-synaptic punta (Mufioz-Ballester et al, 2022). However, it is unclear as to
whether these changes in both astrocytes and neurons are happening in parallel or if crosstalk is
occurring between both cells to trigger changes in their respective protein expressions in
response to BBB damage. To address this question, we can develop a co-culture consisting of
astrocytes and neurons to determine how astrocytic protein expression is affected by its

interaction with neurons after exposure to plasma.
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4.3 What plasma-borne factors trigger atypical astrocytes?

To begin screening for different blood-borne factors, we used heat-denaturation to
determine if blood-borne proteins are involved in inducing an atypical astrocyte phenotype in
vitro. After treating primary astrocytes with heat-denatured plasma, it rescued Kir4.1 but not
Glt1 after 24 hours of treatment. Typically, plasma proteins begin denaturing at around 40-
45°C, and globulins denature at around 60 °C (Akazawa-Ogawa, Nagai, & Hagihara, 2018;
Vazquez & Larson, 2013), so I denature plasma at 75°C to ensure that all plasma-borne proteins
would be inactivated before treatment. However, one of the drawbacks to using heat-
denaturation is that heat also triggers oxidation of lipids (Reis et al., 2021), which can interact
with astrocytes and affect their morphology, protein expression, and function as well. Therefore,
we can use techniques, such as size-exclusion chromatography (Some, Amartely, Tsadok, &
Lebendiker, 2019) to allow for a more sensitive screening process for different blood-borne
factors.

One of the first plasma proteins we examined was fibrinogen, due to its role in triggering
astrogliosis after TBI (Schachtrup et al., 2010). In our in vitro studies, we showed that
fibrinogen exposure reduces Glt1 expression but not Kir4.1. However, due to the sparse number
of fibrinogen deposits present after mTBI, the findings suggest that other plasma-borne factors
cause the atypical astrocyte response after injury. Also, we have demonstrated that albumin
exposure triggers a reduction in Glt1 in vitro. These data imply that the leakage of blood-borne
factors induces atypical astrocytes by reducing Glt1 expression. Recently, we demonstrated that
Glt1 loss occurs as early as 5 mpi (Munoz-Ballester et al., 2022) and is sustained for months
after injury (Shandra et al., 2019). Also, we observed Kir4.1 loss at 1 dpi, but we have not
examined whether this loss occurs at earlier timepoints because areas of Kir4.1 loss are more
difficult to identify than areas of Glt1 loss. These observations could be due to differences in how
sensitive different astrocytic proteins are to exposure to blood-borne factors. However, more

astrocytic proteins would need to be examined in vitro to determine how they respond to either
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albumin or fibrinogen treatment.

While both fibrinogen and albumin cause loss of Glt1 signal intensity in primary
astrocytes, it is worth noting that albumin triggered loss of Glt1 signal intensity after one
independent culture, suggesting that albumin may drive the induction of atypical astrocytes
compared to other blood-borne proteins. Also, it is important to determine if loss of Glt1
translates to reduced glutamate uptake. In primary astrocyte cultures, albumin exposure causes
an increase in extracellular glutamate in addition to reduction in the mRNA expression for
SLC1A2, the gene that encodes for Glt1 (David et al., 2009). After measuring whole-cell
glutamatergic currents, changes in extracellular glutamate uptake and SLC1A2 expression led to
increased excited post-synaptic potentials (EPSPs) in NMDA receptors. While it suggests that
albumin causes increased excitability via loss of Glt1, determining how albumin affects other
astrocytic proteins that play a role in homeostasis in vitro would help to determine how

exposure to plasma-borne factors mimics what is observed after injury.

Protein Treatment Groups
2 hour 24 hour 24 hour 24 hour 24 hour
plasma plasma Denatured fibrinogen albumin
plasma
Glt1 No change | Reducedin | Reducedin | Reducedin?7 | Reduced in
both 7 div 14 div div 14 div
and 14 div astrocytes astrocytes astrocytes
astrocytes after two
cultures. No
change in 14
div
astrocytes
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after one

culture
Kirg.1 No change | Reducedin | No change No change No change
both 7 div
and 14 div
astrocytes

Table 3: Summary of changes in astrocytic protein signal intensity observed in ICC after

treatment.

4.4 What downstream signaling pathways are activated after blood-borne factor
leakage?

Previous studies that use focal TBI models revealed that both fibrinogen and albumin
interact with the TGF- {3 signaling pathway and have been implicated in Alzheimer’s disease and
epileptogenesis via pharmacological inhibition or genetic knockout of the TGF- 3 receptor
(Petersen, Ryu, & Akassoglou, 2018; Ralay Ranaivo et al., 2012; Senatorov et al., 2019).
Activation of the TGF- [ signaling pathway leads to phosphorylation of SMAD protein
complexes that act as transcription factors, which are shuttled into the nucleus to trigger the
transcription or repression of various target genes (Derynck & Budi, 2019).

In the context of astrocyte response, inhibition of SMAD2/3 reduces the formation of glial
boundaries after ischemic stroke (Zhang et al., 2018). While activation of SMAD protein
complexes that trigger the transcription of different target genes, phosphorylation of SMAD
protein complexes that act as repressors has been implicated in the onset of neurodegenerative

disease. For example, activating the TGF- 3 receptor also initiates production of SMAD
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ubiquitin regulatory factors (SMURF), which has been linked to the development of
neurodegenerative disease (Nakamura et al., 2013).

Previous studies have highlighted that thrombin causes the upregulation of MMPg and
other factors that break down the BBB via interaction with the protease-activated receptor
(PAR) pathway (Lin et al., 2013). In the context of pathology, thrombin extravasation has been
linked to depressive-like behavior in mice subjected to a closed-skull midline TBI. More
specifically, inhibiting the PAR pathway via pharmacological targeting of Rho kinase (ROCK)
rescued the reduction of Glt1 after TBI, (Piao, Holloway, Hong-Routson, & Wainwright, 2019).
While it is important to identify possible downstream signaling pathways that lead to long-term
neurological consequences after TBI, the next steps would be to conditionally knockout these
different pathways specifically in astrocytes before inducing mTBI to determine if the astrocytic
markers lost after injury are restored. These findings would thus help to identify the causal link

between BBB leakage and the presence of atypical astrocytes after mTBI.
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Figure 19: Diagram of the TGF- [ signaling pathway. After fibrinogen/albumin bind to the

TGF- B receptor, it phosphorylates the protein domains, SMAD. SMAD proteins form a protein
complex and it shuttled into the cell nucleus to trigger expression of target genes activated by
the TGF- B signaling pathway. Source: (Tecalco-Cruz, Rios-Lopez, Vazquez-Victorio, Rosales-
Alvarez, & Macias-Silva, 2018)
4.5 How do astrocytes maintain BBB integrity after mTBI?

Astrocytes maintain BBB integrity through their physical contact with blood vessels via
endfeet. After mTBI, the astrocyte endfeet remained attached to the blood vessels except for the
loss of collagen IV and laminin, showing that part of the NVU is partially disrupted in response

to injury. However, studies that use electron microscopy reveal degeneration of the astrocyte
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endfeet following blast injury within several months after injury (A. T. Clark, Abrahamson,
Harper, & Ikonomovic, 2022; Gama Sosa et al., 2019). One possible explanation for the
connection between both the endfeet and blood vessel being mostly intact in our mTBI/
concussion studies is that astrocyte endfeet may detach from the ECs at a later timepoint than 1
dpi. Therefore, by examining the interaction between Tdtomato+ astrocyte endfeet and blood
vessels after later timepoints, it can provide insight as to whether the endfeet detach from the
blood vessels in response to mTBI.

In addition to astrocytes’ direct contact with the BBB, astrocytes maintain the BBB’s
protective properties by secreting factors that maintain its integrity. In recent studies,
upregulation of Shh signaling has been implicated in BBB maintenance (Allahyari et al., 2019;
Xing et al., 2020). Here, we found that Shh signaling in astrocyte processes is reduced after
mTBI. While these findings suggest that mTBI inhibits Shh signaling in astrocytes, it is difficult
to determine how Shh signaling from astrocytes interacts with ECs to cause prolonged BBB
leakage based on our mTBI data. One possible mechanism for BBB maintenance via Shh
signaling is that some studies suggest that Shh signaling prevents EC apoptosis via activation of
the protein, Patched-1 (PTCH1) (Michinaga & Koyama, 2019; Zhu et al., 2015). In future studies,
we can investigate the role of PTCH1 in maintaining BBB integrity after mTBI.

After mTBI, we observe that bDG and AQP4 signal intensity are reduced, suggesting that
loss of these astrocyte-secreted factors prolonged BBB leakage after injury. In a mouse model of
Duchenne muscular dystrophy, bDG and AQP4 are reduced. However, both of those proteins
and BBB integrity were rescued after these mice were treated with PDN (Annese et al., 2016;
Tamma et al., 2013). After mTBI, basement membrane proteins, bDG, and AQP4 are reduced
after 1 dpi, so it is difficult to determine loss of basement membrane proteins triggers loss of
DAGC proteins or vice versa after BBB leakage. Thus, earlier timepoints need to be examined to
determine when each of these proteins are reduced after injury to mitigate the progression of

BBB leakage if these proteins are used as therapeutic targets.
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4.6 The BBB fails to repair itself after mTBI

After focal TBI, BBB leakage lasts for about 10-14 days, implying that glial boundary
formation around the site of primary damage is responsible for BBB repair. Also, tight junction
function remained disrupted in areas of atypical astrocytes long-term, and it is unclear as to
whether the BBB can repair itself after injury. Studies that examine whether tight junctions are
restored have been mostly performed in vitro and in non-neural tissue (Chen et al., 2018).
Therefore, we investigated how astrocytes maintain the BBB in vivo by using a genetic ablation
mouse model that targets a small subset of astrocytes. In one of our previous studies, we have
demonstrated that BBB leakage is reduced at 28 days after ablating a small subset of astrocytes
in vivo. Even though tight junction function was disrupted at that timepoint, we observe the
formation of glial boundaries adjacent to the sites of astrocyte ablation via increased astrocytic
process length and volume, making glial boundary formation one possible mechanism for BBB
repair after astrocyte ablation (Heithoff et al., 2021). When comparing how astrocytes respond
to mTBI, we do not see glial boundary formation near areas containing atypical astrocytes. Thus,
our mTBI data suggest that atypical astrocytes in mTBI may yield worse consequences than
astrocyte ablation due to the combination of lack of glial boundary formation and reduced
astrocyte-secreted factors, contributing to prolonged BBB leakage.

Overall, I established that mTBI triggers an atypical astrocyte response via leakage of
blood-borne factors after BBB damage. Additionally, I developed a serum-free astrocyte cell
culture model and identified two possible blood-borne factors that initiate this phenotype in
vitro. Thus, developing therapeutic targets against the downstream signaling pathways in
astrocytes that correspond to specific blood-borne factors that enter the brain parenchyma may

serve to halt the progression of the neurological consequences observed after mTBI.
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