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Abstract

Traumatic brain injury (TBI) is a devastating event that results in a heightened risk for long-
term disease sequelae including anxiety, depression, Alzheimer's disease (AD) and chronic
traumatic encephalopathy. TBI affects 12% of the adult population; yet, our mechanistic
understanding of the factors that render the TBI brain more susceptible to neurological disease
remains poorly understood. Recent findings point to dysregulated and sustained immune
responses as contributing to negative outcomes. However, why inflammatory responses persist
in the brain long after injury is still largely unknown.

In this dissertation, we examine the meningeal tissue and its response to brain injury. The
meninges serve as the interface between the brain and the immune system, and facilitate many
important brain-immune interactions both in health and disease. We couple a bioinformatic
approach to determine gene expression alterations in meningeal tissue following TBI with
experimental methods for interrogating how the meningeal lymphatic system specifically
influences TBI pathogenesis.

To determine how the meningeal lymphatic system affects TBI pathogenesis, we utilized
an experimental mouse model of TBI to demonstrate that mild forms of brain trauma cause severe
deficits in meningeal lymphatic drainage that begin within hours and last at least one month post-
injury. To investigate a mechanism underlying impaired lymphatic function in TBI, we examined
how increased intracranial pressure (ICP) influences the meningeal lymphatics. We demonstrate
that increased ICP can contribute to meningeal lymphatic dysfunction. Moreover, we show that
pre-existing lymphatic dysfunction before TBI leads to increased neuroinflammation and negative
cognitive outcomes. Finally, we report that rejuvenation of meningeal lymphatic drainage function
in aged mice can ameliorate TBI-induced gliosis. These findings provide insights into both the
causes and consequences of meningeal lymphatic dysfunction in TBI and suggest that
therapeutics targeting the meningeal lymphatic system may offer strategies to treat TBI.

To further elucidate the meningeal response to TBI, we utilized single cell and bulk RNA
sequencing one week post injury to determine how different cell populations within the meninges
are affected by injury. We found that the meninges are a heterogeneous tissue that includes many
types of immune cells, fibroblasts and endothelial cells. We find that following a mild TBI, there
are increases in frequencies of meningeal macrophages and fibroblasts. These cells undergo
upregulation of inflammatory related genes. Moreover, we find that the meningeal response to
TBI is substantially altered in aging, even 1.5 months post injury.

In this dissertation, we examined the meningeal responses to TBI. The findings here
present novel insights into the role of the meningeal lymphatic system and the meninges as a
whole in shaping the immune response following brain injury. These findings will allow for a
deeper understanding of the immune responses following brain injury with the goal of eventually
developing therapies to mitigate negative long-term outcomes following brain injury.



Acknowledgments

| feel incredibly grateful to obtain my doctoral training in the Biomedical Sciences Graduate
Program within the School of Medicine. Moreover, | have had the fortune to be a part of several
different training environments which have offered many different opportunities throughout my
time as a graduate student. Specifically, | would like to thank the Brain Immunology and Glia (BIG)
Center for their valuable and candid discussions, the access to the most advanced technology
and experts in the field, and for a truly collaborative and vibrant atmosphere. Additionally, | would
like to thank the Immunology Training Program (ITP) for providing the funding and environment
for me to improve my skills in immunology to become a truly interdisciplinary scientist. Likewise,
my home department, Microbiology, Immunology and Cancer Biology (MIC), has connected me
with fantastic scientists and my dissertation committee: Dr. Young Hahn (co-mentor), Dr. Loren
Erickson (chairperson), Dr. Sarah Kucenas, and Dr. Melanie Rutkowski. | would like to thank them
for their evaluation of my work and for their unique perspectives and thoughts. | appreciate the
time and thought they put into our meetings.

Most of all, | would like to thank my mentor, Dr. John Lukens. Thank you for always
believing in me and supporting me through successes and failures. You have always championed
my successes and | feel lucky to have had the opportunity to work in your lab for these past years.
You have taught me the importance of resilience, dedication, and critical thinking in performing
research. Thank you for all the time you have invested in my development as a scientist and my
wellbeing as a person. You certainly serve as a role model for me.

| am also very grateful for the fantastic environment in the Lukens Lab. Cat- | knew the
Lukens lab was special when [ first rotated with you. That first rotation made me incredibly excited
for my lab years and helped me realize that | had a home in the BIG Center. Thank you for all you
taught me! Mariah- | never could have done the TBI project without you. Working together to
figure out how to do all the surgeries and experiments was one of my favorite parts of graduate
school. | am so glad that | had a buddy to work with while discussing our favorite podcasts.
Hannah, Elizabeth and Kristine- you all have been such as fantastic team to work with. | look
forward to coming into lab and seeing your faces every day. You all are truly inspirational and |
feel lucky to work alongside such brilliant and fantastic people. | have learned a lot from each of
you and am very grateful for that.

| would be remiss if | didn’t mention my other friends and colleagues who greatly
contributed to this project. Mike- thank you for all you taught me. | am very grateful to have learned
a lot of the lymphatic techniques and procedures from someone as meticulous and smart as you.
| always appreciated your sage input and advice along the way. Arun-I almost included you up in
the Lukens lab section as an honorary lab member. | am so lucky to have such a fantastic friend
who is also a rad bioinformatician. You were instrumental for not only performing some of the
analyses for my first paper, but in spending hundreds of hours working with me while | tried to
learn these techniques. This was the epitome of a fantastic collaboration and | am incredibly
thankful for your patience and kindness throughout my PhD.

Lastly, | would like to thank my friends and family who have supported me along the way.
To my amazing family- | never would have been here or made it through without you all. My
favorite times are spending time with you. You have taught me the importance of hard work, grit
and determination and have always been there to support me in whatever way | need. To my
husband Fabian- we’ve had such a journey to get here but you have always been an inspiration
both with science, medicine, and just life in general. | am so lucky to have you all in my life!



Table of Contents

Chapter 1: Introduction 6
1.1 Microglia Response to INJUry.........ccoiiiiiiiiii s e 7
1.2 Meningeal Involvement in Brain INjury..........cccocviiiiiiiiiiiis e 15

1.2.1 Meningeal ImmUuNity ... ..o 15
1.2.2 Meningeal LymphatiCs...........oiiiii e 17
1.3 The Pathogenesis of Brain Injury in Aging..........cccooviiiiiiiiiiiiiins e 22
1.3.1 Type lInterferons. ... ..o 25
1.3.2 Cellular changes after brain injury.............ccooiiii e 26
1.3.3 Aging in the meningeal lymphatic system..................o. 30
1.4 Concluding REMArKS..........ccoiiiiiimmerissr s s 31
1.5 Overview of this dissertation...........ccccovvmmiiiiiiiniii e ———— 32

Chapter 2: Meningeal lymphatic dysfunction exacerbates traumatic

brain injury pathogenesis 35
2.1 FOIWAI.......cccccciciiccsicess s s s a s sman s mm s sm s smmsnmasnmmssmarsmnssmnnennsnnnsnnnnnnsnnnnns 35

228 1 431 o 11 o2 4 o o TR 37

70 8 & (=T U 38

2.3.1 TBI causes meningeal lymphatic dysfunction......................co. 38

2.3.2 TBI induces morphological changes to lymphatic vasculature................. 47

2.3.3 Increased ICP contributes to CNS lymphatic dysfunction........................ 50

2.3.4 Prior lymphatic defects worsen TBIl-induced inflammation....................... 53

2.3.5 Unresolved drainage defects worsen cognitive decline in TBI.................. 65

2.3.6 Lymphatic rejuvenation mitigates TBI-driven inflammation...................... 71

2.4 DiSCUSSION......ciiiinsrnnsnnnsnnnsnnssnnsnmnsnmmsrnmarearererrnrrrnr s e nessressnesaneensnenenansnansnnsnnnnnnnnnnnns 76

7280 1 1= 4 Lo T -3 82
Chapter 3: Discussion and Future Directions 95
3.1 Dissertation diSCUSSION........cccciiiiiiiircr s 95

3.1.1 Alterations of the meningeal lymphatic system and the contribution of

increased ICP folloWING TBI..........ui e 95

3.1.2 Pre-existing lymphatic dysfunction and opportunities for therapeutic

1 (=T V7= 117 o PSPPI 99

3.2 Future directions for study...........ccoiiiiiiiiiiii 101

3.2.1 Investigate whether meningeal lymphatic dysfunction in TBI contributes to
premature amyloid beta (AB) buildup in Alzheimer's disease (AD) mouse

L0701 101
3.2.2 Interrogate the meningeal response to TBI............coooiiiiiiiiii . 106
3.2.3 Investigate how the meningeal lymphatic system shapes brain development
and adult DENAVIOT. ...t e 122
3.2.4 Determine whether the meningeal lymphatic system affects neuronal health
fOllOWING Drain INJUNY ... .o e e e 125
3.3 Concluding RemMarks.........ccccouiiieiiiiiiii e s s rn s rea e 128
3.4 Materials and Methods..........c.ccoiiiiiiiii e s e e reas 128
Literature Cited 136




Table of Figures and Tables

Figure 1.1. Microglial repopulation following brain injury...............coooiiiii e 8
Figure 1.2. Microglial repopulation following brain injury..............ccoooiiiiii e 13
Figure 1.3. Meningeal lymphatic involvement in traumatic brain injury.........................ooa. 19
Figure 1.4. The aged brain before and after brain injury..............coooi, 24
Figure 2.1. TBI leads to impairments in meningeal lymphatic drainage................ccococeoiiient. 40
Figure 2.2. Mild closed-skull TBI results in modest increases in gliosis.............ccccoviiiiiinennn. 42
Figure 2.3. Bead localization following i.c.m. injection.............c.cooooiiiiii i, 44
Figure 2.4. Higher velocity TBI negatively affects bead drainage...............cooooiiiiiiiiiiiin. 45
Figure 2.5. Meningeal lymphatic uptake of CSF at hotspots is impaired after TBI................... 46
Figure 2.6. TBI causes changes in meningeal lymphatic vasculature morphology.................. 49
Figure 2.7. Increases in intracranial pressure disrupt CNS lymphatic drainage...................... 52
Figure 2.8. Visudyne photoablation of the meningeal lymphatic vasculature......................... 55
Figure 2.9. Pre-existing meningeal lymphatic dysfunction alters gene expression 24 hours after
L= 58
Table 2.1. Top 20 genes in the Not Ablated + TBI vs. Ablated + TBI group vs. Not Ablated + Sham
VS. Ablated + Sham grOUD . ... ..o e 61
Figure 2.10. Effects of photoablation on gene expression signatures................ccooovviiiienn.. 62
Figure 2.11. TBI leads to elevated expression of disease-associated genes when the brain
possesses pre-existing lymphatic defiCits........ ..o 64
Figure 2.12. Prior lymphatic defects lead to exacerbated TBIl-induced inflammation and cognitive
(0 =T o T 68
Figure 2.13. The effect of pre-existing lymphatic dysfunction on Iba1+ cells......................... 70
Figure 2.14. VEGF-C treatment of aged mice results in decreased neuroinflammation after
L= 73
Figure 2.15. Treatment of uninjured aged mice with VEGF-C does not influence righting time,
NEUroSCOre, OF lIOSIS MEASUIES. .. ... .ttt ettt e e e e e eens 75
Figure 3.1. Increased intracranial pressure contributes to lymphatic dysfunction.................... 97
Figure 3.2. The effect of TBI in male 5xFAD mice on AB buildup in the brain and meninges...103
Figure 3.3. VEGF-C administration after TBI results in lymphangiogenesis......................... 105
Figure 3.4. The meninges are a heterogeneous tisSSue..............ooiiiiiiiiii i 109
Figure 3.5. Cell specific alterations in meningeal populations following brain injury............... 110
Figure 3.6. Differential gene expression analysis in macrophages following injury shows
upregulation of immune-related geNEes....... ..o 113
Figure 3.7. Dural fibroblast population expands upon injury and upregulates disease-related gene
710 L= L = 114
Figure 3.8. The meningeal response to injury in aging is drastically altered both at baseline and
LI =TT 0T ST (o N o U 117
Figure 3.9. Aging results in an upregulation of immune-related genes in the meninges.......... 118
Figure 3.10. A unique gene signature following TBI in aged mice shows downregulation of
extracellular matrix components and upregulation in immune processes...............c.ccceuvue... 121
Figure 3.11. Working hypothesis. .........ouieii e 127



Chapter 1

Introduction

Central nervous system (CNS) injury affects millions of people worldwide each year [1]. Stroke,
subarachnoid hemorrhage (SAH) and traumatic brain injury (TBI), while of different etiologies, all
involve an acute injury to the brain followed by an immune response. Brain injuries can cause
debilitating impairments in motor function, cognition, sensory function, and mental health. Stroke
is the second leading cause of death in the developed world [2] and accounts for the largest
amount of long-term disability [3]. In addition, mounting evidence indicates that having a history
of TBI markedly increases the risk of developing numerous other neurological disorders later in
life including chronic traumatic encephalopathy (CTE), Alzheimer’s disease, anxiety, depression,
and amyotrophic lateral sclerosis [4-9]. Despite being prominent global medical issues, the
pathoetiology of both stroke and TBI remains incompletely understood and improved treatment

options are desperately needed.

Tissue damage and cellular stress resulting from brain injuries incite activation of the immune
system, which aids in the disposal of neurotoxic material and coordinate tissue repair [10, 11].
While immune responses can play beneficial roles in TBI and stroke, unchecked and/or chronic
immune activation following brain trauma can lead to secondary tissue damage, brain atrophy,
and neurological dysfunction [10-15]. Balancing the beneficial and the detrimental arms of the
immune response will be critical for developing new strategies to effectively manage recovery

after brain injuries.

In this dissertation, we will examine the role of the immune system in the events following brain
injury. Resident cells in the CNS are the first line of response to brain injury, and their roles in

dampening or enhancing inflammation have been shown to be critical for neuronal survival, brain



health, and long-term cognitive outcomes. As the “immune cells of the brain”, microglia have a
multifaceted role following brain injury. Moreover, the recent discovery of the meningeal lymphatic
system has led to increased understanding of how the brain resident cells can interact with
immune cells from the periphery. This CNS lymphatic system has been shown to modulate
neuroinflammatory responses following brain injury. Finally, the manner in which immune cells
and brain resident cells respond to injury differs with age. Herein, we will examine the developing
understanding of the nuanced interactions between the immune system and the brain in the

context of brain injury.

1.1 Microglia Response to Injury

Microglia are responsible for various tasks in development and adulthood including synaptic
pruning [16, 17], engulfment of apoptotic cells [18, 19], and sculpting of neural circuits [20].
Microglia tile the brain and are often the first responders to brain injury or disease. Early work by
Davalos et al. demonstrated the dynamic nature of microglia following injury [21]. Within minutes
of injury, microglia extend their processes to surround the site of injury in an ATP-dependent
manner [21] (Figure 1.1). More recently, the initial dynamics of microglial responses to injury
have been further defined. In response to a compression injury, microglia first retract their ramified
processes. A few microglia surrounding the injury site extend their processes to form a continuous
network around surviving cells, termed a ‘honeycomb’ structure [15] (Figure 1.1). This structure
is apparent within an hour after injury and can last for up to 12 hours. Upon astrocyte death,
microglia have been shown to extend one phagocytic process to the area of cell death, resembling
a ‘jellyfish’ [15] (Figure 1.1). These honeycomb and jellyfish responses to injury are dependent on
purinergic signaling and are important for walling off the initial injury before other infiltrating

immune cells arrive [15]. In cases of more diffuse TBI using a murine fluid percussion model of



injury, microglia have been shown to adopt a “rod” shape and align closely with apical dendrites

in areas containing axotomized neurons [22] (Figure 1.1).
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Figure 1.1. Morphological alterations in microglia following injury. Microglia adopt several
unique morphological characteristics following brain injury, including the phagocytic jellyfish
microglia, the network of honeycomb microglia, and the rod microglia that align with the apical
dendrites of injured pyramidal neurons. Microglia begin altering their morphology from a ramified
state within minutes of injury.

While the initial response of microglia to injury is generally thought to be beneficial, their long-
term response has been more widely debated. Microglia lose their ramified, highly branched
nature when they become activated, and adopt a more compact morphology [23]. Microglia have
been shown to remain activated for years following brain injury, with some studies showing
heightened activation even decades later [22, 24, 25]. Chronic inflammation after brain injury can
lead to dendritic spine loss and other neuronal alterations that are spread throughout the brain
and are evident greater than a year after injury [26]. Consequentially, chronic immune activation
has been thought to contribute to the elevated risk for neurodegenerative diseases, dementia and

psychiatric diseases that follows brain injury [7, 27-37].




More recently, microglial signatures that appear to be common among several neurodegenerative
diseases have been identified and characterized. Microglia that proceed through two stages of
“disease-associated” genetic signatures are termed “Disease-Associated Microglia” (DAM) [38-
40]. The first stage results in the downregulation of homeostatic markers characteristic of
microglia including P2ry12, and Tmem119, and the upregulation of inflammatory markers
including Tyrobp, Ctsb, Ctsd, and Apoe [38]. The second stage, which is Trem2 dependent,
results in the upregulation of other genes important for activation and phagocytosis including
Trem2, Csf1, ltgax and Clec7a [38]. This response is shared amongst Alzheimer’s disease, aging
and amyotrophic lateral sclerosis disease models, and appears to be at least partially conserved
following injury [38]. One group examined microglia by single cell and bulk RNA sequencing in
141 neurosurgery patients, 54 of which experienced hemorrhage or trauma [41]. Two populations
of microglia were identified to be largely unique to individuals with acute brain injury, and featured
microglia that had an upregulation of inflammation associated genes (including /IL-13, CCL3,
NFkB, STAT3, RUNX1), stress induced senescence, DNA damage (HIST1H2BG), proliferation,
and chemotaxis (FLT1, CCL4) [41]. They found that the microglia examined in these patients had
a partial overlap with the previously described DAM phenotype [41]. Whether this common
microglial signature is beneficial or harmful in these different disease contexts has been widely

debated, and this same question must be assessed in the context of brain injuries.

In order to investigate the role of microglia after brain injury, multiple groups have utilized different
pharmacologic and genetic approaches to delete microglia. Intriguingly, depletion of microglia
following various types of CNS injury has shown mixed results, with some indicating depletion
has little to no effect, others indicating depletion is actually detrimental to recovery and a few
indicating that depletion can attenuate inflammation. These differences in results likely stem from
the type, timing and duration of the depletion as well as the type and severity of CNS injury. In a

controlled cortical impact mouse model of TBI, selective depletion of microglia using PLX6522, a



CSF-1R antagonist that induces death of microglia with little effect on circulating monocytes [42],
did not have any effects on spatial learning and memory as assessed by the Active Place
Avoidance (APA), Morris Water Maze (MWM) and Y-maze behavioral tests [43]. Furthermore,
studies in the optic nerve have shown that depletion of microglia has no impact on survival of
retinal ganglion cells after an optic crush injury, or in the regenerative potential of these cells after
lens injury [44]. Alternatively, one study using a fluid percussion model of TBI in mice
demonstrated a reduction of neuroinflammatory genes when microglial depletion occurred 14

days before injury and lasted 7 days post injury [22].

Multiple studies have reported that depletion of microglia may actually result in detrimental long
term outcomes. A study examining closed-head injury in neonatal rats found that depletion of
microglia using clodronate resulted in increased Fluoro-JadeB staining, indicating a larger area
of disrupted neurons [45]. Microglia depletion after ischemic stroke in mice has also been shown
to lead to a 60% increase in infarct size and increased neuronal death which can be attributed to
dysregulated calcium responses [46]. Likewise, findings establish a protective role for microglia
after adult spinal cord injury (SCI) as well; depletion of microglia following injury results in reduced
neuronal survival and impaired locomotor recovery, while increased microglia proliferation
reduced lesion size [47]. Interestingly, microglia are critical for spinal cord healing after a crush
injury in neonatal mice; they create a conducive environment for axons to successfully regenerate
through the injury site by secretion of fibronectin and a quick return to a homeostatic state [48].
Transplantation of neonatal microglia into adult mice with SCI was able to improve axonal
regeneration and reduce scar formation [48]. The factors that differentiate neonatal microglia from
adult microglia in injury repair processes are not fully understood, but determining the components
of the microglial response promote successful healing after CNS injury will be important for

developing targeted therapies.
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Collectively, these findings indicate that total depletion of microglia following CNS injury is likely
not beneficial. However, other studies highlight that long-term activation of microglia can be
harmful. Therefore, creative approaches to modulate the microglial response to injury are
required. Recent advances have shown that repopulation of microglia following depletion leads
to a restoration of more homeostatic state and that this beneficial for behavioral and neuronal
outcomes after brain injury [43, 49, 50] (Figure 1.2). Using both a genetic [51], and pharmacologic
mechanism to transiently deplete microglia before TBI, Willis et al. found that repopulation of
microglia after injury attenuated learning and memory deficits seen in the APA, MWM and Y-maze
behavioral tests, and these benefits lasted out to 9 months post injury [43] (Figure 1.2).
Interestingly, depletion and replenishment of microglia appears to increase hippocampal
neurogenesis, which is generally decreased after TBI. Repopulation of microglia led to an
increase in both hippocampal doublecortin-positive immature neurons and Tbr2-positive neural
precursor cells [43] (Figure 1.2). These differences in neurogenesis were seen both when

targeting microglia genetically through intra-peritoneal administration of diphtheria toxin (DT) and

through local administration of DT to the hippocampus in CX3CR1 creERT2 x iDTR mice. Moreover,
the increased neurogenesis seen with repopulation of microglia after injury appears to be
necessary for the improved behavioral outcomes seen in this paradigm [43]. Surprisingly, IL-6
was shown to drive both the improved neurogenesis and behavioral outcomes seen after injury
with repopulating microglia [43]. Often thought to be part of the detrimental inflammatory response
after brain injury [52, 53], IL-6 production by hippocampal granule cells stimulated by repopulating

microglia may actually be critical for improved hippocampal neurogenesis after TBI [43].

Other similar studies also found that repopulation of microglia after injury resulted in beneficial
neuronal effects [49, 50]. Henry et al. found that microglial depletion and repopulation a month
after controlled cortical impact had beneficial effects on motor performance and memory on the

balance walk, Y-maze and MWM behavioral tests, and resulted in reduced neuronal loss three

11



months post injury [49] (Figure 1.2). Additionally, in a murine model where withdrawal of
doxycycline results in the expression of diphtheria toxin A chain in forebrain neurons and causes
neuronal death, it was shown that repopulating microglia facilitated increased neuronal spine
formation following injury [50] (Figure 1.2). These beneficial changes, demonstrated upon

microglial repopulation, may stem from a disruption in the typical inflammation program after

injury.
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Figure 1.2. Microglial repopulation following brain injury. Several studies indicate that
depletion and repopulation of microglia, rather than depletion alone, may lead to beneficial
outcomes following brain injury. Following injury, animals that have experienced depletion
and repopulation perform better on memory tasks (MWM, APA, Y-maze), anxiety-related
tasks (EPM) and motor-coordination assessments (Balance beam), Additionally, in different
contexts, they experience increased hippocampal neurogenesis and decreased lesion size.
APA; active place avoidance, CCI; controlled cortical impact, DCX; doublecortin, EPM;
elevated plus maze, MWM; Morris Water Maze, PLX; Plexicon, TBI; traumatic brain injury,
wpi; weeks post injury.
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While microglia may adopt an activated DAM-like signature following brain injury [38], the
repopulating microglia have a substantially different gene signature including a downregulation in
type | IFN pathways and an upregulation in genes important for wound repair [43]. Moreover, the
gene signatures in the brain after microglial repopulation one month after injury show a reduction
in genes important for oxidative stress, reduced inflammatory receptors and inflammation-
associated genes, and decreased expression of caspases involved in apoptosis [49]. Together,
these findings indicate that repopulating microglia may serve to “reset” the environment in the

brain following injury by reducing inflammatory and stress responses.

While microglial repopulation does affect neurons and mouse behavior, it has not been shown to
influence astrocyte reactivity [49, 50]. Microglia are capable of promoting astrocyte reactivity
through the secretion of cytokines including IL-1a, TNF, and C1q [54]. These reactive astrocytes
are present in multiple neurodegenerative diseases and may contribute to neuronal death [54].
However, both the number of GFAP" astrocytes and GFAP mRNA were substantially elevated
after injury, regardless of microglia depletion treatments [49, 50]. Likely, infiltration of other
immune cells and the intense inflammation following injury is sufficient to promote astrocyte
activation without the requirement of additional microglia cytokines. In this context, it is clear that

microglia repopulation following brain injury does not resolve all inflammation.

Interestingly, Willis et al. found that the beneficial timing of microglial repopulation appears to be
limited to the days immediately following injury; repopulation before injury or later in the injury
course did not have a beneficial effect [43]. Conversely, other groups found that microglial
depletion and repopulation both a week and a month following injury resulted in beneficial
behavioral outcomes [49, 50]. The timing of when microglial repopulation results in beneficial
effects likely depends on various factors including TBI location, severity, and length of depletion.

Additionally, it is known that many approaches that target microglia also affect otherimmune cells,

14



including macrophages [55]. Whether the benefits seen upon depletion and repopulation of

microglia can be tied exclusively to microglia cannot yet be determined.

Overall, the emerging picture of microglia following CNS injury is complex. It is clear the microglia
change their morphology and activation state to respond to brain injury. However, long-term
activation and inflammation propagated by microglia may facilitate ongoing neuronal death and
lead to increased risk for other neurodegenerative diseases. On the other hand, a complete lack
of microglia does not appear to be beneficial, and can be harmful in some contexts. Depletion
and repopulation of less-activated microglia following brain injury may serve as a middle-ground
in terms of resetting the inflammatory response, while still allowing for microglia to perform the
functions that render them necessary for healing. Further research is required to determine the

most ideal timepoint for this repopulation and in which contexts it may be helpful.

1.2 Meningeal Involvement in Brain Injury

1.2.1 Meningeal Immunity

The meninges have emerged as an important interface between the brain and the immune
system. They play critical roles in facilitating proper CNS development, modulating behavior, and
regulating disease processes. The meninges consist of three layers: the pia, the arachnoid, and
the dura mater, which contain different cell populations including fibroblasts, immune cells, blood
vasculature, and endothelial cells [56]. The meninges develop alongside the CNS, and are critical
for shaping brain development [57, 58]. Important signals released from the meninges in
development, including all-trans retinoic acid, have been shown to be critical for corticogenesis

[58]. Moreover, meningeal release of Cxcl12 is instrumental for proliferation of cerebellar
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progenitor cells and proper spatial arrangements of granule cells in the cerebellum and

hippocampus [59-62].

In adulthood, the meninges serve as an important source of cytokine signaling, often from immune
cells that are not present in the brain in appreciable amounts under homeostatic conditions [63,
64]. Some cytokine signaling, including production of IFN-y, IL-4, and IL-17a by resident T cells
in the meninges, has been shown to be important for normal behaviors. IFN-y is important in
maintaining social behavior networks, whereas IL-4 has been implicated in positive performance
in learning and memory cognitive tests [63, 64]. Meningeal y& T cell production of IL-17a is
important for modulating anxiety-like behaviors and memory [65, 66]. Alternatively, other
cytokines, including TNF, IL-13, and IL-6 have been linked to poor cognitive performance in
certain instances [67, 68]. Interestingly, these cytokines are often found upregulated after brain

injury [11, 12].

One of the first indications implicating the meninges in the response to brain injury is that
meningeal enhancement with post-contrast fluid attenuated inversion MRI can be seen in 50% of
patients with mild TBIs and no apparent parenchymal damage; one of the few signs of mild TBI
that can be detected by modern imaging techniques in human patients [15]. This enhancement
seen on contrast-enhanced MRI has been shown to occur within minutes of injury [69]. Moreover,
many individuals who experienced mild TBIs still experienced extravasation of contrast into the
sub-arachnoid space, indicating that the blood-brain-barrier is compromised [69]. While 83% of
patients experienced resolution in meningeal enhancement, on average, 19 days after injury, 17%
had persistent enhancement 3 months post-injury, indicating that some patients experienced
prolonged periods without complete meningeal repair in mild TBI [70]. The factors that influence

this differential response to mild head injury are just beginning to be understood.
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Experimental animal models of TBI have clearly demonstrated that the meninges are exquisitely
sensitive to injury; even mild compression injuries result in death of meningeal macrophages and
disruption of the glial limitans [10, 15]. Different layers of the meninges appear to respond in
unique ways to injury. For instance, the blood vasculature within the dura regenerates within 7
days of injury, whereas regeneration in the pia and the brain seems to proceed much more slowly
[71]. It is unclear whether revascularization within the pia and brain returns to completely normal
levels [71, 72], and which factors influence in this differential revascularization ability. One study
points to VEGFR2 signaling in endothelial cells as the critical mediator for revascularization after
injury in all meningeal layers [71], whereas other findings point to the meningeal macrophages in
promoting angiogenesis [70]. While meningeal macrophages have been shown to be important
for beneficial revascularization after TBI [70], they are also some of the first sources of alarmins
and ROS generated after injury [10, 15]. Recent studies show a heterogeneous population of
meningeal macrophages likely accounts for these differing responses; CD206" non-classical
monocytes seem to promote angiogenesis, whereas a CD206  population of inflammatory
macrophages cluster at the injury site. Overall, the layer of the meninges, the heterogeneity of
each meningeal cell population, and the temporal progression of the immune response drive a
very complex response to brain injury. More studies are needed to investigate this heterogeneous

tissue both in homeostasis and in response to TBI and stroke.

1.2.2 Meningeal Lymphatics

Until recently, how the brain parenchyma and meningeal compartment communicated with the
peripheral immune system was poorly understood. While the lymphatic vasculature in the
meninges was first described in the 1780s by Paolo Mascagni [73], and other evidence of CSF
drainage to cervical lymph nodes was established in the early 1990s [74, 75], it was not until

recently that landmark studies began to unveil their function and anatomy [76, 77]. These

17



lymphatic vessels drain cerebrospinal fluid (CSF), interstitial fluid (ISF), CNS-derived molecules,
and immune cells from the brain and meninges to the deep cervical lymph nodes (dCLN) [76-85],
which reside in the periphery. The meningeal lymphatic network development in mice begins
postnatally, and does not reach completion until 28 days post birth [78], however, more murine
and human studies are needed to determine when the vessels are actually functional in draining
CSF and other CNS elements to the periphery. Importantly, studies using in vivo magnetic
resonance imaging (MRI) techniques have also identified the existence of meningeal lymphatic
vessels in both humans and nonhuman primates [86, 87]. The recent findings surrounding the
meningeal lymphatic system have opened new doors for understanding how brain injury
influences the immune system, and vice versa. The ability of these meningeal lymphatic vessels
to facilitate traffic of immune cells from the CNS to the periphery leads to the intriguing question

of how these vessels play a role in injury states.

Recently, new research has implicated the meningeal lymphatic system in the pathogenesis after
brain injury [88, 89]. One recent study found that the lymphatic system was critical for clearing
extravasated blood after sub-arachnoid hemorrhage (SAH) [88], and that pharmacologic ablation
of the meningeal lymphatic system before SAH resulted in a lack of drainage of erythrocytes [88]
(Figure 1.3). This study implicates that backup of potentially harmful cells and inflammatory
products from injury-induced dysfunction of the lymphatic system can contribute to injury-related
pathology. Indeed, other studies demonstrated that after TBI, drainage of microbeads to the dCLN
was significantly reduced and this reduction in drainage lasted months after even a mild injury
[89]. Moreover, in the case of TBI, the reduction in lymphatic drainage could be attributed to, at
least in part, increased intracranial pressure [89]. However, the reductions seen in lymphatic flow
and drainage of products within the CSF to the dCLN can likely be attributed to more than one
aspect of injury. A combination of increased intracranial pressure, buildup of inflammatory cells,

erythrocytes, and debris that must be cleared from the CNS, and damage to the lymphatic
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vasculature from the injury may all converge to cause lymphatic dysfunction in the context of brain
injury. Further research is needed to delineate the contributions of these factors after injury and

in different injury contexts.
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Figure 1.3. Meningeal lymphatic involvement in traumatic brain injury. Disruption
or dysfunction of the meningeal lymphatic system has been shown to lead to increased
inflammation following brain injury, including increased complement, activated microglia
and decreased red blood cell clearance. Enhancement of the meningeal lymphatic
system has demonstrated opposite effects. ICP; intracranial pressure, RBC; red blood
cell, VEGF-C; vascular endothelial growth factor-C.

Dysfunction of the lymphatic system before brain injury, as can be seen in individuals with a recent
history of a previous brain injury or in aged individuals, can lead to more severe outcomes after
brain injury. Both in the context of SAH and TBI, more severe inflammation unfolds [88, 89]. With
pharmacologic ablation of the dorsal meningeal lymphatics before SAH, there was an increase in

the proportion of CD16/32" proinflammatory microglia as compared to anti-inflammatory CD206*
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microglia [88] (Figure 1.3). In the context of TBI, lymphatic ablation before injury lead to
heightened activation of the adaptive and innate immune systems, especially the complement
system, and increased gliosis when compared to mice that suffered from TBI without lymphatic
dysfunction [89] (Figure 1.3). Furthermore, after brain injury, findings have consistently
demonstrated that impairment of the lymphatic system can lead to cognitive deficits and other
detrimental behavioral outcomes. It appears that disruption of the lymphatic drainage also leads
to behavioral deficits, including increased anxiety after SAH [88], and impairments in memory and

learning after TBI [89].

The role that the meningeal lymphatic system plays in development of adaptive immunity after
brain injury and potentially autoimmunity has not yet been fully elucidated. Recent studies have
established the meningeal lymphatic system as critical for immune responses to brain antigens,
which in certain cases can be beneficial or detrimental to overall health. For instance, delivery of
VEGF-C to the lymphatic vasculature to cause growth results in a stronger immune response to
glioblastoma as compared to a sham intervention [90]. This leads to an overall increase in survival
in the mice with glioblastoma, whereas mice without VEGF-C all succumbed to the disease within
40 days. Interestingly, when used in combination with anti-PD-1, VEGF-C seemed to have
synergistic effects in increasing overall survival and decreasing tumor burden [90]. This study
links improved lymphatic drainage with the recruitment of more antigen-specific T cells, which are
important for combating glioblastoma cancer cells [90]. Conversely, in instances of autoimmunity,
like multiple sclerosis (MS), increased antigen presentation to immune cells in the periphery is
not desired. Indeed, studies have shown that ablation of the dorsal meningeal lymphatic system
was sufficient to reduce CD4" T cell infiltration to the spinal cord in the context of experimental
autoimmune encephalomyelitis (EAE) [91]. Moreover, other findings demonstrate that
lymphangiogenesis near the cribriform plate in EAE is a hallmark of disease progression, and

suggest that this may augment the peripheral adaptive immune response to myelin peptides [92].
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These recent findings implicating the meningeal lymphatic system in peripheral immune cell
activation to brain antigens highlight the need for further information of the meningeal lymphatic
system’s role in adaptive immunity after brain injury. Brain antigens were present in peripheral
lymph nodes in both human and mice after stroke and other conditions such as MS [93-96], and
studies have found a systemic response to brain injury highlighting various levels of connection
between the CNS and the PNS [97]. The presence of brain-specific antigens in the peripheral
lymph nodes suggests the meningeal lymphatic system may be playing a role in priming an
immune response to brain-derived antigens, and thus promoting autoimmunity. Indeed, there is
a higher risk of developing MS after a TBI than compared to the rate in the general population
[98, 99]. While the findings are still preliminary, one pre-print study shows that in mice lacking
lymphatic vasculature in several organ systems, including the meninges, there is a significant
reduction in CD4" T cells infiltrating into the brain [100]. In general, T cell infiltration into the brain
after injury is detrimental for long-term outcomes. Depletion of CD8" T cells in a mouse model of
TBI was shown to improve neurologic outcomes and promote a more neuroprotective immune
response [101]. In the context of stroke, CD4" T cells also play detrimental roles in recovery, and
CD4" T cell deficiency attenuates negative outcomes after stroke [102, 103]. Therefore, while the
disruption in meningeal lymphatic flow seen after brain injury may be detrimental in the initial
immune response to injury [89], it may also serve to prevent too strong of an adaptive immune
response to brain-derived antigens. Along these lines, a recent study showed that
lymphadenectomy of the superficial cervical lymph nodes reduced stroke infarct volume,
suggesting that elimination of the brain-to-periphery signaling axis was capable of preventing
worsened long-term outcomes [79]. Further research is needed to explore the role of the
meningeal lymphatic system in development of adaptive immunity to brain-derived antigens after

brain injury, and whether this contributes to autoimmunity.
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Interestingly, several studies have now indicated that brain injury may resultin lymphangiogenesis
in both the cervical lymph nodes and the dorsal meningeal vasculature [79, 89]. Just three hours
after middle cerebral artery occlusion in a mouse model of stroke, the lymphatic vasculature in
the cervical lymph nodes had increased, and this lymphangiogenesis was maintained 24 hours
post stroke. Moreover, inihibition of signaling through VEGFR3 not only blocked the
lymphangiogenesis, but also decreased the number of proinflammatory macrophages present in
the brain following focal cerebral ischemia [79]. This suggests that the lymphangiogenesis seen
in the cervical lymph nodes may be necessary for mounting a full immune response. Furthermore,
lymphangiogenesis of the dorsal meningeal lymphatic vasculature was seen one and two weeks
after injury, but returned to the levels of uninjured mice by one- and two-months post injury [89].
How the dorsal meningeal lymphatic lympangiogenesis is contributing to immune responses

remains to be elucidated.

Overall, it is apparent that the lymphatic system is both affected by brain injury and also
influences outcomes after brain injury. More research is needed to determine which specific cells,
molecules and debris the lymphatic system drains post-brain injury, how this system is affected

after injury in different individuals, and more broadly, how this system is affected in humans.

1.3 The Pathogenesis of Brain Injury in Aging

Stroke and TBI commonly affect elderly populations [2, 104-106], and evidence clearly indicates
that the elderly experience worse outcomes, including higher mortality rates, when compared to
younger counterparts affected by similar strokes or TBIs [2, 104, 106-108]. In murine experiments,
aged mice have larger lesion sizes, fail to stabilize weight loss as quickly as their younger
counterparts, and perform more poorly on several behavior tests assessing locomotion and

anxiety [109-111]. Advances into understanding the pathogenesis of brain injury in the elderly
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have broadened our understanding of how the aged brain is unique in its response and have

provided valuable insight into potential treatment options.

The aged brain, outside of injury or disease, already exhibits widespread changes when
compared to the young brain. It is well known that the aged brain exhibits decreased neuronal
activity and fewer synapses than a younger brain [112]. Additionally, the glial cells of the aged
brain, astrocytes, microglia and oligodendrocytes, all display altered gene expression and
upregulation of genes important for orchestrating the common inflammatory pathways [39, 113-
116]. For instance, astrocytes upregulate genes important for inflammation and reactivity, and in
turn, these same processes can be damaging to neuronal synapse maintenance [114]. Microglia
accumulate lipid droplets in aging, and these lipid-laden cells have poor phagocytosis capabilities

and are prone to production of reactive oxygen species (ROS) and proinflammatory cytokines
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Figure 1.4. The aged brain before and after brain injury. The aged brain exhibits alterations
both before and after injury. At baseline, aged mice experience a dysfunctional meningeal
lymphatic system, lipid droplet accumulation in microglia, and altered blood brain barrier
transport. Following injury, aged mice experience dysfunctional microglial phagocytosis and
senescence, increased peripheral immune cell recruitment and production of reactive oxygen
species and an upregulation of type | IFN signaling. All of these changes likely contribute to the
increased negative outcomes aged individuals experience as compared to young individuals.

[117] (Figure 1.4). In addition to glial cell upregulation of inflammatory signatures, the aged
choroid plexus also is the source of heightened production of type | interferons; contributing to
cognitive decline and memory deficits [118]. Moreover, recent findings indicate that there are
substantial changes in the blood brain barrier (BBB) dynamics in aging; young mice have
substantial amounts of receptor-mediated transcytosis across the BBB, while aged mice have
less receptor mediated transport, but more indiscriminate permeability to large and neurotoxic
proteins [119] (Figure 1.4). All of these changes prime the aged brain to a more inflammatory

state, which likely influence how the response to injury unfolds after stroke or TBI.
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1.3.1 Type I Interferons

When examining how the aged brain responds to injury, one study showed that the transcriptional
response to stroke in aged mice is of a greater magnitude than in young mice, including a
substantial upregulation of genes involved with type | interferon (IFN) signaling and the cell cycle
[113]. This age dependent increase in interferon stimulated genes (ISGs) was STAT-dependent
and also detectable at the protein level by mass spectrometry [113] (Figure 1.4). Type | IFN
induction occurred at earlier timepoints after stroke in aged mice as compared to young mice, and
while endothelial cells express type | IFN related genes under homeostasis, microglia and
oligodendrocytes seem to be the main brain-resident drivers of the increased ISGs after stroke
[113]. More research is required to determine whether non-brain-resident populations contribute

to this type | IFN response, including infiltrating leukocytes and cells residing in the meninges.

Consistent findings in young mice point to type | IFN signaling as detrimental to outcomes after
both stroke and TBI [120-124], indicating that this heightened type | IFN signature seen in aging
may explain some of the particularly devastating outcomes seen in the elderly after brain injury.
Genetic abrogation of IFNAR1 in young mice decreased infarct size after stroke and improved
neuronal survival [122], suggesting that an upregulation of type | IFN signaling after injury is
detrimental to outcomes. Indeed, Irf9, an interferon regulatory factor (IRF), was shown to directly
cause neuronal death after ischemic stroke in young mice through upregulation of death signaling
pathways [120]. In the context of TBI, type | IFN signaling components, including cyclic GMP-
AMP synthase (c-GAS), stimulator of interferon genes (STING), STAT1 and IFN-B were all found
to be upregulated following injury in young mice [121]. This upregulation of IFN-f was also seen

in post-mortem tissue from human patients six hours after TBI, in the brain hemisphere affected
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by TBI [124]. In young mouse experiments, blocking IFN-f signaling resulted in a dampened
neuroinflammatory response, improvement in motor coordination as assessed by the beam walk,
and improved memory at 18 days post injury as assessed by the novel object recognition test
[121]. Overall, mice lacking IFN-B signaling or STING signaling had a smaller lesion volume after
TBI [121, 123], and had less hippocampal neuronal loss [121]. Unfortunately, these type | IFN
signatures persist for months after injury; several ISGs and STING remained elevated 60 days
post-TBI [121], and other immune responses associated with type | IFN signaling are still
upregulated in microglia at 90 days post injury [125]. While some of these findings regarding the
detrimental nature of type | IFN signaling are in young mice, it can be extrapolated that the
heightened type | IFN response in aged mice may be equally, if not more, dangerous. Future
research is required to determine this more definitively. Put together, these findings indicate that
increased type | IFN signaling may contribute to the more severe pathologies and negative

outcomes seen in aged mice as compared to young mice after brain injury.

1.3.2 Cellular changes after brain injury

Several studies highlight changes in microglia as a driver of the differences in the aged-brain
response post injury. Microglia in aged mice proliferate to a greater extent after TBIl and secrete
more ROS when compared to microglia in young mice [109]. While ROS have generally been
found to be detrimental after TBI regardless of age [10, 15], studies show that the neurons within
the aged brain are particularly sensitive to ROS and die more frequently upon exposure to ROS
[126-128]. Aged mice after stroke also had significant upregulation of genes related to lipid
metabolism after stroke as compared to young mice. Moreover, microglia in aged mice have
impaired phagocytic capabilities [109] (Figure 1.4). Whether this upregulation in lipid processing

after stroke and the decreased phagocytic capabilities after TBI in aged mice relates to the
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dysfunctional lipid-laden microglia described by Marschallinger et. al remains to be seen [117].
Moreover, while microglia in aged mice exhibit up-regulation of senescence markers in
homeostasis, their expression of these senescence markers, including p16™“?, greatly increases
after injury [109] (Figure 1.4) Overall, senescent cells tend to impair normal functioning of a tissue
or organ and are resistant to apoptosis, which may enable these cells to respond to injury in an
inflammatory manner for a prolonged period of time and to contribute to the chronic immune

dysregulation seen in aged mice [129].

In addition to the changes seen in the aged microglial response, genes related to neuronal
synaptic plasticity and synaptic signaling were more highly downregulated in aged mice after
stroke as compared to younger mice [113], indicating neuronal changes as well. Using a
transcriptional deconvolution program to gain insight into cell type alterations, this study showed
a downregulation in parvalbumin-positive (PV*) GABAergic interneuron markers after stroke that
was greater in aged animals as compared to their younger counterparts [113]. PV* neurons are
important for maintaining cortical plasticity, and this reduction in PV* neuron marker expression
may correlate with worsened outcomes in aging. Additional evidence points to ongoing neuronal
degeneration in aged mice even after a TBI at a younger age. In a closed-skull murine model of
TBI, dendritic spine density continued to decrease with age in the hippocampus [26]. While a loss
of dendritic spines in the ipsilateral hemisphere was observed both one week and 1.5 years after
injury, a reduction of dendritic spines in the contralateral hippocampus that was not present
initially was apparent 1.5 years after injury [26]. This indicates that the aged brain continues to
undergo processes after a TBI that are detrimental to neuronal health, which may provide insights
into the link between TBI as a risk factor for Alzheimer’s disease and dementia [4, 29-31, 35, 36,

130].
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Several studies have indicated a higher frequency of peripheral cell infiltration into the aged brain
after injury. After stroke, a transcriptional analysis of the mouse brain indicates an increased
presence of peripheral immune cells in the aged mice as compared to the young mice [113].
These findings are consistent with murine TBI models that find that the total number of infiltrating
leukocytes is drastically increased in the aged mice as compared to the young mice, and that the
aged mice tend to exhibit a bias towards neutrophil recruitment [109]. Higher amounts of
neutrophils are found in the systemic circulation after stroke in aged mice, and more severe
neutrophilia is associated with more severe neurological deficit scores [131] (Figure 1.3).
Neutrophils make up a higher proportion of the infiltrating cells in aged mice as compared to young
mice, whilst young mice experience a monocyte predominance in the infiltrating leukocyte
population after stroke [131]. The neutrophils recruited to the injury site in aged mice also possess
a higher preponderance for ROS and matrix-metalloproteinase (MMP) production than in younger
mice [131], again contributing to a more highly inflammatory environment (Figure 1.3). Moreover,
the findings of increased neutrophils in murine mouse models of stroke were also confirmed in
human patients [131]. Older individuals had more neutrophils, higher expression of matrix
metalloproteinase-9 (MMP-9), and this higher expression of MMP-9 was associated with
increased instances of hemorrhage and hyperemia [131]. Overall, this greater peripheral
infiltration likely stems from a combination of the baseline changes seen in BBB transport and
selectivity [119], and an increase in chemotactic signals that occur with aging [131-133], amongst

other factors.

Increases in both CCL5 and CCL2, ligands for CCR2 and CCR5, and important chemokines
involved in leukocyte migration, were seen at higher levels in aged mice after stroke and TBI, and
likely contribute to the increased leukocyte infiltration [111, 131, 132]. Indeed, CCRS5 inhibition
results in less Ly6C° macrophage recruitment after stroke [133], and lower

monocyte/macrophage infiltration has been associated with improved motor recovery [134, 135].
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Findings in aged mice after TBI show an increased number of CCR2" monocytes in aged mice as
compared to young mice [132], supporting the previous findings of increased chemokine

signaling.

In addition to its role in leukocyte chemotaxis, CCR5 has been shown to play an important role in
memory and synaptic plasticity [136]. Inhibition of CCR5 enhances learning and memory
potentially through increasing hippocampal plasticity [136]. Conversely, overexpression of CCR5
resulted in memory deficits [136]. Interestingly, while homeostatic neurons do not express CCR5,
cortical neurons greatly upregulate CCR5 after stroke and maintain this upregulation up to 28
days post injury [133]. Moreover, when CCR5 was antagonized using the FDA-approved drug,
maraviroc, mice exhibited significantly improved motor control after stroke compared with control
groups with intact CCR5 signaling [133]. The same study showed maraviroc treatment after TBI
resulted in better performance on memory tasks, highlighting the conserved nature of CCR5
across brain injuries [133]. CCR5 inhibition results in an increase in both the survival of dendritic
spines and formation of new spines after stroke and an increase in axonal sprouting to the
contralateral hemisphere, which has shown to be important for long-term recovery after brain
injury [133, 137, 138]. Interestingly, axonal sprouting and regeneration appears to be less
effective in aged mice [137], suggesting that CCR5 inhibition may be of particular relevance for
treatment in an aged population. To determine whether inhibition of CCR5 signaling might have
clinical relevance, Joy et al. examined patients with the CCR5-A32 mutation, which results in a
loss of function in CCR5 signaling [133]. While all patients had similar scores at baseline in
Neurotrax cognitive assessments, the patients with the CCR5-A32 mutation showed better
performance in memory, verbal function, attention and total cognitive scores one year after stroke
[133]. In summation, signaling through the CCR5/CCL5 axis may result in detrimental outcomes,

particularly for aged mice, both through the increased recruitment of peripheral immune cells to
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the cite of injury and also through the decreased plasticity of neurons. Furthermore, findings
suggest that targeting CCR5 may serve as a viable therapeutic opportunity to improve long-term
outcomes in patients after stroke or TBI. Targeting this axis in aged individuals may be even more

important, as these signaling molecules are more highly upregulated with increased age.

1.3.3 Aging in the meningeal lymphatic system

In addition to the inherent differences in the manner in which the aged brain responds to injury,
there have also been several studies that have shown a decline in meningeal lymphatic function
in aged mice [139-141] (Figure 1.4). While the dorsal meningeal lymphatic network becomes
discontinuous as portions of the lymphatic tracts regress, the basal lymphatic network becomes
hyperplastic and has fewer lymphatic valves [140]. Multiples studies have shown a decreased
flow of various tracers out to the peripheral lymph nodes in aged mice, indicating that these
morphological changes likely contribute to decreased function [139, 140]. Therefore, the question
of how pre-existing lymphatic dysfunction before a brain injury affects subsequent outcomes is

important for understanding how brain injury may differentially affect aged individuals.

Multiple findings have provided support for the idea that pre-existing impairment in lymphatic
drainage could result in worse neuroinflammatory outcomes than in injury alone. Two studies
have reported more activated and less ramified microglial populations in the context of pre-
existing lymphatic dysfunction before brain injury [88, 89]. Additionally, RNA sequencing of the
brain with pre-existing lymphatic dysfunction followed by TBI showed increased involvement of
the complement system and other neuroinflammatory pathways when compared to TBI alone at
both 24 hours and 1 week after injury [89]. These findings indicate that impaired lymphatic function
before injury may contribute to the worsened outcomes commonly experienced by the elderly.

Interestingly, one study showed that administering VEGF-C, a lymphangiogenic factor, to the
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meningeal lymphatic vasculature in aged mice lessened gliosis after TBI [89]. This suggests that
boosting lymphatic function in the elderly may actually serve as a protective measure against
severe consequences of brain injury, as VEGF-C administration to the meningeal lymphatic
vasculature in elderly mice resulted in improved cognitive performance [139]. Even outside of an

injury context, this treatment could have potential benefits.

1.4 Concluding Remarks

The complex interactions between the brain and the immune system that occur after brain injury
are not fully understood. However, recent findings have shed light on some of the cellular
mechanisms that ensue after brain injury or stroke. Activation and involvement of both peripheral
immune cells and brain-resident glial cells is both necessary for the response to the injury but can
also result in secondary damage and long-lasting negative effects. Deeper understanding into the
programmatic response of microglia to injury and neurodegeneration has led to new ideas to
disrupt this chronic inflammation and activation. Depletion and repopulation of microglia is a
promising strategy to reset a portion of the immune response following TBI. In multiple contexts,
it has been shown to improve behavioral outcomes and neurogenesis. Furthermore, the
repopulation strategy completely alters the transcriptional environment of the microglia and also

of the surrounding brain.

In addition to the cellular responses in the brain, the immune response in the meninges has also
been shown to be important in TBI pathogenesis. Meningeal macrophages are necessary for
revascularization but are also key sources of ROS that are damaging. Further research is required
to understand how the various cell populations in the meninges are responding to injury and
stroke. Recent advances have shown that the meningeal lymphatic system that resides in the

dura is important in shaping immune responses after brain injury. Impairments in this system
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worsen initial inflammation both after TBI and SAH. How the meningeal lymphatic system affects
adaptive immune responses following brain injury is still not understood and is an area that

requires further investigation.

Finally, the aged brain presents a vastly different environment than the young brain. Aged
individuals fair far worse than younger counterparts both in the contexts of brain trauma or stroke.
Recent findings have highlighted important differences in the aged brain, both before and after
injury, that likely contribute to the worsened outcomes following CNS injury. Differences in
microglia phagocytosis, impaired meningeal lymphatic function, increased type | IFN signaling
and increased peripheral immune cell infiltration following injury are just a few of these factors. A
combinatorial approach to target multiple of these aspects may offer the best chance to improve

outcomes following CNS injury in the elderly.

Overall, exciting new advances in the field of neuroimmunology have led to a better understanding
of how the immune system and the brain are interacting following injury. It is clear that the immune
response after injury is nuanced and that large scale manipulations of this response will likely not
be beneficial across all injury contexts. However, targeted approaches to dampen portions of the
immune response that may contribute to additional injury and neuronal death may serve as

promising therapeutic targets for the future.

1.5 Overview of this dissertation

In this dissertation, we utilize innovative approaches to manipulate the meningeal lymphatic

system in order to study this system in the context of traumatic brain injury. Moreover, we use

high-throughput sequencing techniques in order to understand more about the response of the

meningeal tissue following TBI.
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In this chapter, we provided an introduction highlighting the most recent advances in the field of
neuroimmunology and how these advances are shaping our understanding of the CNS response
to brain injury. In Chapter 2, we discuss how the meningeal lymphatic system can be disrupted
by traumatic brain injury, and how this can contribute to differences in the immune response
following injury. We also study how manipulations of the meningeal lymphatic system can

modulate inflammation in the brain.

In Chapter 3, we bring together the findings from our work and work from others to begin to
discuss the implications of the lymphatic system in modulating disease and what future directions
arise from these findings. Additionally, we highlight areas that require further research and begin
to address some of these outstanding questions in the field including the following:

- What mechanistically underlies the ability of brain injury to increase one’s risk of
developing neurodegenerative and psychiatric disease later in life?

- How does the meningeal tissue respond to brain injury both in young and aged mice?

- Does the meningeal lymphatic system play an important role in brain development?

- How does meningeal lymphatic dysfunction after brain injury affect neuronal health? Can
some of the negative impacts on neurons after TBI be mitigated through boosting the
lymphatic system?

These questions, amongst many others, are just some of the interesting directions which the

research can continue in the future.

The work presented in this dissertation expands upon our understanding of how the immune
system and the brain interact with each other in a disease context. We discovered an important
role for the meningeal lymphatic system in modulating inflammation following TBI, which we

believe could have important implications for developing new therapies for TBI patients in the
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future. More broadly, this dissertation expands our understanding of the unique meningeal

compartment, and how the rich immune environment within this tissue can influence the brain.
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Chapter 2
Meningeal lymphatic dysfunction exacerbates traumatic

brain injury pathogenesis

2.1 Forward
Traumatic brain injury (TBI) is a leading global cause of death and disability. In this chapter, we
demonstrate in an experimental mouse model of TBI that mild forms of brain trauma cause severe
deficits in meningeal lymphatic drainage that begin within hours and last out to at least one month
post-injury. To investigate a mechanism underlying impaired lymphatic function in TBI, we
examined how increased intracranial pressure (ICP) influences the meningeal lymphatics. We
demonstrate that increased ICP can contribute to meningeal lymphatic dysfunction. Moreover, we
show that pre-existing lymphatic dysfunction before TBI leads to increased neuroinflammation
and negative cognitive outcomes. Finally, we report that rejuvenation of meningeal lymphatic
drainage function in aged mice can ameliorate TBI-induced gliosis. These findings provide
insights into both the causes and consequences of meningeal lymphatic dysfunction in TBI and
suggest that therapeutics targeting the meningeal lymphatic system may offer strategies to treat
TBI.

This work was published in Nature Communications in August 2020, with me as the first
author [89]. | have adapted the text and figures from the publication for this Chapter. Below is the
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2.2 Introduction

Traumatic brain injury (TBI) affects millions of people worldwide each year [1]. TBI can cause
debilitating impairments in motor function, cognition, sensory function, and mental health. In
addition, mounting evidence indicates that having a history of TBI markedly increases the risk of
developing numerous other neurological disorders later in life including chronic traumatic
encephalopathy (CTE), Alzheimer's disease, anxiety, depression, and amyotrophic lateral
sclerosis [4-7, 9]. Despite being a prevalent and pressing global medical issue, the pathoetiology

of TBI remains incompletely understood and improved treatment options are desperately needed.

Tissue damage and cellular stress resulting from TBI incites activation of the immune system,
which is intended to aid in the disposal of neurotoxic material and coordinate tissue repair [10,
11]. While immune responses can play beneficial roles in TBI, unchecked and/or chronic immune
activation following brain trauma can lead to secondary tissue damage, brain atrophy, and
eventual neurological dysfunction [10-15]. Notably, the inability to properly dispose of
danger/damage-associated molecular patterns (DAMPs) such as protein aggregates, necrotic
cells, and cellular debris is widely thought to be a pivotal driver of both persistent and maladaptive
immune activation in numerous neurological disorders [142, 143]. In the case of central nervous
system (CNS) injury, inefficient removal of DAMPs has been proposed to perpetuate
neuroinflammation and incite secondary CNS pathology and neurological complications [11, 142].
However, we currently lack complete knowledge of the drainage pathways that the brain relies on

to dispose of DAMPs and resolve tissue damage following TBI.

Emerging studies over the last few years have shown that the meningeal lymphatics are centrally
involved in the drainage of macromolecules, cellular debris, and immune cells from the brain to

the periphery during homeostasis [76, 77]. The anatomy and function of this CNS drainage
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pathway are just now being defined [76-78, 90, 91, 139, 140], and its role in many neurological
diseases, including TBI, has not been elucidated. In recently published work, it was shown that
these lymphatic vessels drain cerebrospinal fluid (CSF), interstitial fluid (ISF), CNS-derived
molecules, and immune cells from the brain and meninges to the deep cervical lymph nodes
(dCLN) [76-79]. Importantly, studies using in vivo magnetic resonance imaging (MRI) techniques
have also identified the existence of meningeal lymphatic vessels in both humans and nonhuman
primates [86, 87]. More recent studies have also shown that the meningeal lymphatic system is
critical for clearing amyloid beta, extracellular tau, and alpha synuclein from the brain, and that
disruption of this drainage system can promote the accumulation of these neurotoxic DAMPs in
the brain [139, 144, 145]. Whether meningeal lymphatic dysfunction plays a role in TBI remains

poorly understood.

Here, we explore how the meningeal lymphatics are impacted following TBI, and how possessing
defects in this drainage system before brain trauma influences TBI pathogenesis. We find that
TBI results in compromised meningeal lymphatic drainage that can last out to at least one month
post-injury. Mechanistically, we report that increased intracranial pressure (ICP), which is
commonly observed in TBI, can impair meningeal lymphatic drainage. We further show that pre-
existing deficits in meningeal lymphatic function predispose the brain to exacerbated
neuroinflammation and cognitive deficits following brain trauma. Lastly, we demonstrate that
prophylactic recuperation of meningeal lymphatic drainage capabilities in aged mice with viral

delivery of VEGF-C mitigates gliosis in TBI.

2.3 Results

2.3.1 TBI causes meningeal lymphatic dysfunction
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To investigate whether meningeal lymphatic drainage function is impacted by TBI, we employed
a mild closed-skull model of TBI that uses a stereotaxic electromagnetic impactor to deliver a
single hit to the right inferior temporal lobe in the piriform region of the brain. This model is ideal
for studying CNS lymphatic function because it does not rely on a craniotomy to perform the TBI
and also does not result in a direct impact to the lymphatic vessels (Figure 2.1a). Following TBI,
injured mice had an average righting time of 300 seconds post-injury, compared to the average
of 30 seconds for the sham mice (Figure 2.1b), however TBI mice performed as well as sham
mice in a series of behavioral tasks assessing injury-associated deficits in balance, motor
coordination, reflex, and alertness (Figure 2.1c). In addition, brain injury in this model did not affect
performance on an accelerating rotarod (Figure 2.1d) and brains from TBI mice only showed
modest increases in measures of gliosis (Iba1l and GFAP staining) (Figure 2.2a,b). Together,
these data indicate that this injury paradigm is relatively mild and does not result in noticeable

behavioral deficits immediately after injury.
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Figure 2.1. TBI leads to impairments in meningeal lymphatic drainage. a) Location of injury
site in relation to the CNS lymphatic vasculature. b) Righting times of TBI and sham mice (Sham
n=5, TBI n=10; representative data from 10 independent experiments). ¢) The 10-point gross
neuroscore test 1 hour after TBI (Sham n=8, TBI n=9; representative data from 2 independent
experiments). d) The accelerating rotarod behavioral test was used to assess motor function the
first 3 days after TBI (n=10 mice per group; representative data from 2 independent experiments).
e) Schematic of the experimental layout where mice received TBI and then were injected intra-
cisterna magna (i.c.m.) with 0.5 pm fluorescent beads. f) Representative images and (g)
quantification of bead accumulation in the cleared dCLN at 2 hours, 24 hours, 4 days, 1 week, 2
weeks, 1 month, and 2 months post TBI. Each data point represents an average of the 2 dCLNs
from an individual mouse (Sham n=17, 2 hours n=5, 24 hours n=7, 4 day n=7, 1 week n=9, 2 weeks
n=8, 1 month n=11, 2 months n=5; pooled data from 5 independent experiments). h)
Representative images of meningeal whole mounts 2 hours after TBI stained for Lyve-1 488 (in
vivo, red), Lyve-1 660 (ex vivo, grey), and DAPI (blue). Solid boxes show zoomed insets of the
hotspots along the transverse sinus on the right. Dashed boxes indicate the other hotspots not
featured in the inset. i) Percent area of Lyve-1 488 (in vivo, red) coverage at 2 hours post TBI or
sham, and j) distance traveled of Lyve-1 488 staining along the transverse sinus 15 minutes after
injection (Sham n=9, TBI n=8; pooled data from 2 independent experiments). All n values refer to
the number of mice used and the error bars depict mean + s.e.m. P values were calculated by two-
tailed unpaired Student’s t-test (b,c,i,j), repeated-measures two-way ANOVA with Bonferroni’s post
hoc test (d), and one-way ANOVA with Bonferroni’'s multiple comparison test (g). hpi, hour(s) post
injury; hr, hour(s); mo, month(s); wk, week(s).
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Figure 2.2. Mild closed-skull TBI results in modest increases in gliosis. Brains were
harvested at various time points after TBI and stained for GFAP and |Iba1. a) Representative
images of immunofluorescence staining and b) percent area coverage of Ibal and GFAP in the
brain hemisphere containing the TBI lesion site (Sham n=4, 2 hours n=4, 6 hours n=2, 24 hours
n=6, 48 hours n=2, 4 days n=2; pooled data from 2 independent experiments). Dashed lines
indicate edge of lesion. All n values refer to the number of mice used and the error bars depict
mean =+ s.e.m. dpi, days post injury; hpi, hours post injury.
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In order to assess whether meningeal lymphatic drainage is altered in this model of TBI, 0.5 um
fluorescent beads were injected intra-cisterna magna (i.c.m.) at various time points after injury
and the dCLN, meninges, and brain were harvested 2 hours after injection to assess for the
presence of beads (Figure 2.1e). Interestingly, when we examined cleared dCLN using confocal
microscopy, we observed a substantial decrease in bead drainage to the dCLN in TBI mice as
early as 2 hours post-injury (Figure 2.1f,g). Moreover, meningeal lymphatic drainage function
remained significantly impaired out to one month post-injury (Figure 2.1f,g) and it was not until
two months post-injury that bead drainage function returned to pre-injury levels (Figure 2.1f,g).
Analysis of the brain and meningeal whole mounts revealed that the beads were taken up along
the transverse sinuses as previously published [91], and were also detected around the fourth
ventricle and in the cerebellum, both of which are areas close to the i.c.m. injection site (Figure
2.3a,b). However, we were unable to detect any appreciable number of beads in the systemic
circulation even after TBI (Figure 2.3c,d). To evaluate whether severity of the TBI plays a role in
the duration of meningeal lymphatic drainage deficits, we performed TBI in the same location but
with a higher impact velocity (6.2 meters (m) per second (s)) than the TBI used for the rest of the
studies (5.2 m per s). At one month post injury, we found that there was a noticeable trend towards
decreased drainage in the mice that had received the higher velocity injury (Figure 2.4a-b),

suggesting that meningeal lymphatic drainage capacity is also likely affected by injury severity.
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Figure 2.3. Bead localization following i.c.m. injection. Mice received TBI or sham treatment
and then received 0.5 pm fluorescent beads (green) by i.c.m. injection 2 hours later. Meningeal
whole mounts and brains were harvested 2 hours after injection. a) Representative images of
meningeal whole mounts stained with DAPI (blue) and Lyve-1 660 (grey) after TBI or a sham
procedure and fluorescent bead injection. Solid box shows inset of bead uptake at the hotspot
along the transverse sinus. b) Representative images of fluorescent beads in the fourth ventricle

(4th v.) and cerebellum. Images (a,b) are representative of two independent experiments with
similar results. ¢) Flow cytometry data depicting frequency of beads in the blood 2 hours, 24
hours, or 2 weeks post-TBI (Sham n=1, 2 hours n=4, 4 hours n=4, 2 weeks n=4; representative
data from 2 independent experiments). d) Gating strategy for flow cytometry data to analyze the
frequency of microbeads from total singlet events in blood. All n values refer to the number of
mice used and the error bars depict mean + s.e.m. hpi, hours post injury.
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Figure 2.4. Higher velocity TBI negatively affects bead drainage. Mice received TBI with an
impact velocity of either 5.2 m/s or 6.2 m/s, and then one month later were injected i.c.m. with 0.5
pm fluorescent beads. dCLN were harvested 2 hours after bead injection and cleared according to
the CUBIC protocol. a) Representative images of cleared dCLN and b) quantification of the percent
volume of beads in the total node volume one month after injury (5.2 m/s n=11, 6.2 m/s n=10; pooled
data from 2 independent experiments). All n values refer to the number of mice used and the error

bars depict mean + s.e.m. P value was calculated by two-tailed unpaired Student’s t-test. mpi,
month(s) post injury.
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Figure 2.5. Meningeal lymphatic uptake of CSF at hotspots is impaired after TBl. Mice
received TBI or sham treatment and then fluorescently labeled anti-Lyve-1 488 antibodies (red)
were injected i.c.m. into the CSF 24 hours or 1 week later. 15 minutes after injection of Lyve-1 488
antibodies (red), meningeal whole mounts were harvested and ex vivo stained with anti-Lyve-1 660
(grey). a,d) Representative images of meningeal whole mounts (a) 24 hours and (d) 1 week after
TBI, stained for Lyve-1 488 (in vivo, red), Lyve-1 660 (ex vivo, grey) and DAPI (blue). Solid boxes
show zoomed insets of the hotspots along the transverse sinus on the right. Dashed boxes indicate
the other hotspots not featured in the insets. b,e) Percent area of Lyve-1 488 coverage at (b) 24
hours and (e) 1 week post-TBI. c,f) Distance traveled of Lyve-1 488 (in vivo, red) staining along the
transverse sinus 15 minutes after injection (c) 24 hours and (f) 1 week after injury. a-c) (Sham n=9,
24 hours n=8; pooled data from two independent experiments) (d-f) (Sham n=6, 1 week n=6; data
from one experiment). All n values refer to the number of mice used and the error bars depict mean
+ s.e.m. P values were calculated by two-tailed unpaired Student’s t-test. hpi, hour(s) post injury;
wpi, week(s) post injury.
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To determine whether the uptake of CSF into the meningeal lymphatic vasculature was altered in
TBI, we examined the hotspots of CSF uptake from the sub-arachnoid space along the transverse
sinuses [76, 140]. Fluorescently labeled Lyve-1 antibody was injected into the CSF i.c.m. at either
2 or 24 hours after TBI, and then the meninges were harvested to examine uptake of CSF
contents in the hotspots 15 minutes after injection (Figure 2.1h-j and Figure 2.5a-c). Analysis of
the meningeal whole mounts revealed that mice that had received TBI 2 hours prior demonstrated
significantly decreased uptake of fluorescently labeled Lyve-1 antibodies at the hotspots when
compared to mice that underwent a sham procedure (Figure 2.1h-i). Moreover, Lyve-1 antibody
did not travel as far along the lymphatics lining the transverse sinus in the TBI mice at both 2 and
24 hours post brain injury (Figure 2.1j and Figure 2.5c). Taken together, these findings indicate
that even mild forms of TBI can result in meningeal lymphatic dysfunction and that these deficits
persist out to one month post-injury. Moreover, we find that disruption in CNS drainage post-TBI

is associated with impaired uptake of CSF at meningeal lymphatic hotspots.

2.3.2 TBIl induces morphological changes to lymphatic vasculature

In order to determine whether the functional deficits in meningeal lymphatic drainage were also
accompanied by morphological changes, we assessed the meningeal lymphatic vasculature at
different time points post injury. At one week post TBI, there was an overall increase in Lyve-1
percent area coverage in the dorsal meningeal lymphatics (Figure 2.6a,c), which are known to be
especially sensitive to growth factors in comparison to the larger and less labile collecting ducts
at the base of the skull [78, 140]. To further assess changes in Lyve-1 coverage and structure,
we quantified the number of loops and sprouts within the dorsal lymphatic vasculature, as these
morphological changes are believed to represent an overall higher lymphatic vasculature
complexity and may also indicate lymphangiogenesis [146]. Interestingly, we observed a

significant increase in the number of capillary loops and sprouts in TBI mice one week following
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head trauma (Figure 2.6a,b,d,e). We also quantified the lymphatic diameter, another measure for
lymphatic growth [139], and saw an increase in TBI mice at one week post injury as compared to
the sham group (Figure 2.6f). These same alterations continued out to two weeks after TBI, where
we saw significantly increased Lyve-1 percent area coverage, loop formation, and sprout
numbers, as well as a trend toward increased lymphatic vessel diameter (Figure 2.6a-f). By one
and two months post injury, many of these measures of lymphangiogenesis had returned to
baseline levels, although loop numbers remained significantly increased at one month post injury,
taking longer to return to pre-injury levels (Figure 2.6a-f). Additionally, when we injected Lyve-1
antibody into the CSF i.c.m. one week post TBI or sham, we saw that there were no apparent
differences in CSF uptake at the hotspots on the transverse sinuses between sham and TBI mice
(Figure 2.5d-f), indicating that the lymphangiogenesis seen at one week post injury may have
helped to restore proper CSF uptake into the meningeal lymphatic vasculature. Overall, these
data indicate that traumatic brain injury induces morphological changes in the meningeal
lymphatic vasculature and that these morphological changes occur maximally at one and two
weeks post injury. Moreover, the results indicate that the lymphangiogenesis seen after a mild

TBIl is likely not permanent.
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Figure 2.6. TBI causes changes in meningeal lymphatic vasculature morphology. Mice
received TBI or sham treatment and then meningeal whole mounts were harvested 1 week, 2
weeks, 1 month, and 2 months later. a) Representative images depicting transverse sinuses
(left) and meningeal lymphatic vasculature loops near lymphatic hotspots (right) and (c)
quantification of the percent area coverage of Lyve-1 antibody staining and (d) the number of
loops in meningeal whole mounts. Solid boxes show zoomed insets of the hotspots along the
transverse sinus on the right. Red arrow heads in the insets of panel (a) denote meningeal
lymphatic vasculature loops. b) Representative images depicting meningeal lymphatic
vasculature sprouts along the transverse sinuses and (e) quantification of the number of sprouts
found in meningeal whole mounts. Red arrows in panel (b) denote meningeal lymphatic
vasculature sprouts. f) Quantification of the diameters of the meningeal lymphatic vessels. Each
data point represents an independent mouse and is an average of 70 measurements along the
transverse and superior sagittal sinuses per mouse. Data in (c-f): Sham n=15, 1 week n=11, 2
weeks n=7, 1 month n=8, 2 months n=8; pooled data from 4 independent experiments. All n
values refer to the number of mice used and the error bars depict mean + s.e.m. P values were
calculated by a one-way ANOVA with Dunnett’s multiple corrections test (c-f). mo, month(s);
mpi, month(s) post injury; wk, week(s); wpi, week(s) post injury.

2.3.3 Increased ICP contributes to CNS lymphatic dysfunction

Elevated intracranial pressure (ICP) is a major driver of mortality after TBI and is associated with
negative clinical outcomes [147, 148]. Because the lymphatic drainage deficits were substantial
even 2 hours after injury, we next examined whether there were associated changes in ICP after
TBI. Two hours after injury, TBI mice exhibited markedly increased ICP as compared to sham
mice (Figure 2.7a,b). At later time points post-TBI, ICP levels stabilized at slightly higher (~5-7.5
mmHg) levels than baseline; however, the differences in ICP at these later time points were not

found to be statistically significant (Figure 2.7a,b).

Because the meningeal lymphatic vasculature is not associated with smooth muscle, it is
especially vulnerable to changes in pressure and brain swelling inside the fixed skull [77, 78].
Therefore, we speculated that an acute rise in ICP might lead to disruptions in meningeal
lymphatic drainage. To specifically test this hypothesis, we subjected mice to bilateral internal

jugular vein ligation (JVL, Figure 2.7¢), which is known to transiently increase ICP in both humans
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and mice [91, 149, 150]. Consistent with previous findings, we observed that JVL substantially
increased ICP to an average of 10 mmHg 3 hours after surgical ligation, and that the ICP
normalized by 24 hours post ligation (Figure 2.7d) [91, 149, 150]. This reflected a similar acute
spike in ICP that is seen at 2 hours after TBI (Figure 2.7a). To investigate what effect this rise in
ICP has on meningeal lymphatic drainage function, we injected beads and assessed drainage to
the dCLN at 3 and 24 hours after JVL. We found that there was significantly less drainage to the
dCLN 3 hours after bilateral JVL (Figure 2.7¢,f) and that there was reduced bead accumulation
around the meningeal lymphatic vasculature of ligated mice (Figure 2.7h,i), indicating that there
are deficits in the uptake of CSF contents in the CNS lymphatic vasculature. Moreover, we found
that even after pressure normalized at 24 hours (Figure 2.7d), there was still a prolonged period
of decreased lymphatic drainage as seen by the diminished uptake of beads into the meningeal
lymphatics (Figure 2.7j) and a trend towards decreased beads in the dCLN at 24 hours post injury
(Figure 2.7g). Collectively, these findings suggest that increased ICP is capable of provoking

meningeal lymphatic dysfunction.
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Figure 2.7. Increases in intracranial pressure disrupt CNS lymphatic drainage. a)
Measurements of intracranial pressure (ICP) and (b) representative pressure readings were
collected at various time points after TBI (Sham n=4, 30 minutes n=6, 2 hours n=7, 6 hours n=4,
24 hours n=4, 3 days n=5, 4 days n=4, 1 week n=4; pooled data from 3 independent experiments).
c) Representative images of internal jugular vein ligation (JVL). d) ICP readings from mice that
underwent bilateral JVL or a sham procedure 3 or 24 hours prior (Sham n=8, 3 hours n=6, 24
hours n=6; pooled data from 3 independent experiments). (e-j) The internal jugular vein was
ligated bilaterally and then 0.5 um fluorescent beads were injected i.c.m. 3 hours later. dCLN and
meninges were then harvested from mice 2 hours after bead injection. e) Representative images
of dCLN and graph showing drainage of beads (f) 3 hours and (g) 24 hours after jugular venous
ligation. Each data point represents an average of the 2 dCLNs from an individual mouse (3 hours:
Sham n=10, JVL n=10, 24 hours: Sham n=9, JVL n=10; pooled data from 2 independent
experiments). Solid boxes of the node images on the left show zoomed insets of the images on
the right. h) Representative images of meningeal whole-mounts with 0.5 um beads (green) stained
with DAPI (blue) and Lyve-1 660 (grey) and graph depicting percent area of bead coverage (i) 3
hours and (j) 24 hours post-JVL. Solid box shows a zoomed inset of the hotspot along the
transverse sinus on the right (3 hours: Sham n=10, JVL n=10, 24 hours: Sham n=9, JVL n=10;
pooled data from 2 independent experiments). All n values refer to the number of mice used and
the error bars depict mean + s.e.m. P values calculated by one-way ANOVA with Bonferroni’'s
multiple comparison test (a) and Tukey’s multiple comparison test (d) and two-tailed unpaired
Student’s t-test (f,g,i,j). ICP, intracranial pressure; JVL, jugular venous ligation; hr, hour(s); min,
minute(s).

2.3.4 Prior lymphatic defects worsen TBI-induced inflammation

TBI is an especially serious condition in the elderly and in individuals sustaining repetitive brain
injuries [28, 33, 104, 151-154]. For instance, similar injuries result in more severe pathology and
neurological impairment in the elderly than in other age groups [132, 151, 153, 155]. Mounting
evidence also suggests that repetitive TBI can have devastating consequences that includes
increasing one’s risk of developing CTE, psychiatric disorders, and other forms of neurological
disease later in life [28, 156]. However, why TBI leads to worsened neurological disease in the
elderly and following repetitive brain trauma remains poorly understood. Interestingly, it has
recently been shown that CNS lymphatic drainage function significantly declines during aging
[139-141]. Moreover, as we demonstrated in Figure 2.1, a single mild head injury can provoke

pronounced disruptions in meningeal lymphatic function. This led us to question whether pre-
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existing meningeal lymphatic dysfunction contributes to exacerbated disease following TBI, and
if this might help to explain the increased severity of TBl-associated disease seen in repetitive

TBI and the elderly.

Therefore, to formally investigate how antecedent meningeal lymphatic deficits affect outcomes
after TBI, we utilized a pharmacological approach to selectively ablate the meningeal lymphatic
vessels before head injury. Visudyne, a photoconvertible drug that has been shown to effectively
ablate lymphatic vasculature [91, 139, 157], was injected i.c.m. into the CSF and allowed to travel
into the CNS lymphatics. A nonthermal 689 nm laser was then aimed through the skull to
selectively photoablate the meningeal lymphatics. Visudyne photoablation has been shown to
selectively target lymphatic endothelial cells and results in the loss of lymphatic endothelial cell
markers including Lyve-1, Prox1 and Podoplanin, while largely sparing the surrounding blood
vasculature [91, 157]. Indeed, other studies show that this photoablation procedure has no impact
on blood flow or blood oxygenation four days after treatment when measured by photoacoustic
imaging [91]. After performing this procedure, mice were then rested for one week before
receiving either sham treatment or brain injury (Figure 2.8a). Photoablation after Visudyne
injection (Visudyne + laser) resulted in a significant decrease in area of the meninges covered by
Lyve-1-expressing lymphatic vessels in comparison to mice that received vehicle and laser
treatment (Vehicle + laser) or Visudyne without laser treatment (Visudyne) (Figure 2.8b,c).
Consistent with previous reports [91, 139, 157], the area of CD31*Lyve-1" blood vasculature was
unchanged between all experimental groups, both when measured throughout the entire
meninges and also in the region surrounding the sites of photoablation (Figure 2.8b,d,e). Overall,
this indicates that the meningeal lymphatic vasculature was ablated without visible changes to

the blood vasculature.
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Figure 2.8. Visudyne photoablation of the meningeal lymphatic vasculature. a) Schematic of
experimental layout. Mice were subjected to an injection of Visudyne or vehicle i.c.m., and 15 minutes
later a red laser was directed at 5 spots along the sinuses through the skull. b-e) Meningeal whole
mounts were harvested 1 week post-photoablation and then were stained with Lyve-1 660 (grey),

CD31 (green), and DAPI (blue) to assess lymphatic (Lyve-1+) and blood (CD31+Lyve-1_) vasculature.
Percent area coverage of (c) Lyve-1 660 or (d) CD31+Lyve-1_ in meningeal whole mounts. €) Percent

area coverage of CD31+Lyve-1_ in regions specifically targeted by photoablation (n=5 for all groups;
representative data from 3 independent experiments). All n values refer to the number of mice used

and the error bars depict mean + s.e.m. P values calculated by one-way ANOVA with Tukey’s post
hoc test (c,d,e).
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In order to determine how pre-existing meningeal lymphatic dysfunction affects subsequent TBI,
we performed bulk RNA sequencing 24 hours and 1 week post injury in mice that had undergone
either Visudyne ablation or a sham procedure one week prior. At 24 hours, while the sham groups
clustered close together in the principal component analysis, the groups of mice that received TBI
clustered separately (Figure 2.9a). Moreover, the group that received both TBI and ablation
clustered separately from the group that received TBI alone (Figure 2.9a). Not surprisingly, at this
early time point post brain injury, the injury itself caused the largest changes in differentially
regulated gene expression (Figure 2.9b,c). We found 1573 upregulated and 1409 downregulated
genes (FDR<0.1), when comparing TBI mice to the mice that underwent a sham procedure. We
found similar numbers of upregulated (1511) and downregulated (1363) genes when comparing
injured and uninjured mice that underwent meningeal lymphatic ablation (FDR<0.1). To
understand how pre-existing lymphatic dysfunction affects subsequent TBI, we compared the two
groups that had received TBI, where one group received ablation before brain injury (Ablated +
TBI) and the other received a sham procedure (Not Ablated + TBI). Interestingly, we saw that the
group that had pre-existing lymphatic dysfunction before TBI had a significant upregulation in
complement related genes just 24 hours post injury (Figure 2.9d,e,f). Upregulation of the
complement pathway, while important for coordinating the innate immune response and for
pruning synapses in development, can be highly detrimental for brain health later in life. For
instance, over-activation of the complement system has been shown to be an early harbinger for
neuronal loss and cognitive decline [16, 17, 158]. One quarter of the top 20 most significantly
upregulated genes in the Ablated + TBI group in comparison to the Not Ablated + TBI group were
related to the complement pathway, including C1qc, ltgam, C4b, Ctsh, and Irf7 (Figure 2.9¢). To
further assess the overall changes in the complement system, we created a heat map of the top
20 most significantly differentially expressed complement cascade-related genes using the Broad

Hallmark gene sets [159]. We found that there was substantial upregulation of many genes related
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to the complement pathway in the Ablated + TBI group as compared to the Not Ablated + TBI

group (Figure 2.9f).
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Figure 2.9. Pre-existing meningeal lymphatic dysfunction alters gene expression 24 hours after
TBI. Mice were subjected to an injection of Visudyne or vehicle i.c.m. and 15 minutes later a red laser
was directed at 5 spots along the sinuses through the skull. After a week of rest, mice received TBI
or a sham procedure. 24 hours after injury, RNA was isolated from homogenized brains. Bulk RNA
sequencing was performed on 4 experimental groups with 4 samples per group. a) Principal
component (PC) analysis showing clustering of samples. b-d) Volcano plots illustrate the number of
significantly differentially expressed genes (FDR<O0.1). Blue data points represent significantly
downregulated genes and red data points represent significantly upregulated genes. Individual genes
are highlighted in (d), where select downregulated genes are marked green and select upregulated
genes are marked purple. e) Heatmap representation of the top 20 most significantly upregulated and
downregulated (FDR<0.1) genes in the Not Ablated + TBI vs. Ablated + TBI groups. The red star (*)
indicates genes associated with the complement signaling cascade. f) Heatmap representation of the
20 most significantly differentially expressed Broad Hallmark Complement-related genes in the Not
Ablated + TBI vs. Ablated + TBI comparison. g) Gene set enrichment analysis of upregulated genes
in Ablated + TBI mice compared to Not Ablated + TBI mice (uncorrected p<0.05). h) Heatmap
representation of genes associated with neuronal health in the Ablated + TBI group as compared to
the Not Ablated + TBI group. FDR and P values were calculated with DEseq2 using the Wald test for
significance following fitting to a negative binomial linear model and the Benjamini-Hochberg
procedure to control for false discoveries. hpi, hours post injury; padj, adjusted p-value.

To further address the question of how pre-existing lymphatic dysfunction affects subsequent TBI,
we decided to take a closer look at the inflammatory pathways known to affect brain health. We
found many of the upregulated genes in Ablated + TBI mice compared to Not Ablated + TBI mice
were enriched in innate immune pathways (Figure 2.9g). Given this increase in inflammation with
pre-existing lymphatic dysfunction before TBI, we were interested in determining whether
neuronal health was affected at this early time point. Interestingly, we found multiple
downregulated genes that are critical for neuronal health including Arc, Homer1, Homer2, and
Badnf (Figure 2.9h). The most significantly downregulated gene in the Ablated + TBI group when
compared to the Not Ablated + TBI group was Arc (Figure 2.9d,e,h). Arc, an immediate early
gene, is known to be critical for maintaining neuronal health [160]. Interestingly, even small
reductions in Arc expression are known to be highly detrimental for learning capabilities, memory,

and brain health [161].
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To determine whether the changes seen in the Not Ablated + TBI vs. Ablated + TBI comparison
could be attributed to the ablation procedure, we investigated the changes observed between the
Not Ablated + Sham group and the Ablated + Sham group. We found that although ablation alone
resulted in 338 differentially expressed genes, only 29 of these were shared with the TBI +
ablation group (Figure 2.10a,b,d). Shared signatures between these two comparisons include an
upregulation in genes important for collagen production (Col1a1, Col1a2, and Col6a2) and an
upregulation in H19 (important for noncoding RNA synthesis [162]) (Table 2.1). Interestingly, we
found that genes related to complement (C7qc, C4b, Ctsh, Irf7, and ltgam) and neuronal health
(Arc) were less significantly changed by orders of magnitude, or not changed in the Not Ablated
+ Sham vs. Ablated + Sham comparison in relation to the Not Ablated + TBI vs. Ablated + TBI
comparison (Table 2.1). Therefore at 24 hours post injury, while there are changes from the
ablation alone, there are important differences in the differentially regulated gene signatures and
significance of these changes when compared to those seen in the Not Ablated + TBI vs. Ablated
+ TBI comparison (Table 2.1). Overall, these findings indicate that possessing pre-existing deficits
in meningeal lymphatic function before TBI leads to elevated expression of genes associated with
neuroinflammation and complement signaling at 24 hours post-injury. Moreover, we find that
possessing unresolved defects in this meningeal drainage system before head injury adversely

affects the expression of neuronal health genes.
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Not Ablated + TBI Gene Response |Not Ablated + Sham vs.| Gene Response (Not Fold Change of
vs. Ablated + TBI (- | (Not Ablated + TBI Ablated + Sham (- Ablated + Sham vs. | comparisons (Column
Gene log2padj) vs. Ablated + TBI) log2padj) Ablated + Sham) 2/ Column 4)
X9630013A20Rik 26.970626 Activated 2.815854066 Activated 9.57813344
H19 21.1141876 Activated 22.06175671 Activated 0.95704925
Col1a1 15.4302398 Activated 30.38196062 Activated 0.50787505
Col1a2 10.7553359 Activated 30.98605305 Activated 0.34710248
Cilqgc 10.3289388 Activated 2.391067707 Activated 4.31980187
Mpeg1 6.75743072 Activated 1.756788511 Activated 3.84646796
C4b 5.98491719 Activated 4.616960161 Activated 1.29628955
Col6a1 5.98491719 Activated 3.999476138 Activated 1.49642528
Pld4 5.94028144 Activated 6.187779078 Activated 0.96000219
Tcirg1 5.45694594 Activated 4.717892655 Activated 1.15664903
Bgn 5.360354 Activated 10.40616731 Activated 0.51511319
Ctsh 5.14985031 Activated 3.157904469 Activated 1.63078091
ltgam 5.14985031 Activated 3.936637228 Activated 1.30818514
Gjc2 4.93885587 Activated 1.674230563 Activated 2.94992577
Ltbp4 4.93885587 Activated 1.657847813 Activated 2.97907675
Trem2 4.84161903 Activated 3.181598672 Activated 1.52175668
Col6a2 4.80695313 Activated 5.819750401 Activated 0.82597239
Fcrls 4.80695313 Activated 1.824303203 Activated 2.63495296
Irf7 4.80695313 Activated 2.971062138 Activated 1.61792413
Semaba 4.80695313 Activated 0.991155235 Activated 4.8498489
Arc 13.0384876 Repressed 0.227624649 Repressed 57.2806491
Gng4 4.79734578 Repressed 0.494613486 Repressed 9.69918109
Hspab 3.7987826 Repressed 4.253261616 Repressed 0.89314577
Gm43980 3.79364208 Repressed 0.058467469 Repressed 64.8846637
Pcsk1 3.79364208 Repressed 2.981308322 Repressed 1.2724756
Mras 3.6452025 Repressed 2.149743978 Repressed 1.69564494
Etvb 3.49060473 Repressed 10.8326543 Repressed 0.32222986
Zbtb7a 3.49060473 Repressed 3.151038462 Repressed 1.10776329
Rgs8 3.23818268 Repressed 0.402979251 Repressed 8.03560648
Serpinb8 3.1877807 Repressed 0.046380808 Repressed 68.7305981
Zfp324 3.16803996 Repressed 0.104637618 Repressed 30.2763005
Gfod1 3.15312218 Repressed 7.999403905 Repressed 0.39416964
Pdzd2 3.14330513 Repressed 0.660051173 Repressed 4.7622143
Spry4 3.06569035 Repressed 1.54188296 Repressed 1.98827695
Hyou1 3.05247886 Repressed 0.436498851 Repressed 6.99309713
Slc6a3 3.00642093 Repressed 0.14153804 Activated 21.2410807
Cbin4 2.94477885 Repressed 0.303388055 Repressed 9.70631112
Unc13c 2.87569266 Repressed 11.36028247 Repressed 0.25313567
Mex3c 2.81167812 Repressed 0.494613486 Repressed 5.68459655
Ppp1r10 2.59057765 Repressed 0.032459754 Activated 79.8089129
Mean 6.01042697 Repressed 4.830226859 Repressed 1.24433637
Median 4.80695313 Repressed 2.603460886 Repressed 1.70710307

Table 2.1. Top 20 genes in the Not Ablated + TBI vs. Ablated + TBI group vs. Not Ablated +
Sham vs. Ablated + Sham group. Mice were subjected to meningeal lymphatic photoablation after
i.c.m. Visudyne injection or a control procedure. Mice were rested for one week and then underwent
either TBI or a sham procedure. Bulk RNA sequencing was performed on these 4 experimental
groups with 4 independent mice per group either 24 hours or 1 week post TBI. Table depicts the
negative log of the adjusted p-value of the top 20 up- and down-regulated genes from the Not Ablated
+ TBI vs. Ablated + TBI group as compared to the Not Ablated + Sham vs. Ablated + Sham group.
The fold change of the comparisons shows the negative log of the adjusted p-value from the TBI
comparison divided by the negative log of the adjusted p-value from the Sham comparison. FDR
and P values were calculated with DEseq2 using the Wald test for significance following fitting to a
negative binomial linear model and the Benjamini-Hochberg procedure to control for false
discoveries.
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Figure 2.10. Effects of photoablation on gene expression signatures. Mice were subjected to
meningeal lymphatic photoablation after i.c.m. Visudyne injection or a control procedure. Mice were
rested for one week and then underwent either TBI or a sham procedure. Bulk RNA sequencing was
performed on these 4 experimental groups with 4 independent mice per group either 24 hours or 1
week post TBI. a) Total numbers of differentially expressed genes in response to Ablation without TBI
(pink) in comparison to the total numbers of differentially expressed genes in response to Ablation with
TBI (blue) at each sequencing time point (FDR<0.1). Shared genes are in overlapping sections. b-c)
Volcano plots showing differentially expressed genes at (b) 24 hours post injury and (c) 1 week post
injury in the Not Ablated + Sham vs. Ablated + Sham comparison (FDR <0.1). d) Box and whisker plots
at 24 hours post injury depicting activated and repressed genes in response to ablation with and without
TBI (FDR<0.1). The central dot within the box plots represents the median of the data set. The upper
and lower boundaries of the box represent the third (Q3) and first (Q1) quartiles respectively. The length
of the box therefore represents the interquartile range (IQR). The whiskers extend to the minimum and
maximum values of the set, here defined as Q1 - 1.5*IQR and Q3 + 1.5 * IQR respectively. All data
points beyond the whiskers are considered outliers. The box and whisker plots are overlaid on a
violin plot that encompasses the entire data set, including the outliers. The width of the violin plot
represents the frequency of observations at that given y-value. Therefore, the wider the violin plot, the
higher the frequency of observations. FDR values were calculated with DEseq2 using the Wald test for
significance following fitting to a negative binomial linear model and the Benjamini-Hochberg procedure
to control for false discoveries.
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We also performed bulk RNA sequencing at 1 week post injury to investigate the effects of pre-
existing lymphatic dysfunction at a more distant time point after TBI. At 1 week post injury, both
the Not Ablated + Sham and the Ablated + Sham groups clustered together, indicating that the
photoablation alone had very little effect at one week post injury (Figure 2.11a). Moreover, there
were only 11 differentially regulated genes in the Not Ablated + Sham vs. Ablated + Sham group,
indicating that at one week post injury, the ablation procedure itself is not playing a significant role
in changing gene expression (Figure 2.10a,c). Interestingly, both the group with TBI alone and
the group with pre-existing lymphatic dysfunction before TBI (Ablated + TBI) clustered separately
(Figure 2.11a). While the TBI alone still results in many differentially regulated genes, we find that
there are over 200 differentially regulated genes in the TBI group with pre-existing lymphatic
dysfunction (Ablated + TBI) when compared to TBI alone (FDR< 0.1, Figure 2.11a,b). A gene set
enrichment analysis with the pathways in the Reactome database for differentially expressed
genes between TBI mice with pre-existing lymphatic dysfunction (Ablated + TBI) and those with
TBI alone (Not Ablated + TBI) showed that the most highly enriched pathways were related to the
innate and adaptive immune system and cytokine signaling (Figure 2.11¢) [163]. We also used
the Biocarta database [164] to determine which signaling pathways were most highly enriched in
our dataset. We found that genes differentially expressed between the TBI mice with ablated
meningeal lymphatics (Ablated + TBI) and TBI mice with normal lymphatics (Not Ablated + TBI)
are enriched in pathways important for innate immunity (e.g. complement pathway), leukocyte

recruitment (e.g. CCRS), and cytokine signaling (e.g. IL-1 and TNF signaling) (Figure 2.11d).
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Figure 2.11. TBI leads to elevated expression of disease-associated genes when the brain
possesses pre-existing lymphatic deficits. Mice were subjected to an injection of Visudyne or
vehicle i.c.m. and 15 minutes later a red laser was directed at 5 spots along the sinuses through the
skull. After a week of rest, mice received TBI or a sham procedure. One week after injury, RNA was
isolated from homogenized brains. Bulk RNA sequencing was performed on these 4 experimental
groups with 4 individual mice per group. a) Principal component (PC) analysis showing clustering of
samples. b) Volcano plots illustrate the number of significantly differentially expressed genes
(FDR<0.1). Blue data points represent significantly downregulated genes and red data points
represent significantly upregulated genes. c-d) Gene set enrichment analysis using the (c) Reactome
database and (d) Biocarta pathway database shows enrichment of immune-related pathways with
differentially expressed genes between TBI mice with pre-existing lymphatic dysfunction compared to
mice with TBI alone. e) Circos plot depicting differentially expressed genes in TBI mice with pre-
existing lymphatic dysfunction compared to mice with TBI alone (FDR<0.1) associated with
neurodegenerative or psychiatric diseases. The proportion of the circle’s circumference allocated to
each disease represents the number of genes associated with that disease that are also differentially
expressed in the Not Ablated + TBI v. Ablated + TBI comparison. The lines connecting genes within
the circle indicate which genes were shared amongst disease signatures. f) Scatterplot showing the
adjusted P value and the expression changes of genes shown in (e). padj, adjusted p-value; pval, p-
value. wpi, week(s) post injury. FDR and P values were calculated with DEseq2 using the Wald test
for significance following fitting to a negative binomial linear model and the Benjamini-Hochberg
procedure to control for false discoveries.

We were next interested in investigating whether the TBI mice with pre-existing lymphatic
dysfunction (Ablated + TBI) shared common genes associated with neurodegenerative or
psychiatric diseases. To this end, we used the GWAS Catalog [165], a database of genome-wide
association studies, to find known gene associations with several common neurodegenerative
and psychiatric diseases including Parkinson’s disease, schizophrenia, amyotrophic lateral
sclerosis (als), Alzheimer’s disease, bipolar disease, depression, multiple sclerosis (ms), and
obsessive compulsive disorder (ocd). We found that the differentially expressed genes between
TBI mice with pre-existing lymphatic dysfunction and mice with TBI alone were also associated
with these diseases, indicating that these mice share signatures with various neurological disease

states (Figure 2.11¢f).

2.3.5 Unresolved drainage defects worsen cognitive decline in TBI

65



The findings from the RNA-seq experiments motivated us to investigate whether there are
different long-term outcomes in the TBI mice with pre-existing meningeal lymphatic dysfunction
(Ablated + TBI) compared to mice with TBI alone (Not Ablated + TBI). We looked at levels of Iba1
(labels microglia and CNS infiltrating monocytes/macrophages) and GFAP (labels reactive
astrocytes) immunoreactivity 2 weeks after injury or sham treatment, with or without ablation, as
aggravated gliosis often correlates with worsened clinical outcomes in TBI [23, 166-168]. We
found that possessing defects in the meningeal lymphatic system before TBI (Ablated + TBI)
results in a significantly higher percent area of GFAP coverage (Figure 2.12a,b). While we saw
an overall increase in Ibal immunoreactivity in the Ablated + TBI group compared to the Not
Ablated + Sham group, we did not see a significant increase when compared to TBI alone (Figure
2.12a,c). These initial results suggest that more severe neuroinflammation can unfold if TBI

occurs in the context of pre-existing meningeal lymphatic dysfunction.

Because we saw a trend towards increased percent area Iba1 staining in Ablated + TBI mice
(Figure 2.12c), we wanted to more closely examine Iba1 cell morphology in each of the
experimental groups at 2 weeks post injury. We performed a Sholl analysis and found that Iba1+
cells from the pre-existing lymphatic dysfunction (Ablated + TBI) group had a lower number of
dendritic branches at greater distances from the soma, indicating a less ramified, more highly
activated state than in mice with TBI alone (Not Ablated + TBI), or the other control groups (Figure
2.12d,e). Additionally, the Ablated + TBI group had a higher number of Iba1+ cells (Figure 2.12f),
and trends towards lower dendrite length, dendrite volume, and dendrite branch points compared
to the other control groups (Figure 2.13a-c). These data suggest that brain macrophages (lba1+
cells) in TBI mice with pre-existing lymphatic dysfunction (Ablated + TBI) are more highly activated

and less ramified than Iba1+ cells in the other control groups.
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Next, we sought to investigate whether possessing deficits in meningeal lymphatic function before
TBI negatively affects cognitive performance, which is a common consequence of TBI in humans
and animal models. Since others have shown that similar injuries to this region of the brain can
lead to cognitive impairments [83, 169], we decided to investigate how pre-existing lymphatic
dysfunction affects memory and motor learning following TBI. Interestingly, while all four
experimental groups exhibited similar performance on the accelerating rotarod at 24 hours post-
TBI, the mice possessing deficits in meningeal lymphatic function before TBI (Ablated + TBI)
showed impaired motor learning over the three days of the accelerating rotarod test (Figure
2.129). Indeed, the percent performance increase over three days in the Ablated + TBI group was
lower than any of the other control groups indicating that undergoing meningeal lymphatic
photoablation before TBI results in impaired motor learning (Figure 2.12g). Likewise, mice that
underwent meningeal lymphatic photoablation before TBI also performed worse in the novel
location recognition test (NLRT) at two weeks post-brain injury, suggesting an impairment in
memory (Figure 2.12h,i). Taken together, these results indicate that TBI can cause exacerbated
neuroinflammation and cognitive dysfunction when the brain possesses pre-existing defects in

meningeal lymphatic function.

67



Not Ablated|] Ablated | Not Ablated| Ablated

a + Sham + Sham + TBI + TBI b P=.0011 C P=.0441
-
— [— — o 'P=0776 ns
S 59 peooot 8 2.0 g
o Qo ) — e
= ; S 4] P=0370 o ©
o) | 7 ] o i 15_ ® CQ
. 2 | P=1215 » fo! °
oo =1 g0 m o 31 ) % -
< w 1.0 %
LC ® O o
O 27 @ 6) = o © 8D
5 35 @ 3 J
© S o o 0.5+ oy %) e
< 52
> 01— : : : 0.0— T T T

© Not Ablated + Sham @ Ablated + Sham
@ Not Ablated + TBI © Ablated + TBI

Merge

GFAP DAPI

P=0.0003
- © 25 f P=0.0074
g 1
# o 507 P=0.0137 P=0.2805
20 1, ¢ © 40 ns 1
2 e 240 °
C |
3% o 3 °&
: 25010 &
10 2 0o &
= P21°% ©
51 © 104
‘é’ 10
0 y . " . - . r T N O T T T T
0 5 10 15 20 25 30 35 40 45 50
Distance from Soma (uM)
h . @ Novel Location
9 | O Familiar Location
o P=0.1651 ~100 P=.050 P=0.049
® 100 | P=0.0408 Day 1 8AM: e P=016 & ' T 1 p_sos
3 o o o \\ Open Field = 801 [ 1 o (—
3) ° > o o °0 8, °0 _o
£3 ° ° 2 60 g
S g o S0, N Dayispwm: £ 40 85
grx S % E% Object 03) ° % o o
5§ 0 +3 S0 Habituation g 20 o o
T ©o0 ~
o o o : 0
o o . AN \\
o -50 Day 2 5PM: 2 < <9
S . o AN x x
K Novel Location x 7 ax \6\66 \‘a\ed
& | Test N NS

68



Figure 2.12. Prior lymphatic defects lead to exacerbated TBI-induced inflammation and
cognitive decline. Mice were subjected to meningeal lymphatic photoablation or a control procedure
and then to TBI or a sham procedure 1 week later. a-f) Brains were harvested 2 weeks after TBI. a)
Representative images of the brain hemisphere ipsilateral to the injury and quantification of the
percent area of (b) GFAP (red) and (c) Iba1 (grey) immunoreactivity in all experimental groups (Sham
groups n=5, TBI groups n=8). Dashed boxes denote the injury site. d) Representative reconstructions
of morphology of Iba1+ cells and (e) Sholl analysis. Each data point represents the number of Iba1+
branches intersecting with a radius of 0-50 um from the soma, calculated by the average of 20
microglia per group (4 Iba1+ cells per section, 5 mice per group; data from one experiment). Number
sign (#) indicates that all control groups were significantly different from the Ablated + TBI group from
18-32 um; ****P<.0001, ***P=.0003, **P=.0034 (calculated at 23 um). f) Quantification of the average
number of Iba1l+ cells per field of view (Sham groups n=5, TBI groups n=8). g) The percent
performance increase on the accelerating rotarod from day 1 to day 3 post TBI or sham procedure
(Not Ablated + Sham n=20, Not Ablated + TBI n=32, Ablated + Sham n=19, Ablated + TBI n=30;
pooled data from 4 independent experiments). h) Schematic depicting the experimental setup of the
NLRT and the i) percent time the mouse spent investigating each object over the total time
investigating both objects (Not Ablated + Sham n=14, Not Ablated + TBI n=15, Ablated + Sham n=14,
Ablated + TBI n=16; pooled data from two independent experiments). Each point represents the
percent time one mouse spent with either the novel location object (orange) or the familiar location
object (blue). All other n values refer to the number of mice used and the error bars depict mean +
s.e.m. P values calculated by two-way ANOVA with Tukey’s multiple comparison correction (b,c,e,f,g)
and mixed two-tailed unpaired Student’s t-test with Holm-Sidak multiple comparison correction (i).
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Figure 2.13. The effect of pre-existing lymphatic dysfunction on Iba1+ cells. Mice were
subjected to meningeal lymphatic photoablation after i.c.m. Visudyne injection or a control
procedure and then to TBI or a sham procedure 1 week later. a-c) Brains were harvested 2 weeks
after TBI, sectioned, and stained for Iba1. Quantification of the (a) average filament dendrite length
(um), (b) average number of dendrite branch points, and (c) average filament dendrite volume
(pma) (Not Ablated+Sham n=5, Ablated+Sham n=5, Not Ablated+TBI n=8, Ablated+TBI n=7; data
from one experiment). All n values refer to the number of mice used and the error bars depict mean
+ s.e.m. P values calculated by two-way ANOVA with Tukey’s multiple comparison correction (a-

c).
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2.3.6 Lymphatic rejuvenation mitigates TBI-driven inflammation

To better understand the functional consequences of impaired meningeal lymphatic function in
TBI, we next explored whether boosting CNS lymphatic drainage is effective in attenuating TBI
disease pathogenesis. Multiple recent studies have shown that aging leads to severe impairments
in meningeal lymphatic function [139-141]. Moreover, it is also known that even mild-to-moderate
forms of brain trauma can have especially devastating consequences in elderly individuals [104,
132, 151-153]. Therefore, we were interested in investigating whether recuperating meningeal
lymphatic function in aged mice would be effective in limiting TBI disease pathogenesis. To this
end, we utilized viral delivery of VEGF-C, which has previously been shown to successfully
increase the diameter of the meningeal lymphatic vessels [76, 90, 139]. Importantly, delivery of
VEGF-C to the meningeal lymphatic vessels in aged mice has also been reported to rejuvenate
meningeal lymphatic draining function [139]. Accordingly, we subjected aged mice (18-24 months
of age) or young mice (8-10 weeks of age) to an i.c.m injection with either AAV1-CMV-mVEGF-
C or control AAV1-CMV-eGFP. We observed stable expression of the viral vector along the
transverse sinus (TS) and superior sagittal sinus (SSS) in the aged meninges 1 month after
injection (Figure 2.14a). Two weeks after viral vector delivery, we subjected these mice to TBI or
sham treatment. Not surprisingly, the aged mice who experienced head trauma had a significantly
longer loss-of-consciousness and performed significantly worse on the neuroscore behavioral
tests than their younger counterparts with the same injury parameters (Figure 2.14b,c). There
were, however, no differences in righting time or neuroscore between the aged TBI groups that
had received AAV1-CMV-mVEGF-C or AAV1-CMV-eGFP delivery (Figure 2.14b,c). Mice that
received sham procedures instead of a TBI and either AAV1-CMV-mVEGF-C or AAV1-CMV-
eGFP delivery also showed no differences in the righting times or neuroscore behavioral tests,
although predictably, both measurements were lower than in mice that had received TBI (Figure

2.15a,b and Figure 2.14b,c). Two weeks after injury and one month after viral vector delivery, we
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measured GFAP and Iba1 immunoreactivity to assess gliosis and determine whether treatment
with VEGF-C improved neuroinflammatory measures in the injured brains. Interestingly, we saw
that aged TBI mice that received viral-mediated VEGF-C treatment (Aged- VEGFC + TBI) had
significantly lower levels of Iba1 in the hemisphere contralateral to the injury site, and a trend
towards lower levels of Iba1 in the hemisphere ipsilateral to the injury site when compared to mice
that had received the control viral vector (Aged- GFP + TBI) (Figure 2.14d-f). Notably, the levels
of Iba1 in the aged TBI mice that were treated with VEGF-C (Aged- VEGFC + TBI) were more
similar to the levels of Iba1 immunoreactivity in a young TBI mouse (Young- GFP + TBI) (Figure
2.14d-f and Figure 2.15d,f). In contrast, VEGF-C pretreatment was not found to influence GFAP
immunoreactivity in aged mice following head trauma (Figure 2.14d,g9,h and Figure 2.15c,e).
These data indicate that boosting meningeal lymphatic function after TBI may aid in decreasing

levels of Iba1 gliosis in aged mice.

72



P=.0068
=.0018 ns

P

T ot

oo ofg8

¢}

I
o

1
O ©O© < AN O

O 1®._00w0‘_ nap julod-o l

.0026

P=

m_Ho @%o
%_H e oh%?o
o%o

1500-

T
o
o

|
o
o
o ]

(s) sowiL Bunybry

ns

=.0448 ns

o

®

o
- %

%u o

.0802

P=

8_P.

T T T
© < N

o

[ T
0 o
N N

T T
n o w
—

y— |esoleisd] Leqi BRIy 9% L [eldlelisd] dv4D ealy %

ns

.0101

0002 P

P

P 4
X3
© (e}

.0011

T
P=
=.0005
(]

.0

N

T 1
© o ©

~ ~ o

o ((e]

o [eJ3)e|eljUOD V4O BdlY %

@ [elerelenuo) Leqiealy % O)

DAPI AAV1-CMV-GFP

Merge

GFAP

Iba1

-

1000'ym

19l + 449
+ Buno A

ISHR
+d49 +PIO

191
+0493A + PIO

GFAP DAPI

® Aged- GFP +TBI © Aged- VEGFC + TBI

© Young- GFP + TBI

73



Figure 2.14. VEGF-C treatment of aged mice results in decreased neuroinflammation after

TBI. Aged mice (18-20 months old) received 2 pl of artificial CSF containing 10" genome copies
per ml of either AAV1-CMV-mVEGF-C or control AAV1-CMV-eGFP by i.c.m. injection to rejuvenate
meningeal lymphatic drainage function. Young mice (8-10 weeks of age) received 2 pl of artificial

CSF containing 10" genome copies per ml of control AAV1-CMV-eGFP by i.c.m. injection. Mice
were rested for two weeks and then were subjected to either TBI or sham procedures. Two weeks
after injury, brains were harvested, sectioned and stained for markers of gliosis. a) Representative
image of a meningeal whole mount 1 month after viral vector administration showing Lyve-1 (grey),
DAPI (blue), and AAV1-CMV-eGFP (green). b) Righting times (Young-GFP+TBI n=10, Aged-
GFP+TBI n=14, Aged-VEGFC+TBI n=16; pooled data from 2 independent experiments) and c¢) 10-
point gross neuroscore of mice at 1 hour after TBI (Young-GFP+TBI n=9, Aged-GFP+TBI n=14,
Aged-VEGFC+TBI n=16; pooled data from 2 independent experiments). d) Representative images
of hemisphere ipsilateral to the site of injury stained with Iba1 (grey), GFAP (red) and DAPI (blue).
Dashed boxes in merge column indicate lesion site. e-h) Quantification of the percent area of (e-f)
Iba1 and (g-h) GFAP immunoreactivity in the hemispheres contralateral and ipsilateral to the site
of injury. (Young-GFP+TBI n=10, Aged-GFP+TBI n=13, Aged-VEGFC+TBI n=16; pooled data from
2 independent experiments). All n values refer to the number of mice used and the error bars depict
mean + s.e.m. P values calculated by one-way ANOVA with Tukey’s multiple comparison
correction (b,c,e,f,g,h). SSS, superior sagittal sinus; TS, transverse sinus.
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Figure 2.15. Treatment of uninjured aged mice with VEGF-C does not influence righting
time, neuroscore, or gliosis measures. Aged mice (18-20 months old) received 2 pl of

artificial CSF containing 1013 genome copies per ml of either AAV1-CMV-mVEGF-C or control
AAV1-CMV-eGFP by i.c.m. injection and then mice were subjected to sham treatment 2 weeks
later. a) Righting times and b) 10-point gross neuroscore of mice at 1 hour post sham procedure
(n=12 mice/group; pooled data from 2 independent experiments). Two weeks after sham
procedure, brains were harvested, sectioned, and stained for markers of gliosis. c-f)
Quantification of the percent area of Iba1 and GFAP immunoreactivity in both hemispheres of
the brain (Aged-GFP+Sham n=8, Aged-VEGFC+Sham n=7). All n values refer to the number
of mice used and the error bars depict mean + s.e.m. P values were calculated using two-tailed
Student’s t-test.
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2.4 Discussion

Despite being a significant medical issue, the biological factors that promote CNS pathology and
neurological dysfunction following TBI remain poorly characterized. Recently, the meningeal
lymphatic system was identified as a critical mediator of drainage from the CNS. In comparison
to other peripheral organs, our understanding of how defects in lymphatic drainage from the CNS
contribute to disease is limited. Here, we report that meningeal lymphatic function is impaired
after TBI and that this disruption begins almost immediately and may take months to fully retumn
to pre-injury levels. We further show that ICP is significantly elevated at two hours post-brain
injury, and that this increase in ICP can promote hotspot dysfunction in the uptake of CSF from
the subarachnoid space. Moreover, we find that increased ICP is sufficient to cause meningeal
lymphatic dysfunction. Our work also provides evidence that pre-existing lymphatic dysfunction,
as may occur with repetitive head injury and aging, predisposes the brain to more severe

neuroinflammation and cognitive deficits.

Several recent studies in other models of disease have shown that the meningeal lymphatic
system is critical for modulating immune responses and inflammation in the CNS [90, 91, 139].
Whether CNS lymphatic drainage is involved in promoting or resolving inflammation is likely
specific to individual disease settings. For instance, mounting evidence indicates that lymphatic
drainage plays a role in promoting autoimmunity by facilitating drainage of brain antigens to the
peripheral dCLN. In the context of experimental autoimmune encephalomyelitis (EAE), ablation
of the meningeal lymphatic vasculature was found to decrease disease severity by limiting CD4"
T cell infiltration into the spinal cord [91]. Consistent with a disease-promoting role for CNS
lymphatic drainage in EAE, other studies have shown that lymphangiogenesis near the cribriform
plate is a hallmark of disease progression and suggest that this may augment the peripheral

adaptive immune response to myelin peptides [92]. In other instances, drainage of
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macromolecules and protein aggregates from the brain through the meningeal lymphatics is
essential to maintain CNS health, as was recently shown to be the case in mouse models of
Alzheimer’s disease [139]. In this study by Da Mesquita et al., it was shown that blocking lymphatic
drainage with Visudyne photoablation results in the accumulation of amyloid beta aggregates in
the meninges and hippocampus. Furthermore, recent evidence also suggests that having proper
meningeal lymphatic drainage is critical for mounting protective immune responses to invasive

and hard-to-target brain cancers [90].

Neuroinflammation and gliosis can often persist for months or even years post-brain trauma [10,
12], and interventions aimed at attenuating this neuroinflammation have proven successful in
modulating cognitive outcomes [43, 49]. Yet, the physiological processes involved in the
prolonged inflammatory state of the TBI brain remain poorly defined. Based on our findings
presented here, it is possible that impaired drainage of DAMPs such as amyloid beta, necrotic
cells, and cellular debris from the brain could incite prolonged immune activation in the injured
brain. Therefore, therapeutic approaches that promote functional recovery of the meningeal
lymphatic system could provide strategies to help curtail the persistent neuroinflammation that is

a hallmark of TBI.

An acute rise in ICP after head trauma is a poor prognostic indicator in TBI patients and is
estimated to account for nearly half of all TBI mortalities [147, 148]. We found that the rise in ICP
seen after TBI or jugular vein ligation results in decreased meningeal lymphatic drainage,
indicating that changes in the CNS environment can rapidly impact lymphatic function. While
acute rises in ICP after injury, caused by brain edema and swelling, may result in decreased
drainage [147], it still remains to be seen how longer-lasting alterations in ICP affect the meningeal

lymphatic vasculature. It is possible that preventing exorbitant rises in ICP after brain injury may
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allow for a more succinct immune response due to more efficient drainage of neurotoxic DAMPs

from the CNS.

The mechanism of how CSF is taken up into meningeal lymphatics and removed from the CNS
is still widely debated. Before the recent characterization of the meningeal lymphatic system, it
was thought that arachnoid granulations were the main mechanism through which CSF was
removed from the brain [170]. The arachnoid granulations are areas of the arachnoid layer in the
meninges that project through the meningeal layers into the venous sinuses, where they are
thought to absorb CSF. However, evidence for arachnoid granulations in mice has been scarce
[170]. With the recent findings that the meningeal lymphatic system is capable of transporting
CSF to the periphery, the term hotspots was coined to describe areas along this lymphatic network
in which CSF appears to be taken more readily into the lymphatic pathways. These hotspots have
been reported both in the dorsal and basal meningeal lymphatic network [91, 140]. How these
hotspots take up CSF and solutes from the CNS is still not clear. It has been proposed that the
lymphatics may send extensions into the sub-arachnoid space where CSF can be taken up, but
this has not been further substantiated [91]. Further research is needed to understand the
anatomy of the lymphatic vasculature at the hotspots and to determine which macromolecules
and cells are capable of trafficking through the meningeal lymphatic vasculature in homeostasis
and various disease states. Furthermore, additional studies are also needed to delineate the

contributions of the recently identified basal CNS lymphatics in TBI pathogenesis [140].

Because clearance of ISF containing solutes and macromolecules from the brain parenchyma
relies on perivascular routes, termed the glymphatic system [81, 83, 84, 171], we anticipate that
changes in ICP would also affect glymphatic function. Indeed, our findings are consistent with
data showing that the glymphatic system is impaired after TBI [80, 83]. The glymphatic system

and lymphatic system are inherently linked [81, 85]. The glymphatic system is responsible for
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transport of ISF to the CSF surrounding the brain, and the lymphatic system takes up CSF/ISF
for transport into the periphery [83, 85, 171]. While decreased ISF transport from the parenchyma
to the sub-arachnoid space may lead to decreased lymphatic drainage [83, 84], it has also been
shown that impaired lymphatic drainage decreases recirculation of macromolecules through the
glymphatic route [139]. Our findings indicate that, in addition to the previously described
glymphatic dysfunction, there is also lymphatic dysfunction after TBI. By directly targeting the
meningeal lymphatic vasculature through pharmacologic photoablation in our studies, we
highlight that pre-existing Iymphatic dysfunction results in increased TBIl-mediated
neuroinflammation and cognitive dysfunction. Additionally, injections into the cisterna magna, as
was done in our studies, largely bypass the need for glymphatic clearance, as the meningeal
lymphatic network takes up CSF directly from this compartment. Therefore, impairment in both
systems likely coalesce to cause defective clearance of toxins, protein aggregates, and
macromolecules from the brain after TBIl. Preventing the rapid rise in ICP seen after TBI may
provide a route in which to address both the glymphatic and lymphatic dysfunction that persists

after brain trauma; however, future studies are needed to definitively test this.

Interestingly, TBI has been strongly linked to an increased risk of developing numerous other
neurological disorders later in life including CTE, Alzheimer's disease, amyotrophic lateral
sclerosis, and other psychiatric disorders [4-7, 9]. Our understanding of how brain trauma
contributes to the development of these other neurological disorders at the mechanistic level is
currently limited. Like TBI, the majority of these CNS disorders are also characterized by
neuroinflammation and impaired clearance of DAMPs (e.g. protein aggregates and neurotoxic
debris). One could envision that TBI-induced disruptions in meningeal lymphatic function and the
resulting buildup of DAMPs in the brain could set off a series of events that ultimately lead to other
forms of neurological disease down the road, although future studies are needed to formally test

this hypothesis. One approach to test this hypothesis is to investigate whether rejuvenation of
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meningeal lymphatic function after TBI limits the risk of disease sequelae later in life. As a proof
of principle, we show here that rejuvenating meningeal lymphatic vasculature in aged mice with

viral delivery of VEGF-C is effective in preventing excessive Iba1 gliosis following brain trauma.

For reasons that remain poorly understood, sustaining a second head injury before the brain has
recuperated from prior head trauma can have devastating consequences. Furthermore, it has
been shown that repetitive TBIs result in more serious long-term outcomes when compared to a
single TBI [32, 33, 154, 156, 172]. Indeed, recent reports in the scientific literature and media
have highlighted several high-profile cases of repetitive TBI and its devastating consequences
that can include CTE and suicide [28, 36, 156]. Improved understanding of what makes the injured
brain more vulnerable to more severe pathology and neurological demise following secondary
head trauma will lead to improved treatment practices. Our findings presented in this paper
suggest that disruptions in meningeal lymphatic function may contribute at some level to the more
severe neuroinflammation and neurological dysfunction commonly observed in repetitive TBI. The
lack of defined guidelines for when individuals can safely return to high-risk activities following
TBIl is a significant problem for caregivers. Our work suggests that evaluating meningeal lymphatic
drainage recovery post-injury might provide clinicians with a much-needed empirical test to inform
athletes and military personnel of when it is safe to return to action. However, improved
diagnostics must first be developed in order to accurately measure meningeal lymphatic function

in humans.

While our studies on pre-existing lymphatic dysfunction before TBI provide important insights into
how lymphatic dysfunction may contribute to a higher neuroinflammatory state, additional studies
are required to more fully understand the role that each CNS-resident cell population is playing in
this inflammatory environment. While we see an increase in GFAP immunoreactivity in the brain

after Ablation + TBI as compared to other control groups alone two weeks after injury (Figure
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2.12a,b), this same change is not apparent in the sequencing data at one week post injury. We
would expect the inflammatory environment to be dynamically changing throughout this time and
believe that following up on these studies with other techniques including single cell RNA
sequencing would be incredibly valuable to understand how cells such as microglia and
astrocytes are changing in response to injury, and how they might be influencing the inflammatory

environment after TBI.

TBI is an especially serious threat to health in the elderly, where it is a leading cause of death and
disability [152, 153, 155]. Even though the elderly only account for 10% of all TBI cases, over
50% of all TBI-related death occurs in individuals over the age of 65 [173]. It has been extensively
shown that similar injuries result in more severe pathology and neurological impairment in the
elderly than in other age groups [151, 155]; however, the cause for this is currently not well
understood. Interestingly, several recent studies have shown that the meningeal lymphatics are
impaired with aging [139-141]. Moreover, boosting lymphatic function with VEGF-C treatment can
mitigate the cognitive deficits seen in aged mice [91]. In our studies presented here, we show that
photoablation of meningeal lymphatic vessels before head injury leads to more severe
neuroinflammatory outcomes and decreased performance in cognitive tests following TBI.
Therefore, it is feasible that aging-associated deterioration of CNS lymphatic function may
contribute at some level to the especially devastating consequences of TBI in the elderly. Indeed,
our data demonstrating that viral delivery of VEGF-C to aged mice improves neuroinflammatory
outcomes after TBI provides further evidence that the lymphatic system may be involved in the
particularly devastating outcomes the elderly experience after TBI. Furthermore, it suggests that
boosting meningeal lymphatic drainage may serve as a viable therapeutic option to limit TBI

pathogenesis.

81



Overall, the work described here provides insights into how the meningeal lymphatic system is
impacted by TBI and also how pre-existing defects in this drainage system can predispose the
brain to exacerbated neuroinflammation and cognitive outcomes following brain injury. We show
that even mild forms of TBI can result in pronounced defects in meningeal lymphatic function that
can last for weeks post-injury. Mechanistically, we demonstrate that closed-skull TBl is associated
with elevated ICP and that this can contribute to disruptions in meningeal lymphatic drainage
function. Finally, we provide evidence that boosting meningeal lymphatic function through delivery
of VEGF-C may serve to decrease neuroinflammation after TBI. Importantly, improved
understanding of the contributions of the meningeal lymphatic system in brain injury and recovery

may help provide opportunities for therapeutic approaches to treat TBI.

2.5 Methods

Mice

All mouse experiments were performed in accordance with the relevant guidelines and regulations
of the University of Virginia and approved by the University of Virginia Animal Care and Use
Committee. C57BL/6J mice were obtained from Jackson Laboratories. Mice were housed and
behavior was conducted in specific pathogen-free conditions under standard 12-hour light/dark
cycle conditions in rooms equipped with control for temperature (21 + 1.5°C) and humidity (50 %
10%). Mice matched for sex and age were assigned to experimental groups and all adult mice
used were between 8-10 weeks of age. Males and females were used for drainage and
lymphangiogenesis studies, as sex has not been shown to influence lymphatic drainage at
baseline [139]. Both males and females were also used to study the effects of increased ICP on
lymphatic flow. Males were used for all pre-existing lymphatic dysfunction studies (Figures 2.8-
2.13) for consistency with behavioral readouts and for consistency within the RNA sequencing

data, as sex can influence both of these readouts. Male mice were also used for the aged mice
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experiments. All aged mice (used for experiments in Figures 2.14-2.15) were between 18 and 24
months of age and were obtained from Jackson Laboratories and the National Institute on Aging

(NIA) Aged Rodent Colonies.

Traumatic brain injury

This injury paradigm was adapted from the published Hit and Run model [169]. Mice were
anesthetized by 4% isoflurane with 0.3 kPa O- for 2 minutes and then the right preauricular area
was shaved. The mouse was placed prone on an 8 x 4 x 4-inch foam bed (type E bedding, open-
cell flexible polyurethane foam with a density of approximately 0.86 pounds per cubic feet and a
spring constant of approximately 4.0 Newtons per meter) with its nose in a nosecone delivering
1.5% isoflurane (purchased from Foam to Size, Ashland VA). The head was otherwise unsecured.
The device used to deliver TBI was a Controlled Cortical Impact Device (Leica Biosystems,
39463920). A 3 mm impact probe was attached to the impactor device which was secured to a
stereotaxic frame and positioned at 45 degrees from vertical. In this study, we used a strike depth
of 2 mm, 0.1 s of contact time and an impact velocity of 5.2 meters (m) per second (s). An impact
velocity of 6.2 m per s was used for the TBI severity studies in Figure 2.4. The impactor was
positioned at the posterior corner of the eye, moved 3 mm towards the ear and adjusted to the
specified depth using the stereotaxic frame. A cotton swab was used to apply water to the injury
site and the tail in order to establish contact sensing. To induce TBI, the impactor was retracted
and dispensed once correctly positioned. The impact was delivered to the piriform region of the
brain. Following impact, the mouse was placed supine on a heating pad and allowed to regain
consciousness. After anesthesia induction, the delivery of the injuries took less than 1 minute.
The time until the mouse returned to the prone position was recorded as the righting time. Upon
resuming the prone position, mice were returned to their home cages to recover on a heating pad
for six hours with soft food. For sham procedures, mice were anesthetized by 4% isoflurane with

0.3 kPa O, for 2 minutes and then the right preauricular area was shaved. The mouse was placed
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prone on a foam bed with its nose secured in a nosecone delivering 1.5% isoflurane. The impactor
was positioned at the posterior corner of the eye, moved 3 mm towards the ear and adjusted to
the specified depth using the stereotaxic frame. A cotton swab was used to apply water to the
injury site and the tail in order to establish contact sensing. Then, the impactor was adjusted to a
height where no impact would occur, and was retracted and dispensed. Following the sham
procedure, the mouse was placed supine on a heating pad and allowed to regain consciousness.
Mice were allowed to recover on the heating pad in their home cages for 6 hours with soft food

before being returned to the housing facilities.

Intra-cisterna magna injections

Mice were anaesthetized by intraperitoneal (i.p.) injection of a mixed solution of ketamine (100
mg per kg) and xylazine (10 mg per kg) in sterile saline. The skin of the neck was shaved and
cleaned with iodine and 70% ethanol, and ophthalmic solution (Puralube Vet Ointment, Dechra)
was placed on the eyes to prevent drying. The head of the mouse was secured in a stereotaxic
frame and an incision in the skin was made at midline. The muscle layers were retracted and the
cisterna magna exposed. Using a Hamilton syringe (coupled to a 33-gauge needle), the volume
of the desired solution was injected into the cerebrospinal fluid (CSF)-filled cisterna magna
compartment. For the bead experiments, 2 ul of FluoSpheres carboxylate 0.5 ym-beads 505/515
(Invitrogen, F8813) in artificial CSF (597316, Harvard Apparatus UK) were injected at a rate of 2
Ml per minute. For Visudyne experiments, 5 ul of Visudyne (verteporforin for injection, Valeant
Ophthalmics) was injected at a rate of 2.5 ul per minute. For Lyve-1 labeling experiments, 2 ul of

anti-mouse Lyve-1 488 (Invitrogen, 53044382, undiluted) was injected at a rate of 2 ul per minute.

For experiments with aged mice, 2 yl of artificial CSF containing 10" genome copies per ml of
AAV1-CMV-mVEGF-C, or control AAV1-CMV-eGFP (AAV1, adeno-associated virus serotype 1;

CMV, cytomegalovirus promoter; eGFP, enhanced green fluorescent protein; purchased from
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Vector BioLabs, Philadelphia), were injected into the cisterna magna CSF at a rate of 2 ul per
minute. The needle was inserted into the cisterna magna through retracted muscle in order to
prevent backflow upon needle removal. The neck skin was then sutured, after which the mice
were subcutaneously injected with ketoprofen (1 mg per kg) and allowed to recover on a heating

pad until fully awake.

Pharmacologic meningeal lymphatic vessel ablation

Visudyne treatment was adapted from published protocols [91, 139, 157]. Selective ablation of
the meningeal lymphatic vessels was achieved by i.c.m. injection and transcranial
photoconversion of Visudyne (verteporfin for injection, Valeant Ophthalmics). Visudyne was
reconstituted following the manufacturer’s instructions and 5 pl was injected i.c.m. following the
procedure described above in the intra-cisterna magna injections methods section. After 15
minutes, a midline incision was created in the skin to expose the skull and visudyne was
photoconverted by pointing a 689-nm-wavelength non-thermal red light (Coherent Opal
Photoactivator, Lumenis) to five different locations above the intact skull (1 at the injection site, 1
at the superior sagittal sinus, 1 at the confluence of the sinuses and 2 at the transverse sinuses).
This experimental group is labeled as Ablated or Visudyne + laser. Each location was irradiated
with a light dose of 50 J per cm? at an intensity of 600 mW per cm? for a total of 83 seconds.
Controls were injected with the same volume of Visudyne (without the photoconversion step;
labeled as Visudyne or Not Ablated) or sterile saline plus laser treatment (labeled as Vehicle +
laser). The scalp skin was then sutured, after which the mice were subcutaneously injected with

ketoprofen (1 mg per kg) and allowed to recover on a heating pad until fully awake.

Intracranial pressure measurements
Intracranial pressure (ICP) was measured according to published protocols [91, 139]. Mice were

anaesthetized by i.p. injection with ketamine (100 mg per kg) and xylazine (10 mg per kg) in saline
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and the skin was incised to expose the skull. A 0.5-mm diameter hole was drilled in the skull
above the left parietal lobe. Using a stereotaxic frame, a pressure sensor catheter (model
SPR100, Millar) was inserted perpendicularly into the cortex at a depth of 1 mm. To record
changes in ICP, the pressure sensor was connected to the PCU-2000 pressure control unit
(Millar). For measurements in mice after TBI (30 minutes, 2 hours, 6 hours, 24 hours, 3 day, 4
day and 1 week post injury) or after jugular venous ligation (3 hours and 24 hours) ICP was
recorded for 6 minutes after stabilization of the signal and the average pressure was calculated

over the last 3 minutes of recording. Mice were euthanized following the procedure.

Jugular venous ligation

Mice were anaesthetized by i.p. injection with ketamine (100 mg per kg) and xylazine (10 mg per
kg) in saline. The left and right preauricular area and the skin between the ears was shaved and
prepped with iodine and 70% ethanol. Ophthalmic ointment (Puralube Vet Ointment, Dechra) was
applied to the eyes to prevent drying. The mouse was secured onto a surgical plane in the lateral
position and a lateral incision was created between the two mouse ears. The incision site was
retracted to reveal the left temporalis muscle. The left temporalis muscle was retracted to reveal
the infratemporal fossa, where the left internal jugular vein can be identified. The left internal
jugular vein was ligated using 8-0 Nylon Suture (AD surgical, XXS-N808T6), and then the same
procedure was performed on the opposite side to ligate the right jugular vein. The incision was
then sutured and the mice were subcutaneously injected with ketoprofen (1 mg per kg) and were
allowed to recover on the heating pad until awake. Sham mice received the incision and the
jugular veins were exposed bilaterally, but they did not undergo ligation. The intracranial pressure
on these mice was recorded as described in the intracranial pressure measurements methods

section 3 and 24 hours after ligation.

RNA extraction and sequencing
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For RNA extraction, the brain hemisphere ipsilateral to the brain injury was harvested, the
cerebellum and olfactory bulbs were removed, and the hemisphere was immediately snap-frozen
in dry ice and stored at -80 °C until further use. After defrosting on ice, samples were
mechanically homogenized in 500 ul extraction buffer comprised of T-PER Tissue Protein
Extraction Reagent (78510, Thermo Scientific) supplemented with PhosSTOP phosphatase
inhibitor cocktail (04906845001, Roche) and cOmplete protease inhibitor cocktail (11873580001,
Roche). 100 pul of the homogenate was transferred to a tube containing 1.1 ml TRIzol Reagent
(15596018, Life Technologies) and vortexed. 200 ul chloroform (BP1145-1, Fisher Scientific) was
added to the samples, was vortexed, and was allowed to incubate for 5 minutes at room
temperature. Samples were then spun at 18,400 RCF at 4 °C for 15 minutes. The top aqueous
phase was transferred into a new Eppendorf tube and 300 pl isopropanol (19516, Sigma) was
added, vortexed, and allowed to incubate at room temperature for 10 minutes. Samples were then
spun down at 13,500 RCF at 4 °C for 12 minutes. The RNA pellet was washed 2 times with 70%
ethanol and resuspended in DNAse/RNAse free water. Sample quality and RNA concentration
were assessed using the NanoDrop 2000 Spectrophotometer (Thermo Scientific) and samples
were frozen at -80 °C until further use. For sequencing, total RNA samples were sentto GENEWIZ

for library preparation and paired end sequencing.

RNA-seq analysis

The raw sequencing reads (FASTQ files) were aligned to the UCSC mm10 mouse genome build
using the splice-aware read aligner HISAT2 [174]. Samtools was used for quality control
filtering[175]. Reads were sorted into feature counts with HTSeq [176]. DESeqg2 was used to
normalize the raw counts based on read depth and perform principal component analysis and
differential expression analysis [177]. The p-values were corrected with the Benjamini-Hochberg

procedure to limit false positives arising from multiple testing. The gene set collections from
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MSigDB were used for differential gene set enrichment analysis [159]. The analysis itself was
performed using the Seg2Pathway, fgsea, tidyverse, and dplyr software packages. Heatmaps

were generated using the pheatmap R package [https://github.com/raivokolde/pheatmap] while

other plots were made with the lattice (http://lattice.r-forge.r-project.org/) or ggplot2

[https://ggplot2.tidyverse.org] packages. The GWAS Catalog was used to find genes associated

with neurodegenerative or psychiatric diseases [https://www.ebi.ac.uk/gwas/home][165], and the
circos plot including these data was generated using the circlize R package[178]. All code used

for analysis is available at [https:/github.com/arun-b-dutta/TBI_Lymphatics RNAseqg-Analysis].

Raw and processed sequencing data can be accessed through the Gene Expression Omnibus

(GEO) at [https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE155063].

Behavioral testing
All behavioral experiments were carried out during daylight hours (except the Novel Location

Recognition test, which was performed at 5:00PM) in a blinded fashion.

Gross Neuroscore

The gross neuroscore was performed following a published protocol with modifications [179].
Briefly, mice performed 10 individual tasks to assess behaviors including seeking/exploring
tendencies, the startle reflex, and balance/motor coordination. The ability to cross different width
beams, to react to a loud noise, to balance on a beam, and to explore the surroundings were
assessed and scored by a blinded experimenter 1 hour after TBI. If the mouse was able to
adequately perform the task, a score of 0 was given. If the mouse failed to adequately perform
the test, a score of 1 was given. Scores for the 10 tasks were summed for a total minimum score

of 0 and a total maximum score of 10.

Rotarod test
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The mice were transported to the behavior room and allowed to habituate for 1 hour before each
day of testing. The experimental apparatus used in this test contained 5 separate compartments
on a rotating rod to accommodate 5 mice per trial (MED Associates Inc, ENV-575M). The rod was
programmed to turn starting at 4 rotations per minute (rpm) and to accelerate to 40 rpm over a
span of 5 minutes. Each mouse was placed on the rod and allowed to ambulate until it either fell
off, hung without effort on the rod for a total of 5 rotations, or reached the trial endpoint (6 minutes).
When a mouse fell from the rotarod, it disrupted a laser sensor to stop recording. The time spent
on the rod and the speed at which the mouse fell or the trial ended was recorded (RotaRod
Version 1.4.1, MED associates inc). Three trials were performed each day for 3 days. The 3 trials
per day were averaged, and latency to fall and percent performance increase were calculated

based off of the average time of trial per mouse per day.

Novel Location Recognition Test (NLRT)

The novel location recognition test was performed following a published protocol with
modifications [139]. The mice were transported to the behavior room and allowed to habituate for
1 hour before each trial of the test. The experimental apparatus used in this study was a square
box made of opaque white plastic (35 cm x 35 cm). The mice were first habituated to the square
apparatus for 10 minutes by allowing for free exploration within the open field. Eight hours later,
after 5:00PM, two identical objects were then positioned in the two far corners of the arena at
distances of 5 cm away from the adjacent arena wall (familiar locations). Mice were then placed
in the arena facing the wall furthest away from the objects and allowed to explore the arena and
objects for 10 minutes. Time spent investigating the objects was measured and was considered
the training phase of the test. After 24 hours, the mice were placed in the same box but one object
was moved down to a diagonal position (novel location). The time spent exploring the objects in
the familiar or novel location was measured for 10 minutes and was considered the test phase.

Exploration of an object was recorded when the mouse approached an object and touched it with
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its vibrissae, snout, or forepaws and was measured using a video tracking software (Noldus
Ethovision XT). The preference for either the novel or familiar object was calculated as the percent
of time the mouse spent with one object divided by the total time the mouse spent investigating

either object.

Tissue collection

Mice were euthanized with CO and then transcardially perfused with 20 ml 1x PBS. Deep cervical
lymph nodes were dissected and drop-fixed in 4% paraformaldehyde (PFA) for 2 hours at 4 °C
and then the CUBIC clearance protocol was performed as described below in the dCLN clearance
methods sections [180]. For meningeal whole mount collection, skin and muscle were stripped
from the outer skull and the skullcap was removed with surgical scissors and fixed in 2% PFA for
12 hours at 4 °C. Then the meninges (dura mater and arachnoid mater) were carefully dissected
from the skullcaps with Dumont #5 forceps (Fine Science Tools). Meningeal whole-mounts were
then moved to PBS and 0.05% azide at 4 °C until further use. Brains were removed and kept in
4% PFA for 24 hours and cryoprotected with 30% sucrose for 3 days. A 4 mm coronal section of
brain tissue that surrounded the site of the lesion was removed using a brain sectioning device
and then frozen in Tissue-Plus OCT compound (Thermo Fisher Scientific). Fixed and frozen
brains were sliced (50 ym thick sections) with a cryostat (Leica) and kept in PBS + 0.05% azide

at 4 °C until further use.

dCLN clearance

dCLN clearance was performed following the published CUBIC protocol with modifications [180].
Briefly, nodes were incubated in 50% reagent 1 (prepared 1:1 with dH20) for 1 day at 37 °C,
shaking, with DAPI (1:1000). Nodes were then transferred to reagent 1 for 1 day at 37 °C, shaking,
with DAPI (1:1000). Nodes were washed 2 times in PBS + 0.01% sodium azide for 2 hours and

overnight with DAPI (1:1000) at 37 °C. Then nodes were incubated with 50% reagent 2 (prepared
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1:1 with dH20) for 1 day at 37 °C with DAPI (1:1000). Finally, nodes were incubated with reagent
2 for 1 day at 37 °C. Nodes were placed in 8 well chambers (155411, Thermo Fisher) with mineral

oil and imaged with confocal microscopy.

Immunohistochemistry, imaging and quantification

For immunofluorescence staining, floating brain sections and meningeal whole-mounts in PBS
and 0.05% azide were blocked with either 2% donkey serum or 2% goat serum, 1% bovine serum
albumin, 0.1% triton, 0.05% tween-20, and 0.05% sodium azide in PBS for 1.5 hours at room
temperature. This blocking step was followed by incubation with appropriate dilutions of primary
antibodies: anti-Lyve-1—eFluor 660 & eFluor 488 (eBioscience, clone ALY7, 1:200), anti-CD31
(Millipore Sigma, MAB1398Z, clone 2H8, 1:200), anti-lba1 (Abcam, ab5076, 1:300) and anti-
GFAP (Thermo Fisher Scientific, 2.2B10, 1:1000) in the same solution used for blocking overnight
at 4°C or for 3 hours at room temperature. Meningeal whole-mounts or brain tissue sections were
then washed 3 times for 10 minutes at room temperature in PBS and 0.05% tween-20, followed
by incubation with the appropriate goat or donkey Alexa Fluor 594 or 647 anti-rat, -goat (Thermo
Fisher Scientific, 1:1000) or -Armenian hamster (Jackson ImmunoResearch, 1:1000) IgG
antibodies for 2 hours at RT in the same solution used for blocking. The sections or whole-mounts
were then washed 3 times for 10 minutes at RT before incubation for 10 minutes with 1:1000
DAPI in PBS. The tissue was then transferred to PBS and mounted with ProLong Gold antifade
reagent (Invitrogen, P36930) on glass slides with coverslips. Slide preparations were stored at
4°C and imaged using a Lecia TCS SP8 confocal microscope and LAS AF software (Leica
Microsystems) within one week of staining. Quantitative analysis of the acquired images was
performed using Fiji software. For the assessment of gliosis in the injured and uninjured brains, 2
representative brain sections from the site of the lesion (approximately -0.74 to 0 bregma) or the
corresponding area in sham animals were fully imaged and at least 5 animals were included per

experimental group. The full brain section was adjusted for brightness/contrast uniformly for each
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experiment (Experiments in Figure 2.12a-c: b/c- GFAP-32/190, b/c- Iba1-51/158, experiments in
Figure 2.14h-j: b/c- GFAP- 41/224, b/c- Iba1-40/174), and the percent area of coverage of each
immunohistochemical markers was calculated per hemisphere for each brain section. Each
hemisphere was traced, and then the threshold was uniformly set for each experiment to select
for stained cells (Experiments in Figure 2.12a-c: thresh- GFAP-90/255, b/c- Iba1-115/255,
Experiments in Figure 2.14h-j: b/c- GFAP- 115/255, b/c- Iba1-139/255). The mean percent area
fraction was calculated using Microsoft Excel. For Figure 2.2, high magnification images (20x and
63x) were taken directly adjacent to the site of the injury and the entire hemisphere ipsilateral to
the injury was quantified for the levels of gliosis at each timepoint as specified above. For lymph
nodes, the percent volume of microbead coverage in cleared dCLN was assessed by creating a
3D reconstruction of the node and then calculating the volume covered by beads divided by the
total volume of the node using Fiji. The right and the left dCLN percent volume were averaged
together for each mouse. For assessment of meningeal lymphatic vessel coverage and
complexity, images of meningeal whole-mounts were acquired using a confocal microscope and
Fiji was used for quantifications. The entire meningeal whole-mount (overlying both the injured
and uninjured hemisphere) was traced and used for quantification. The percent area coverage of
Lyve-1 was used to determine the coverage of the lymphatic vessels. When applicable, the same
images were used to assess the percentage of field coverage by Lyve-1"CD31" vessels. To
assess lymphatic vessel diameter, 70 measurements per meningeal whole-mount were taken by
a blinded experimenter (40 along the transverse sinus and 30 along the superior sagittal sinus)
and were averaged together. Lymphatic vessel loops and sprouts were calculated along both the
transverse sinus and superior sagittal sinus by two independent blinded experimenters. Areas
along the edge of the transverse sinuses were excluded for sprout quantification to avoid counting
any lymphatic ends created by removal of the whole-mount. All meningeal whole mounts used for
quantification of lymphatic morphology were imaged with identical confocal settings and Fiji

parameters (b/c-Lyve-1-18/149, thresh-Lyve-1-102/255). For microglia morphology analysis, high
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magnification (63x) images of microglia were taken and the filament function in Imaris software
(9.5.1 Bitplane) was used to identify Iba1+ cells with their dendritic processes. Three fields of view
in the peri-lesional area were imaged for each section, and two sections were imaged for each
mouse. The microglia parameters for each section and field of view (cell number, filament dendrite
length, filament dendrite volume, and number of dendritic branch points) were averaged together
and plotted as one point per mouse. For the Sholl analysis, 4 microglia per field of view were

quantified for 5 mice.

Flow cytometry

Mice were euthanized and blood was collected with cardiac puncture. Red blood cells were lysed,
and then cells were then centrifuged for 5 minutes at 400 RCF and resuspended in 200 ul FACS
buffer (pH 7.4; 0.1 M PBS; 1 mM EDTA, and 1% BSA). Fluorescence data were collected with a
Gallios (Beckman Coulter), then analyzed using FlowJo software (Treestar). Single cells were
gated using the height, area, and pulse-width of the forward and side scatter. Beads were gated

based on their size and fluorescence.

eGFP or VEGF-C AAV delivery

For experiments using viral-mediated expression of mMVEGF-C to enhance meningeal lymphatic

vasculature growth, 2 yl of artificial CSF containing 10"° genome copies per ml of AAV1-CMV-
mVEGF-C or control AAV1-CMV-eGFP (AAV1, adeno-associated virus serotype 1; CMV,
cytomegalovirus promoter; eGFP, enhanced green fluorescent protein; purchased from Vector
BioLabs, Philadelphia) were injected into the cisterna magna CSF at a rate of 2 ul per minute,

following the procedure described in the intra-cisterna magna injections methods section.

Statistical analysis and reproducibility
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Sample sizes were chosen on the basis of standard power calculations (with a = 0.05 and power
of 0.8). Experimenters were blinded to the identity of experimental groups from the time of
euthanasia until the end of data collection and analysis. One-way ANOVA, with Bonferroni’'s
multiple comparison test, Tukey’s multiple comparison test, Dunnett’'s multiple comparison test,
or Holm-Sidak’s post hoc test, were used to compare multiple independent groups. Two-group
comparisons were made using unpaired Student’s t-test. For comparisons of multiple factors (for
example, age versus treatment), two-way ANOVA with Bonferroni’s post hoc test or Tukey’s
multiple comparison test was used. Repeated-measures two-way ANOVA with Bonferroni’s post
hoc test was used for day versus treatment comparisons with repeated observations. Statistical
analysis (data are always presented as mean + s.e.m.) was performed using Prism 8.0 (GraphPad

Software, Inc.).

Data availability
All data and genetic material used for this paper are available from the authors on request. Raw
and processed sequencing data can be accessed through the Gene Expression Omnibus (GEO)

at [https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE155063]. Source data for all figures

are provided with this paper.

Code availability

All code used for analysis is available at [hitps://github.com/arun-b-

dutta/TBl Lymphatics RNAseqg-Analysis].
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Chapter 3

Discussion and Future Directions

3.1 Dissertation discussion

This dissertation focused on how brain injury affects the meningeal lymphatic vessels and how
this lymphatic network shapes subsequent neuroinflammation. We presented data showing that
the meningeal lymphatic system is impaired after even mild brain injuries and that this may stem
from increases in intracranial pressure (ICP) (Chapter 2). We also demonstrated that TBI leads
to more severe neuroinflammation and cognitive dysfunction when the brain possesses pre-
existing impairments in the meningeal lymphatic system before head trauma (Chapter 2). Finally,
we determined that administration of VEGF-C to boost the meningeal lymphatic pathways can
decrease TBIl-induced neuroinflammation in aged mice (Chapter 2). Emerging evidence points to
extensive crosstalk between the immune system and the brain both under homeostatic conditions
and following brain injury [181-184]. This dissertation has contributed to the knowledge on how
the meninges serve a unique role in facilitating this crosstalk. While our studies have helped to
uncover previously undescribed roles for the meningeal lymphatic system in head trauma, we
have only just begun to scratch the surface in our understanding of how this drainage pathway
influences TBI pathogenesis. In this discussion section, | highlight some of the future directions
that | believe will be important to explore in an effort to further define how TBI-induced meningeal

dysfunction mechanistically contributes to neurological disease.

3.1.1. Alterations of the meningeal lymphatic system and the contribution of increased ICP

following TBI.
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The studies presented in this dissertation show that lymphatic drainage, following a single mild
TBI, is decreased out to a month post injury, and that increased ICP may contribute to this
decrease in drainage (Figure 3.1). Increased ICP, or intracranial hypertension, is a main driver of
morbidity and mortality post TBI [148, 185]. Current management recommendations for
intracranial hypertension following a TBI include sedation, head elevation, and control of other
factors including hypertension and seizures [186]. More severe and persistent increases in ICP
can require hyperosmolar therapy, hyperventilation and/or hypothermia [186]. In the case that
these initial methods are unsuccessful, surgical methods including CSF drainage and
decompressive craniectomy can be used to address uncontrollable ICP [186]. While these
interventions are utilized as life-saving measures, our findings suggest that early management of
increased intracranial pressure may prevent severe lymphatic damage and therefore have more
long-term benefits as well. Preventing a drastic rise in intracranial pressure following TBI may
allow for better lymphatic drainage and prevent long-term inflammatory consequences. However,
more studies are required to fully address this. For instance, one experiment that we hope to
perform in the future is to deliver a TBI and then take surgical measures to prevent a rise in
intracranial pressure within 30 minutes of injury. In one cohort of mice, intracranial pressure would
be measured before and after this surgical intervention to determine whether it was successful in
preventing the ICP rise. Specifically, we will drill two holes in the right and left parietal bones in
the skull to stimulate decompressive craniectomy, which is used to relieve increased ICP in
humans with refractory intracranial hypertension [187]. We would like to avoid doing a complete
craniectomy, as we believe this will more greatly disturb the meningeal anatomy. In a second
cohort of mice, following surgical intervention, we could then assess bead drainage to determine
whether surgical intervention prevented the decrease in bead drainage we see after TBI. This
would more fully address whether aggressive management of ICP could prevent the deficits we

see in lymphatic drainage post TBI.
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Normal Pressure

Figure 3.1. Increased intracranial pressure contributes to lymphatic dysfunction.
Schematic depicting a potential mechanism behind how ICP may contribute to meningeal
lymphatic dysfunction following brain injury. Cerebral edema and brain swelling against the
fixed area of the skull may result in compression or damage of the meningeal lymphatic

vessels.
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While we see rapid reductions in lymphatic drainage immediately following brain injury, we show
changes in the lymphatic vasculature morphology one- and two-weeks following injury. The
mechanistic driver of these morphological changes is not fully understood. Moreover, the
significance of these changes in either promoting or inhibiting drainage is not known. One
possibility is that increased ICP seen after injury drives this response through initial damage to
the lymphatic vasculature, which then promotes a lymphangiogenic healing response. A second
possibility is that cytokines such as TNF and IL-6, both of which are known to increase in the CNS
following TBI and promote lymphangiogenesis, may orchestrate these changes in lymphatic
morphology post-TBI. Most likely, a combination of factors promotes this response. While it is not
fully clear whether this transient lymphangiogenic response is beneficial or not, lymphatic
drainage does appear to improve at one- and two-weeks following injury, suggesting that it may

aid in the functional recovery of drainage.

Collectively, the rise in pressure following TBI likely contributes to a multitude of changes both in
the brain and the meninges. However, while we believe increased ICP likely contributes to the
meningeal lymphatic dysfunction seen after TBI, we do not anticipate that it is the sole cause of
this deficit. For instance, we know that there is substantial cell death within the brain and meninges
following brain injury, and likely some of the lymphatic endothelial cells involved in lymphatic
drainage are either initially damaged by the injury, or secondarily damaged by the resulting
inflammation. Moreover, the damaged blood brain barrier (BBB) allows for a massive influx of
inflammatory cells that respond to the injury into both the brain and meninges. Whether this influx
and eventual efflux of immune cells “clogs” the meningeal lymphatic system remains unknown.
Further experiments to address how different CNS components (immune cells, protein

aggregates) drain through the lymphatic system following injury are required.
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Overall, cell death, increased ICP, and the massive immune influx likely all contribute to the
decreased drainage capacities seen following injury. Aggressive management of increased ICP
may not only be a life saving measure, but may also prevent more nuanced negative long-term
consequences following injury including the heightened risk for neurodegenerative and
psychiatric diseases. Additional murine and clinical studies are required to further study long-term
outcomes following TBI with different levels of ICP control, to determine how important these initial

steps are for controlling inflammation in the brain and meninges.

3.1.2 Pre-existing lymphatic dysfunction and opportunities for therapeutic intervention.

While the meningeal lymphatic network has not been studied in many disease contexts to date, it
is clear that dysfunction in meningeal Ilymphatic drainage exists across several
disease/degenerative contexts including aging, TBI and sub-arachnoid hemorrhage (SAH) [89,
139-141, 188]. Moreover, several studies, including our own, have indicated that having lymphatic
dysfunction prior to a brain injury can worsen inflammation and behavioral outcomes [88, 89]. We
believe that instances of pre-existing lymphatic dysfunction prior to brain injury may occur in
several contexts, including in the elderly who experience a fall and TBI, or in athletes that may
experience multiple concussions within close proximity. In the case of athletics, it would be
important to understand when the lymphatic system has returned to baseline in order to determine
when the risk is at its lowest for athletes to return to play after a concussion. While the lymphatic
system has been successfully imaged in humans [86], there is still no known reliable way to
measure meningeal lymphatic flow or function outside of murine models. Accordingly, it has not
been established whether humans experience the same reduction in meningeal lymphatic
drainage in aging or following head trauma. Further advances in imaging techniques are needed
to assess whether the meningeal lymphatic system is indeed impaired in the same contexts as

seen in mice. If this proves to be the case, these same imaging techniques could be used for
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diagnostic purposes to assess the health of the meningeal lymphatic system in multiple contexts

including brain injury, aging, and brain cancers.

While diagnostic imaging may be useful to empirically evaluate defects in meningeal lymphatic
drainage function, it will be even more important to design ways to improve lymphatic function in
those that have impairments. One exciting option, treatment with vascular endothelial growth
factor C (VEGF-C), has been shown to improve meningeal lymphatic flow and improve outcomes
in multiple contexts [89, 90, 139]. In aged mice, administration of VEGF-C to the meningeal
lymphatic system was shown to improve memory as assessed by both the Morris Water Maze
(MWM) and the Novel Location Recognition Test (NLRT) [139]. In a murine model of glioblastoma,
VEGF-C was shown to increase the amount of T cells responding to the tumor [90]. This enhanced
T cell response resulted in survival of these mice and improved the efficacy of PD-1/PD-L1
checkpoint blockade therapy [90]. In an almost certainly deadly disease, advances like this
provide hope that the immune system can be modulated in a way to promote healing. Finally, my
thesis studies demonstrated that administration of VEGF-C to the meningeal lymphatic
vasculature in aged mice prior to TBI resulted in decreased gliosis in the brain parenchyma
following injury (Chapter 2) [89]. While a promising candidate for therapy in multiple contexts,
further research is required in both mice and humans to determine if VEGF-C administration is a

viable option in these various conditions.

Research on the meningeal lymphatic system is still in its infancy; multiple diseases have not
been studied in relation to this system, and we are just beginning to scratch at the surface of the
ones that have. Many questions remain concerning how this system functions in humans and
whether it could be manipulated to modulate disease progression. The burgeoning field of
neuroimmunology has exposed novel opportunities for understanding diseases of the brain that

have devastating outcomes and few therapeutic options. The meningeal lymphatic system lies at
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the interface of the brain and the immune system, and understanding how it influences the
progression and outcomes of neurodegenerative and psychiatric diseases may shed light on new

treatment possibilities.

3.2 Future directions for study

In Chapter 2, we demonstrated that the meningeal lymphatic system plays an important role in
the pathogenesis of TBI, however there is still much that is unknown about this system both in
the context of brain injury and more broadly. Beyond the lymphatic system, little is currently known
about how the meninges as a whole respond to and heal from TBI, and how this impacts
neurological function and behavior. Below, | will present plans for future studies and ideas for

follow-up work.

3.2.1 Investigate whether meningeal lymphatic dysfunction in TBI contributes to premature

amyloid beta (AB) buildup in Alzheimer’s disease (AD) mouse models.

Experiencing one or multiple TBIs results in a heightened risk for developing AD as well as an
earlier age of AD onset [29, 36, 130, 189]. Moreover, TBI is associated with a higher AB and tau
load in the brain in both humans and mouse models of AD [28, 30, 36]. The mechanisms behind
this elevated risk for neurodegenerative disease following TBI has not yet been elucidated.
Recent findings highlight that the CNS lymphatic system is impaired in aged mice, and that this
impairment can result in exacerbated accumulation of A within the meninges in mouse models
of AD [139, 140, 144]. Moreover, our findings discussed in this thesis dissertation highlight a rapid
and long-lasting impairment in the meningeal lymphatic system following brain injury (Figure 2.1).
Whether brain injury induced lymphatic dysfunction contributes to the increased risk of AD and

other sequelae following TBI remains unknown. For this future project, we hope to delineate how
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dysregulation or rejuvenation of the meningeal lymphatic system influences neurodegenerative

disease progression.

First, we will evaluate the contribution of meningeal lymphatic dysfunction to AB buildup after TBI,
which may shed light on why TBI is a risk factor for AD. To this end, we will utilize the 5xFAD
mouse model of AD, which expresses human APP and PSEN1 with 5 AD-linked mutations that
overexpress AR, to assess whether TBI results in a more rapid buildup of AB in the brain and
meninges [190]. While increased AB plaque load in the brain parenchyma has been reported after
TBI [30, 36], it is not known whether TBI also results in seeding of AB in the meninges. We have
begun to interrogate which age, injury severity, sex, and time after injury results in AR buildup.
For a pilot experiment, we injured 5xFAD male mice at 8 weeks of age, and waited until 15 weeks
of age to harvest the brains and meninges. We found that there is a trend towards increased A
load in the meninges after TBI that correlates with the righting time, which is a measure of the
injury severity (Figure 3.2a-c). However, we did not see this same trend in the brain parenchyma
(Figure 3.2d,e). In order to make more concrete conclusions, this experiment must be repeated.
Additionally, the age of injury and/or harvest, in addition to the injury severity, quality and
frequency may need to be optimized in order to reliably detect changes in AR accumulation

following TBI. We hope to follow up with additional experiments in the future.
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Figure 3.2. The effect of TBI in male 5xFAD mice on A buildup in the brain and meninges.
Male 5xFAD mice received TBI or sham treatment at 8 weeks of age and then were harvested at
15 weeks of age. Meningeal whole mounts and brains were harvested. a) Representative images
of meningeal whole mounts stained with Lyve-1 660 (grey) and AB (red) after TBI or a sham
procedure. b) Quantification of percent area of A in the meningeal whole mount (Sham n=5, TBI
n=5; data from one experiment). c) Correlation of percent area A3 with the righting time of the mice.
d) Representative images of coronal brain sections from the right hemisphere stained for AB (red)
and DAPI (blue). The right hemisphere is the hemisphere that is impacted in the TBI mice. e)
Quantification of percent area of AB in the right hemisphere of the brain (Sham n=5, TBI n=7; data
from one experiment). All n values refer to the number of mice used and the error bars depict mean

103



Once we have established a system in the lab where we can consistently demonstrate that TBI
results in more rapid accumulation of AB, we can then manipulate the lymphatic system to
determine whether impairments or improvements in this system can block or facilitate AB
clearance, respectively. Using viral delivery of VEGF-C, which will enhance lymphatic growth and
function (Figure 3.3), we will assess whether boosting lymphatic drainage after TBI helps to limit
TBIl-induced AB deposition. Prevention of AR seeding early after injury with VEGF-C treatment
may help reduce the risk of developing AD and other diseases later in life. In addition to measuring
AR levels, we also hope to use behavioral tests for memory and learning to assess whether VEGF-
C delivery can improve functional outcomes after TBI in an AB-mediated mouse model of AD.
There are several behavioral tests that are commonly used to assess memory function in the
5xFAD mouse model of AD including the MWM and the Novel Object Recognition Test (NORT)
[191]. We will use the MWM to assess learning memory function and the NORT to assess the
ability of a mouse to remember a previously-encountered object. These tests will allow us to
evaluate if boosting meningeal lymphatic drainage function with VEGF-C treatment following TBI

is effective in limiting memory deficits associated with AD.

In addition to rejuvenation of the lymphatic system, we will also disrupt the lymphatic system by
performing the same Visudyne technique discussed in Chapter 2 (Figure 2.8). We will assess
whether disruption of the lymphatic drainage before TBI results in increased A deposition in both

the brain and meninges, and whether this contributes to worsened neurologic function.
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Figure 3.3. VEGF-C administration after TBI results in lymphangiogenesis. Mice received
a TBI and then 24 hours later, either VEGF-C or a control viral construct was administered. a)
Representative images and b) lymphatic vessel diameter and percent area of Lyve-1 coverage
in meningeal whole mounts 2 weeks after TBI (Sham n=5, TBI n=5; data from one experiment).
All n values refer to the number of mice used and the error bars depict mean + s.e.m.
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Overall, these proposed experiments will address the knowledge gap of how TBI contributes to
the increased risk for neurodegenerative diseases, and whether the meningeal lymphatic system
is implicated in this risk. Understanding how the CNS lymphatic system contributes to disease
pathogenesis may allow us to devise novel treatment options to protect against sustained and

unchecked inflammation in the brain both after injury and during neurodegeneration.

3.2.2 Interrogate the meningeal response to TBI.

The brain was originally thought to be immune-privileged, and indeed, recent studies indicate that
relatively few immune cells are present within the brain parenchyma under homeostatic conditions
[192]. However, despite the paucity of immune cells in the parenchyma, there is still constant
immune signaling that occurs throughout the lifetime [181-183, 192]. Interestingly, the meninges
serve as an important source of cytokine signaling, often from immune cells that are not present
in the brain parenchyma in appreciable amounts under homeostatic conditions [63, 64]. The
meninges reside in the layer between the brain and the skull and serve as both a barrier and an
interface between the brain and the immune system. The meninges consist of three layers: the
pia, the arachnoid, and the dura mater, which contain different cell populations including
fibroblasts, immune cells, blood vasculature, and endothelial cells [56], however the full cellular
heterogeneity of the meninges is still unknown. Furthermore, the sub-arachnoid space, located
between the pia and the arachnoid, contains cerebrospinal fluid (CSF) which contains immune
cells as well. The most current complete picture of the meninges is a CyTOF dataset of the
meninges at steady state, however, CyTOF requires the selection of antibodies for known cell
populations [65]. While the current understanding of the meninges is rudimentary, it is known that
they play roles in facilitating proper CNS development, modulating behavior, and regulating

disease progression [57, 58].
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For instance, some cytokine signaling, including production of IFN-y, IL-4, and IL-17a by resident
T cells in the meninges, has been shown to be important for normal behaviors. IFN-y is important
in maintaining social behavior networks, whereas IL-4 has been implicated in positive
performance in learning and memory cognitive tests [63, 64]. Meningeal y® T cell production of

IL-17a is important for modulating anxiety-like behaviors and memory [65, 66].

In addition to meningeal T cell production of cytokines, it is known that immune cells within the
CSF in the subarachnoid space can also produce signaling molecules and interact with brain-
derived products and antigens [193, 194]. Brain interstitial fluid (ISF) and CSF intermix in the
subarachnoid space and both recirculate throughout the brain and drain through the lymphatic
network to the periphery [77, 80, 85, 171, 195]. The glymphatic system is the pathway in which
ISF is evacuated from the brain parenchyma and recirculated along arterial and venous routes
[80-83, 85, 196]. This system provides the meningeal cells and cells within the CSF with access
to brain antigens and proteins. Despite this rich immune environment and its proximity to the

brain, very little is known about the meningeal response to injury or other disease conditions.

One of the first indications implicating the meninges in the response to brain injury is the finding
that meningeal enhancement with post-contrast fluid attenuated inversion MRI can be seen in
50% of patients with mild TBls and no apparent parenchymal damage; one of the few signs of
mild TBI that can be detected by modern imaging techniques in human patients [15]. This
enhancement seen on contrast-enhanced MRI has been shown to occur within minutes of injury
[69]. Moreover, many individuals who experienced mild TBIs still experienced extravasation of
contrast into the sub-arachnoid space, indicating that the blood-brain-barrier is compromised [69].
While 83% of patients experienced resolution in meningeal enhancement 19 days after injury,

17% had persistent enhancement 3 months post-injury, indicating that some patients experienced
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prolonged periods without complete meningeal repair in mild TBI [70]. The factors that influence

this differential response to mild head injury are just beginning to be understood.

In order to better define how mild TBI affects meningeal immunity, we performed single cell RNA
sequencing (scRNA-seq) on the meninges one week post injury (Figure 3.4a). This approach
offers an unbiased and comprehensive assessment of how the different cell populations within
the meningeal environment respond to or are altered by head trauma. Before filtering and
processing of the data, we sequenced 2,703 cells in the Sham group with a median of 981 genes
per cell, and 4,345 cells in the TBI group with a median of 1,192 genes per cell. In order to assess
the cell populations present in the meninges, we reduced the dimensionality of the dataset and
displayed the data through Uniform Manifold Approximation and Progression (UMAP). Clustering
of both the Sham and TBI meninges together revealed 21 unique cell populations including
endothelial cells, fibroblasts, and ciliated ependymal cells from the pia. Additionally, the meninges
include a full repertoire of immune cells including macrophages, B cells, T cells, NK cells, dendritic
cells, plasmacytoid dendritic cells, and neutrophils (Figure 3.4b,c). When separated out by Sham
and TBI treatments, all 21 populations are still present in both groups (Figure 3.5a), however the
frequencies are varied (Figure 3.5b). Most notably, brain injury was characterized by increased
frequencies of fibroblasts and a distinct subset of macrophages that express high expression of
levels of complement-related proteins (referred to as “Activated Macrophages 17). While there is
a reduction in frequency of some other cell types (mainly the B cell populations) it is unclear
whether this is relative to the expansion of the other subsets or an actual decrease in number
(Figure 3.5b,c). These data indicate that the meninges are a heterogenous tissue at the cellular

level that undergo alterations in macrophage and fibroblast populations one week following TBI.
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Figure 3.4. The meninges are a heterogeneous tissue. Male mice at 10 weeks of age received
a TBI or sham procedure. One week later, the meninges from 5 mice per group were harvested,
pooled, and processed for single cell RNA sequencing (scRNA-seq). a) Schematic of scRNA-
seq protocol. b) UMAP representation of the cell populations present in the meninges where both
Sham and TBI groups are included. ¢) Dot plot representation of cluster defining genes for each
cell population. Graphs were calculated with Seurat by normalizing the dataset, finding the
variable features of the dataset, scaling the data and then reducing the dimensionality.
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Figure 3.5. Cell specific alterations in meningeal populations following brain injury. Male
mice at 10 weeks of age received a TBI or sham procedure. One week later, the meninges from
5 mice per group were harvested, pooled, and processed for scRNA-seq. a) UMAP
representation of the cell populations present in the meninges separated by Sham (blue) and
TBI (pink). b-c) Frequencies of cell populations in Sham v. TBI samples represented as a (b)
gradient bar chart and (c) bar graph. Graphs were calculated with Seurat by normalizing the
dataset, finding the variable features of the dataset, scaling the data and then reducing the
dimensionality.
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Because the “Activated Macrophages 1” and “Fibroblasts” cell populations were expanded post
injury, we decided to investigate these sub-populations more closely. When we looked at the
significantly upregulated genes following injury in the Activated Macrophage populations
(Activated Macrophages 1 & 2) and performed a network analysis, we saw that there were many
terms related to activation of the immune system that were enriched. Specifically, the activated
macrophages were upregulating genes important for cytokine secretion, immune cell
differentiation, motility, and chemotaxis (Figure 3.6a). When we looked at the GO terms that were
enriched, we confirmed that many processes to do with the immune system and response to
stress were the most significantly upregulated following injury (Figure 3.6b). Interestingly, we
noticed that some of these significantly upregulated genes were important for the type | IFN
response including Ifnar1, Ifi203, Irf2bp2, amongst others (Figure 3.6¢). An elevated type | IFN
signature following TBI and stroke has been shown to be detrimental for long term outcomes [120-
122, 124]. These findings suggest that meningeal macrophages upregulate inflammation-related
genes one week following brain injury and may contribute to the type | IFN signature that is seen

following brain injury.

We wanted to further investigate the fibroblast population, as this population was also expanded
following injury. We decided to first look at which meningeal layers the fibroblasts were from, and
which layer was likely responsible for the increase in fibroblasts following TBI. To accomplish this,
we examined the expression of markers for specific layers in our sample. Alp/ and Foxc2 are
known dural markers [197-199], Ptgds and Ald1aZ2 are known arachnoid markers [58, 200], and
Col18a1 is a known pial marker [57, 201]. Not surprisingly, a majority of the fibroblasts in our
sample were from the dura, the thickest layer of the meninges [170, 202], with fewer fibroblasts
residing in the pia or arachnoid layers (Figure 3.7a). When we looked at the expression level of
dural fibroblast genes before and after TBI, we saw that several of the markers (Foxc2 and Fxyd5)

were significantly upregulated, indicating that the dural compartment is likely responsible for the
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increase in frequency of fibroblast cells one week after brain injury (Figure 3.7b). We determined
the differentially expressed genes in the fibroblast group after TBI in comparison to the Sham
group, and examined which KEGG terms were enriched. Interestingly, disease pathways that
were related to neurodegenerative diseases, including Parkinson’s disease (PD), AD,
Amyotrophic lateral sclerosis (ALS) and prion disease, were the most highly upregulated following
TBI. While this may indicate that the fibroblast response following TBI may be related to an
unhealthy and diseased state, it is likely that the fibroblast response is also required for wound
healing. Further studies examining the fibroblast population at later timepoints following injury are
needed to determine whether they undergo a prolonged change in their transcriptional status, and

also to determine the consequences and significance of the fibroblast response to TBI outcomes.
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Figure 3.6. Differential gene expression analysis in macrophages following injury shows
upregulation of immune-related genes. Male mice at 10 weeks of age received a TBI or sham
procedure. One week later, the meninges from 5 mice per group were harvested, pooled, and
processed for scRNA-seq. a) Network analysis of differentially upregulated genes in the
macrophage group following injury. b) Most enriched GO terms using significantly upregulated
genes following TBI in the macrophage population. c) Violin plots depicting several significantly
upregulated genes following injury. The width of the violin plot represents the frequency of
observations at that given y-value. Therefore, the wider the violin plot, the higher the frequency
of observations. Graphs were calculated with Seurat by normalizing the dataset, finding the
variable features of the dataset, scaling the data and then reducing the dimensionality. Differential
gene expression was calculated using the ZinBWave function for zero-enriched datasets and

DESeq2. p.adj; adjusted p-value.
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Figure 3.7. Dural fibroblast population expands upon injury and upregulates disease-
related gene signatures. Male mice at 10 weeks of age received a TBI or sham procedure.
One week later, the meninges from 5 mice per group were harvested, pooled, and processed
for scRNA-seq. a) Dotplot depicting dural, arachnoid and pial fibroblasts markers where the
size represents the percentage of cells within a class. b) Violin plots of genes characteristic of
dural fibroblasts in both sham and TBI conditions. The width of the violin plot represents the
frequency of observations at that given y-value. Therefore, the wider the violin plot, the higher
the frequency of observations. ¢) Dot plot representation of the top enriched KEGG terms with
significantly upregulated genes in the fibroblast population, where the dot size is proportional
to term size. Graphs were calculated with Seurat by normalizing the dataset, finding the variable
features of the dataset, scaling the data and then reducing the dimensionality. Differential gene
expression was calculated using the ZinBWave function for zero-enriched datasets and
DESeq2. p.adj; adjusted p-value.
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In addition to determining how cellular populations were altered following injury using scRNA-seq,
we were interested in how the meningeal response to injury is altered in aging. To investigate this
question, we performed bulk RNA-sequencing (RNA-seq) on the meningeal tissue 1.5 months
post injury in both young (10 weeks of age) and aged (20 months of age) mice (Figure 3.8a).
While the young mice that had received sham and TBI clustered together, the aged mice clustered
separately (Figure 3.8b). Moreover, the aged sham and TBI mice clustered separately, indicating
that with age, the effects from TBI have more long-lasting effects on differential gene expression
(Figure 3.8b). Indeed, when we looked at the number of differentially expressed genes in all four
experimental groups, we saw that there were only a total of 22 differentially expressed genes
when comparing Young Sham with Young TBI, while there were a total of 364 differentially
expressed genes when comparing Aged Sham with Aged TBI (Figure 3.8c,d). Interestingly, when
we compared Young Sham mice with Aged Sham mice, there were 1772 differentially expressed
genes, and 2936 differentially regulated genes when comparing Young TBI mice with Aged TBI
mice (Figure 3.8c,d). This indicates that the aged meninges are substantially different than the
young meninges in their gene expression profile, and that a TBI during old age results in even
larger changes in gene expression (Figure 3.8c,d). Overall, while the young mice exhibit very few
gene expression changes 1.5 months following TBI, indicating a faster recovery, the aged mice

experience many more alterations in gene expression that persist for a longer period of time.

Because aging itself resulted in substantially different gene expression patterns, we decided to
look more closely at these differences. When looking at the top 20 up- and down-regulated genes
in the Aged Sham mice as compared to the Young Sham mice, we noticed a striking upregulation
in genes important for antibody production by B cells (Figure 3.9a). In fact, one half of the top 20
upregulated genes fell into this category (Figure 3.9a). When we examined the top most enriched
GO biological processes using the significantly activated genes in the Aged Sham mice as

compared to the Young Sham mice, we saw that immune and defense responses were most
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highly upregulated, indicating that the cells within the aged meninges have grossly upregulated
their immune response, even under homeostatic conditions (Figure 3.9b). This is consistent with
previous findings in the brain that indicate an overall upregulation of the immune response with
age [113, 114, 118]. Due to the striking nature of the upregulation of antibody production-related
genes, and recent findings that report an increase in IgA secreting plasma cells with age [203],
we more closely examined some of these genes (Figure 3.9c). There were highly significant
upregulations in genes related to the immunoglobulin heavy chain (Ighm, Ighg2b, Igha), light chain
(Igkc), and components of IgA or IgM antibodies (Jchain) (Figure 3.9c). The significance of this
upregulation in antibody production related genes with age is not fully understood and requires
further study. Interestingly, it was recently reported that IgA production in the meningeal tissue
provides an “immunological barrier’ to help prevent pathogens from gaining access to the CNS
[203]. While speculative, perhaps this upregulation in antibody production components in the
meninges is in response to weakened barriers that are seen with aging (for example, the changes
seen with the BBB [119]). Indeed, “response to external stimulus”, “defense response”, and
“response to other organism” were some of the most highly enriched GO biological processes in

aged mice as compared to young mice (Figure 3.9b).

In addition to the antibody-related gene upregulation, we also observed an upregulation of type |
interferon (Type | IFN)-related genes (Figure 3.9d). Type | IFNs have been shown to be
upregulated in aging and after brain injury in the brain parenchyma, and their elevation has
generally been thought to contribute to negative long-term outcomes in these contexts [118, 121-
124]. Our data suggests that this type | IFN signature seen with aging is also preserved within the
meningeal tissue. Amongst others, we saw highly significant increases in type | IFN-related genes
including ffit1, Ifit2, Irf7, Ifi213 and Mx1 (Figure 3.9d). Whether this type | IFN signature in the

meninges impacts the brain parenchyma requires further investigation.
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Figure 3.8. The meningeal response to injury in aging is drastically altered both at
baseline and in response to injury. a) Schematic depicting experimental layout. Male mice
at 10 weeks of age or 20 months of age received a TBI or sham procedure. 1.5 months later,
the meninges from 2-3 mice per group were harvested, pooled, and processed for bulk RNA
sequencing (RNA-seq). RNA-seq was performed on 4 experimental groups with 3 samples
per group. b) Principal component analysis (PCA) showing clustering of samples. ¢) Graphical
representation of the upregulated and downregulated genes in all four experimental groups
1.5 months post TBI. d) Volcano plots illustrate the number of significantly differentially
expressed genes (FDR<0.1). Blue data points represent significantly downregulated genes
and red data points represent significantly upregulated genes. FDR and P values were
calculated with DEseq2 using the Wald test for significance following fitting to a negative
binomial linear model and the Benjamini-Hochberg procedure to control for false discoveries.
FDR; false discovery rate.
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Figure 3.9. Aging results in an upregulation of immune-related genes in the meninges.
Male mice at 10 weeks of age or 20 months of age received a TBI or sham procedure. 1.5
months later, the meninges from 2-3 mice per group were harvested, pooled, and processed for
bulk RNA-seq. RNA-seq was performed on 4 experimental groups with 3 samples per group. a)
Heatmap representation of the top 20 most significantly upregulated and downregulated
(FDR<0.1) genes in the Sham Young vs. Sham Aged groups. The red star (*) indicates genes
associated with antibody production. b) Dot plot of GO term biological processes shows
enrichment of immune-related pathways with differentially expressed genes between young
mice as compared to aged mice. c-d) Violin plots depicting counts of significantly activated
antibody and B cell related genes (c) and type | interferon-related genes (d) with age (FDR<0.1).
The number above each graph represents the adjusted p-value calculated for each gene using
DEseqg2. The central line within each plot represents the median of the data set. The upper and
lower boundaries of the box represent the third (Q3) and first (Q1) quartiles respectively. The
violin plot encompasses the three biological repeats. The width of the violin plot represents the
frequency of observations at that given y-value. Therefore, the wider the violin plot, the higher
the frequency of observations. FDR and P values were calculated with DEseq2 using the Wald
test for significance following fitting to a negative binomial linear model and the Benjamini-
Hochberg procedure to control for false discoveries. FDR; false discovery rate.
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In order to assess the transcriptional response to TBI in aged mice as compared to young mice,
we analyzed the transcriptional response that was unique to the Young TBI v. Aged TBI
comparison and not shared with the Young Sham v. Aged Sham comparison. Of the differentially
expressed genes, there were 1186 genes that were shared amongst these two comparisons
(including many of the immunoglobulin and type | IFN-related genes), 1750 genes that were
unique to the Young TBI v. Aged TBI comparison and 586 genes that were unique to the Young
Sham v. Aged Sham comparison (Figure 3.10a). This indicates that while there are some shared
responses between aging and TBI, TBI and aging together induces a much larger change in gene
expression than aging alone. We examined more closely the differentially expressed genes
unique to the Young TBI v. Aged TBI group and not shared with the Young Sham v. Aged Sham
comparison. Using the GO molecular function terms, we saw that of the 1101 repressed genes in
the Aged TBI group, many of these genes were essential for binding processes including protein
binding and cytoskeletal binding (Figure 3.10b). When we looked more closely at the top
repressed genes unique to the Aged TBI mice as compared to the Young TBI mice, we saw that
many of these genes encode collagenases (Col4a1, Col4a2 and Colba2) and other proteins
important for making cellular junctions (Jup) (Figure 3.10c). Many of these proteins likely aid in

the wound healing response by the fibroblasts in the meninges, but are downregulated after brain

injury in aging.

Additionally, we looked at the genes that were uniquely activated in the Aged TBI mice as
compared to the Young TBI mice. Not surprisingly, many of these genes were important for the
upregulation of the immune system; the most highly enriched GO biological processes were
“defense response” and “immune system process” (Figure 3.10d). However, it is interesting that
these genes are still upregulated 1.5 months following injury, whereas the young mice do not
experience this prolonged upregulation in immune-related genes (Figure 3.10d). These findings

are consistent with other analyses of the brain parenchyma in murine stroke models showing that
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while genes important for the immune system are upregulated in aging, they are further
upregulated upon injury [113]. Some of the genes that contributed to the upregulation of these
immune-related terms include additional genes regulated to immunoglobulin production (Ighg2c),
genes important for T and B cell signaling (Cd24a, Zap70, Cxcr6) and other genes important for
innate immunity and cell death (Casp12, C2) (Figure 3.10e). These findings highlight some of the
distinct changes seen in the aged meningeal tissue following TBI as compared to TBI in young
meningeal tissue. Specifically, we have shown a downregulation in genes important for the

extracellular matrix and cellular binding and an upregulation in immune-related genes.

Overall, our findings have shed new light on the incredibly heterogeneous and dynamic nature of
the meningeal tissue. The meninges respond to injury by proliferation of fibroblasts and
macrophages, and upregulation of genes related to the immune system. Moreover, the gene
expression patterns of the meninges are drastically altered in aging, with large upregulations in
genes essential for immunoglobulin production and the type | IFN pathway. Upon injury, the aged
meninges appear to fail to upregulate the production of collagenases and other genes important
for cell junction formation, while they continue to upregulate genes involved in immune signaling.
These findings are in contrast to the young meninges, that appear to have almost completely

returned to baseline 1.5 months following injury.

120



Q

Activated Genes

O = Young Sham v. Aged Sham
O = Young TBI v. Aged TBI

Repressed Genes

C 15000 9510 1 Young TBI
@ Aged TBI
6.3x1022
@ 10000
5 1.5x1020
3 A
5000 a A ?
\V4 é 1.6x10°18
P B
O T T T T
N
W \""gb @'gb W
c® P c®

o

5

10 1

5

-log10(adjusted p-value)

intersection_size

150

120
90
60

purine ribonucleoside triphosphate binding -

@ 5000~

Repressed genes Unique to Aged TBI

protein binding -

binding -
enzyme binding - L]
actin binding 4 .
cytoskeletal protein binding 4 °

protein—containing complex binding -
actin filament binding - o

protein domain specific binding- @
anion binding
GTPase binding 4
actin-dependent ATPase activity 4
ion binding -

identical protein binding -
carbohydrate derivative binding -

microfilament motor activity - ¢

small GTPase binding- ®

motor activity 4 e

calmodulin binding - e

protein kinase binding - @

molecular adaptor activity - @

extracellular matrix structural constituent- e
kinase binding - ®

nucleotide binding | ®

nucleoside phosphate binding - ®
[}

term_size
@ 5000
@ 10000

intersection_size

750
500
250

N

Y ©

-log10(adjusted p-value)

p<1.0x10% 1500+

[ Young TBI
4000- 7.0x10%5 [ Aged TBI
""5’3000— 1000 é 0002
3
G2000- $
500- % g oo
1000+ 0001 (g 0004 &
e Sl ay Sy
Qe | SCO \ A o
\(‘3(\04‘ 06(1’ oF 'b%Q R

121



Figure 3.10. A unique gene signature following TBI in aged mice shows downregulation
of extracellular matrix components and upregulation in immune processes. Male mice at
10 weeks of age or 20 months of age received a TBI or sham procedure. 1.5 months later, the
meninges from 2-3 mice per group were harvested, pooled, and processed for bulk RNA-seq.
RNA-seq was performed on 4 experimental groups with 3 samples per group. a) Venn Diagram
depicting unique and shared differentially regulated genes between the Young Sham v. Aged
Sham and Young TBI v. Aged TBI groups (FDR<0.1). b) Dot plot of GO term molecular function
shows enrichment in processes important for molecule binding with the genes unique to the
Young TBI v. Aged TBI comparison. c) Violin plots depicting counts of significantly repressed
extracellular matrix related genes (FDR<0.1). d) Bar plot of GO term biological process shows
enrichment in immune-related processes with the genes unique to the Young TBI v. Aged TBI
comparison. e) Violin plots depicting counts of significantly activated immune-related genes
(FDR<0.1). (c,e) The number above each graph represents the adjusted p-value calculated for
each gene using DEseq2. The central line within each plot represents the median of the data
set. The upper and lower boundaries of the box represent the third (Q3) and first (Q1) quartiles
respectively. The violin plot encompasses the three biological repeats. The width of the violin
plot represents the frequency of observations at that given y-value. Therefore, the wider the
violin plot, the higher the frequency of observations. FDR and P values were calculated with
DEseq2 using the Wald test for significance following fitting to a negative binomial linear model
and the Benjamini-Hochberg procedure to control for false discoveries. FDR; false discovery
rate.

3.2.3 Investigate how the meningeal lymphatic system shapes brain development and adult

behavior.

The meninges develop alongside the CNS, and are critical for shaping brain development [57,
58]. Important signals released from the meninges in development, including all-trans retinoic
acid, have been shown to be critical for corticogenesis [58]. Moreover, meningeal release of
Cxcl12 is instrumental for proliferation of cerebellar progenitor cells and proper spatial
arrangements of granule cells in the cerebellum and hippocampus [59-62]. While some is known
about how the meninges as a whole shape brain development, little is known about how the
meningeal lymphatic system can shape brain development. The meningeal lymphatic system
serves as a facilitator of neuro-immune interactions, as it drains CSF, cells, and cellular
byproducts from the CNS to the peripheral lymph nodes [76, 91]. While its function is important

for health in adulthood and its disruption has been linked to disease, it is unclear whether this
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system is serving a function in early life. For this future direction, our goals are to investigate the

role of the meningeal lymphatic system in brain development.

There are many unanswered questions about the meningeal lymphatic system in development.
While one study demonstrated that the lymphatic system appears morphologically similar to the
adult lymphatic vasculature by 28 days post birth in mice [78], it is still unknown whether this
system is functional in draining at this timepoint. To answer this question, we will perform intra-
cisterna magna (ICM) injections of fluorescent beads and harvest the lymph nodes in mice at 21
days old (weanlings) and 28 days old (when the lymphatic system appears morphologically
mature) to assess functionality of drainage to the periphery. This will help us determine whether
meningeal lymphatic drainage to the periphery is occurring by these timepoints. If both of these

timepoints appear to have effective drainage, we will try even earlier timepoints.

Once we have determined when lymphatic drainage is effective, we would like to further
investigate the role of the meningeal lymphatic system in CNS development. We will use methods
to block or enhance meningeal lymphatic drainage in order to assess its roles in development. If
ICM injections are possible at these early ages, we can use the same techniques we utilized in
our published work: Visudyne ablation for blocking the meningeal lymphatic system (Figure 2.8),
and viral vector delivery of VEGF-C for boosting lymphatic growth (Figure 2.13, Figure 3.3).
However, there are many additional possibilities to manipulate the lymphatic system if these
methods prove to be unsuccessful. For instance, we could consider utilizing a VEGFR3-antibody
fusion protein, VEGFR31.4-Ig, which ablates VEGF-C signaling, and deliver this directly to the
lymphatic vasculature through ICM injection [78]. The dorsal meningeal lymphatics require VEGF-
C/VEGRRS3 signaling for development and maintenance of the vasculature [78, 140], so removing
either of these signaling components results in a lack of development or regression of the dorsal

meningeal lymphatic vasculature.
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Moreover, an mRNA construct that expresses VEGF-C was also developed to avoid the
immunogenicity of viral vector delivery of VEGF-C and to promote faster growth of the lymphatics
[90]. All of these different techniques for promoting or blocking the lymphatics could be delivered
ICM. However, if ICM injections prove to be challenging or unsuccessful in infant or young mice,
other methods are available. There are gels that can be applied to thinned skulls in adulthood to
promote meningeal lymphatic growth, and the skull is likely sufficiently thinned in young mice to

use these gels without further manipulation [15, 76, 139].

Once we have established effective ways to boost and block meningeal lymphatic growth and
development in neonatal and young mice, we will study the brain and CSF to determine how
normal development of this drainage system affects the developing brain. First, | would like to
take more of an unbiased approach using scRNA-seq. | would like to disrupt meningeal lymphatic
development and then perform scRNA-seq of the brain parenchyma in adulthood. This will help
determine whether there are cell-specific alterations in gene expression that occur as a result of
improper meningeal lymphatic system development, and will provide an overview of genes and

cell populations that will be interesting to pursue in follow-up studies.

In addition to the scRNA-seq experiment, | would like to harvest and pool CSF from adult mice
that have lacked proper meningeal lymphatic vasculature throughout development and mice
where the lymphatic system has developed normally. | will then analyze the cellular composition
of the CSF, because it is known that the CSF is rich in immune cells, and some of these cells
have been implicated in neurodegenerative disease [193]. However, very little is known about
how these immune cells within the CSF interact with the brain in homeostasis. By examining the
CSF after lymphatic dysfunction in development, | hope to determine whether the meningeal
lymphatic system is critical for the makeup of the CSF immune cell population, and hope to further

assess the functions of these cells in healthy development.

124



Finally, | would like to disrupt and prematurely enhance meningeal lymphatic development in
developing mice, and then assess behavioral readouts in adulthood in order to determine whether
alterations in the timing of meningeal lymphatic system development results in behavioral
abnormalities. | will perform tests for memory and learning capabilities (Morris Water Maze, Novel
Location Recognition Test), a test for motor performance (Rotarod), tests for anxiety (Open Field
and Elevated Plus maze) and a test for sociability (Social Preference). These behavioral tests will
allow me to assess a broad spectrum of normal mouse behaviors to determine whether
disruptions in the meningeal lymphatic system can have long lasting and broad consequences on

brain function.

Overall, the future directions outlined here will deepen the field’s understanding of how the brain
and the immune system interact to shape normal development. Furthermore, if we find that the
meningeal lymphatic system is important for brain development, this system can be interrogated

further in other neurodevelopmental disorders such as autism and schizophrenia.

3.2.4 Determine whether the meningeal lymphatic system affects neuronal health following brain

injury.

In our findings detailed in this dissertation, we highlight that pre-existing lymphatic dysfunction
before a TBI results in increased gliosis and poor behavioral outcomes when compared to TBI
alone (Figure 2.11). While these findings clearly indicate a role for the meningeal lymphatic
system in TBI pathogenesis, it is unclear how this system is influencing specific cell populations
in the brain. It is known that TBI can lead to long-lasting changes to neuronal morphology,
dendritic spine formation, and synapse formation [26]. However, little is known about how the

meningeal lymphatic system may be influencing neuronal health in the context of TBI. For this
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future direction, we hope to investigate how the lymphatic system, in the context of TBI, affects

the neuronal population (Figure 3.11).

In order to investigate this question, we will use the familiar two-pronged approach of both
blocking meningeal lymphatic function before TBI using Visudyne and boosting lymphatic function
following TBI using VEGF-C. We hypothesize that, due to the increased inflammation we have
seen in our previous studies, that neuronal health will be negatively affected following injury with
pre-existing lymphatic dysfunction. Namely, following TBI with prior lymphatic dysfunction, we
anticipate that there will be fewer dendritic spines and fewer synapses. Conversely, we anticipate
that improving the lymphatic system in aged mice (that already have existing lymphatic
dysfunction) may improve neuronal health following injury, including increased synapse and spine
density (Figure 3.11). We will use the Thy-1-YFP reporter mouse to analyze neuronal morphology
with Imaris and synapses will be stained using antibodies specific for PSD-95 and Synapsin to

study pre- and post-synaptic markers, respectively.

Overall, we anticipate that this research will provide a deeper appreciation of how the meningeal
lymphatic system can shape the native cells of the brain, which has not been studied to date.
Moreover, we believe that further research in this area could lead to a greater understanding of
the memory and learning impairments commonly found in TBI patients.® Developing a deeper
understanding for how pre-existing lymphatic dysfunction affects neuronal health after TBI is
critical for understanding why elderly populations and individuals with previous TBls, two
populations that often have impairments in lymphatic drainage, suffer disproportionately from

negative long-term outcomes.®
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Figure 3.11. Working hypothesis. Schematic depicting the working hypothesis for how the
meningeal lymphatic system may affect neuronal health.
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3.3 Concluding Remarks

TBI is a common and devastating condition that leads to many debilitating long-term outcomes
and a higher risk for neurodegenerative disease. While it is believed that an unchecked immune
response may contribute to these negative outcomes, how the brain and the immune system
interact with one another following brain injury is very complex and multifaceted. An
understanding of how these two systems work together to resolve injury or promote pathogenic
features is critical for preventing the devastating long-term outcomes seen following TBI, and also
for understanding other neurodegenerative and psychiatric diseases. In this dissertation, we
studied the meningeal tissue to understand how the lymphatic network and immune cells within
this tissue respond to and affect brain injury. We found that the meningeal lymphatic network is
impaired following TBI and that impairment in this system can impact the infammatory state of
the brain post injury. Additionally, using scRNA-seq and bulk RNA-seq in experiments that are
still ongoing, we discovered that the cellular composition and transcriptome of meningeal tissue
undergoes multiple alterations following TBI and that aging induces striking alterations in the
meninges both in the context of injury and in homeostasis. In this dissertation, we provide novel
insights into how the meningeal compartment changes following injury, and how the meningeal
lymphatic network can then influence the brain. These discoveries presented here shed light on
the dynamic immune response following TBI and provide new methods for modulating the

immune response following injury.

3.4 Materials and Methods

Mice
All mouse experiments were performed in accordance with the relevant guidelines and regulations

of the University of Virginia and approved by the University of Virginia Animal Care and Use
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Committee. C57BL/6J mice were obtained from Jackson Laboratories. Mice were housed and
behavior was conducted in specific pathogen-free conditions under standard 12-hour light/dark
cycle conditions in rooms equipped with control for temperature (21 + 1.5°C) and humidity (50 %
10%). Males were used for all studies for consistency within the RNA sequencing data, as sex
can influence this readout. All aged mice were between 18 and 24 months of age and were

obtained from the National Institute on Aging (NIA) Aged Rodent Colonies.

Traumatic brain injury

This injury paradigm was adapted from the published Hit and Run model [169]. Mice were
anesthetized by 4% isoflurane with 0.3 kPa O, for 2 minutes and then the right preauricular area
was shaved. The mouse was placed prone on an 8 x 4 x 4-inch foam bed (type E bedding, open-
cell flexible polyurethane foam with a density of approximately 0.86 pounds per cubic feet and a
spring constant of approximately 4.0 Newtons per meter) with its nose in a nosecone delivering
1.5% isoflurane (purchased from Foam to Size, Ashland VA). The head was otherwise unsecured.
The device used to deliver TBI was a Controlled Cortical Impact Device (Leica Biosystems,
39463920). A 3 mm impact probe was attached to the impactor device which was secured to a
stereotaxic frame and positioned at 45 degrees from vertical. In this study, we used a strike depth
of 2 mm, 0.1 s of contact time and an impact velocity of 5.2 meters (m) per second (s). An impact
velocity of 6.2 m per s was used for the TBI severity studies in Figure 2.4. The impactor was
positioned at the posterior corner of the eye, moved 3 mm towards the ear and adjusted to the
specified depth using the stereotaxic frame. A cotton swab was used to apply water to the injury
site and the tail in order to establish contact sensing. To induce TBI, the impactor was retracted
and dispensed once correctly positioned. The impact was delivered to the piriform region of the
brain. Following impact, the mouse was placed supine on a heating pad and allowed to regain
consciousness. After anesthesia induction, the delivery of the injuries took less than 1 minute.

The time until the mouse returned to the prone position was recorded as the righting time. Upon
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resuming the prone position, mice were returned to their home cages to recover on a heating pad
for six hours with soft food. For sham procedures, mice were anesthetized by 4% isoflurane with
0.3 kPa O, for 2 minutes and then the right preauricular area was shaved. The mouse was placed
prone on a foam bed with its nose secured in a nosecone delivering 1.5% isoflurane. The impactor
was positioned at the posterior corner of the eye, moved 3 mm towards the ear and adjusted to
the specified depth using the stereotaxic frame. A cotton swab was used to apply water to the
injury site and the tail in order to establish contact sensing. Then, the impactor was adjusted to a
height where no impact would occur, and was retracted and dispensed. Following the sham
procedure, the mouse was placed supine on a heating pad and allowed to regain consciousness.
Mice were allowed to recover on the heating pad in their home cages for 6 hours with soft food

before being returned to the housing facilities.

Tissue collection

Mice were euthanized with CO; and then transcardially perfused with 20 ml 1x PBS. For meninges
whole mount collection, skin and muscle were stripped from the outer skull and the skullcap was
removed with surgical scissors and fixed in 2% PFA for 12 hours at 4 °C. Then the meninges
(dura mater and arachnoid mater) were carefully dissected from the skullcaps with Dumont #5
forceps (Fine Science Tools). Meningeal whole-mounts were then moved to PBS and 0.05%
azide at 4 °C until further use. For meninges collection for scRNA-seq, the skullcap was removed
as previously described, and placed into DMEM medium. Meninges were then scraped from the
skullcap and processed further to create a single cell suspension. For meninges collection for
bulk RNA-seq, the skullcap was removed as previously described, and placed into DMEM
medium. The meninges were scraped from the skullcap and were immediately snap-frozen at —-80
°C in TRIzol (15596018, Life Technologies), until further use. Brains were removed and kept in
4% PFA for 24 hours and cryoprotected with 30% sucrose for 3 days. A 4 mm coronal section of

brain tissue that surrounded the site of the lesion was removed using a brain sectioning device
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and then frozen in Tissue-Plus OCT compound (Thermo Fisher Scientific). Fixed and frozen
brains were sliced (50 um thick sections) with a cryostat (Leica) and kept in PBS + 0.05% azide

at 4 °C until further use.

RNA extraction and sequencing

For RNA extraction from the meningeal tissue, the meninges were harvested as described in
“Tissue Collection”. After defrosting on ice, 10 silica beads were added to each tube and the tissue
was homogenized for 30 seconds using a mini bead beater. Following homogenization, the
samples were centrifuged for 12,000xg for 10 minutes at 4 °C. The supernatant was transferred
to a new tube and incubated at room temperature for 5 minutes. 0.1 mL of chloroform was added
to the supernatant, vortexed, incubated for 2 minutes at room temperature and then centrifuged
at 12,000xg for 15 minutes at 4 °C. The top aqueous phase was transferred into a new Eppendorf
tube and the RNeasy Micro Kit (74004, Qiagen) was used to isolate the RNA. RNA was frozen at
—-80 °C until sent for sequencing. For sequencing, total RNA samples were sent to GENEWIZ for

library preparation and paired end sequencing.

Meningeal preparation for sScRNA-seq

The day before meningeal harvest, Eppendorf tubes were coated with FACS buffer (1% BSA,
1mM EDTA in PBS) overnight. Mice were exsanguinated and perfused transcardially with ice-
cold PBS with heparin (0.025%). The skull caps were prepared as described in “Tissue
Collection”. Meninges were peeled from the skull cap and placed in ice-cold DMEM for the entirety
of collection. Meninges were then digested for 15 minutes at 37 °C with constant agitation using
1 mL of pre-warmed digestion buffer (DMEM, with 2% FBS, 1 mg/mL collagenase VIl (Sigma
Aldrich), and 0.5 mg/mL DNase | (Sigma Aldrich). The enzymes were neutralized with 1 mL of
complete medium (DMEM with 10% FBS) and meninges were then filtered through a 70 um cell

strainer. An additional 2 mL of FACS buffer was added, samples were centrifuged at 400xg for
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five minutes, and samples were resuspended in FACS buffer. After two washes, cells were
resuspended in FACS buffer with DAPI (0.2 ug/mL). Singlet gates were selected using pulse width
of the side scatter and forward scatter. Cells negative for DAPI were selected for being live. Cells
were sorted into 1.5 ml tubes with ice cold DMEM. Following sorting, cells were centrifuged again
at 450xg for 4 mins and the media was aspirated. Cells were resuspended in 200 uL 0.04% BSA
in PBS (0.04% non-acetylated BSA) and centrifuged again. Cells were counted in 20 ul of 0.04%
BSA in PBS using trypan blue. Approximately 4,000 cells per sample were loaded onto a 10X
Genomics Chromium platform to generate cDNAs carrying cell- and transcript-specific barcodes
and sequencing libraries constructed using the Chromium Single Cell 3’ Library & Gel Bead Kit 2.
Libraries were sequenced on the lllumina NextSeq using pair-ended sequencing, resulting in

50,000 reads per cell.

SCRNA-seq analysis

The raw sequencing reads (FASTQ files) were aligned to the UCSC mm10 mouse genome build
using Cell Ranger (v1.3.1) which performs alignment, filtering, barcode counting and unique
molecular identifier (UMI) counting. R studio was used for all downstream analyses and Seurat
(v.3.9.9) was used for filtering out low-quality cells, normalization of the data, determination of
cluster defining markers and graphing of the data on UMAP [204, 205]. Low-quality cells were
excluded in an initial quality-control (QC) step by removing genes expressed in fewer than three
cells, cells with fewer than 150 genes expressed, and cells expressing more than 5000 genes.
Cells with more than 20% of mitochondrial-associated genes and cells with more than 5%
hemoglobin among their expressed genes were also removed. Genes with high variance were
selected using the FindVariableGenes function, then the dimensionality of the data was reduced
by principle component analysis (PCA) and identified by random sampling of 20 significant

principal components (PCs) for each sample with the PCEIbowPIot function. Cells were clustered
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with Seurat’s FindClusters function. Differential gene expression analysis was performed within
clusters using the ZinBWave function and DESeq2 [206]. Data was organized and graphs were

created using ggplot2, tidyverse and dplyr [207, 208].

RNA-seq analysis

The raw sequencing reads (FASTQ files) were aligned to the UCSC mm10 mouse genome build
using the splice-aware read aligner HISAT2 [174]. Samtools was used for quality control filtering
[175]. Reads were sorted into feature counts with HTSeq [176]. DESeg2 was used to normalize
the raw counts based on read depth and perform principal component analysis and differential
expression analysis [177]. The p-values were corrected with the Benjamini-Hochberg procedure
to limit false positives arising from multiple testing. The gene set collections from MSigDB were
used for differential gene set enrichment analysis [159]. The analysis itself was performed using
the Seg2Pathway, fgsea, tidyverse, and dplyr software packages. Heatmaps were generated

using the pheatmap R package [https://github.com/raivokolde/pheatmap] while other plots were

made with the lattice (http://lattice.r-forge.r-project.org/) or ggplot2 [https://ggplot2.tidyverse.org]

packages. All code used for analysis is available upon request.

Immunohistochemistry, imaging and quantification

For immunofluorescence staining, floating brain sections and meningeal whole-mounts in PBS
and 0.05% azide were blocked with either 2% donkey serum or 2% goat serum, 1% bovine serum
albumin, 0.1% triton, 0.05% tween-20, and 0.05% sodium azide in PBS for 1.5 hours at room
temperature. This blocking step was followed by incubation with appropriate dilutions of primary
antibodies: anti-Lyve-1—eFluor 660 (eBioscience, clone ALY7, 1:200), anti-lba1 (Abcam, ab5076,
1:300) and anti-GFAP (Thermo Fisher Scientific, 2.2B10, 1:1000), anti-AB (Cell Signaling
Technologies, D54D2, 1:200) in the same solution used for blocking overnight at 4°C or for 3

hours at room temperature. Meningeal whole-mounts or brain tissue sections were then washed
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3 times for 10 minutes at room temperature in PBS and 0.05% tween-20, followed by incubation
with the appropriate donkey Alexa Fluor 488, 594, 647 anti-rat, -goat, -rabbit (Thermo Fisher
Scientific, 1:1000) IgG antibodies for 2 hours at room temperature in the same solution used for
blocking. The sections or whole-mounts were then washed 3 times for 10 minutes at room
temperature before incubation for 10 minutes with 1:1000 DAPI in PBS. The tissue was then
transferred to PBS and mounted with ProLong Gold antifade reagent (Invitrogen, P36930) on
glass slides with coverslips. Slide preparations were stored at 4°C and imaged using a Lecia TCS
SP8 confocal microscope and LAS AF software (Leica Microsystems) within one week of staining.
Quantitative analysis of the acquired images was performed using Fiji software. For the
assessment of gliosis in the injured and uninjured brains, 3 representative brain sections from the
hippocampus were fully imaged. The full brain section was adjusted for brightness/contrast
uniformly for each experiment, and the percent area of coverage of each immunohistochemical
markers was calculated per hemisphere for each brain section. Each hemisphere was traced, and
then the threshold was uniformly set for each experiment to select for stained cells. The mean

percent area fraction was calculated using Microsoft Excel.

Statistical analysis and reproducibility

Sample sizes were chosen on the basis of standard power calculations (with a = 0.05 and power
of 0.8). Experimenters were blinded to the identity of experimental groups from the time of
euthanasia until the end of data collection and analysis. One-way ANOVA, with Bonferroni’'s
multiple comparison test, Tukey’s multiple comparison test, Dunnett’'s multiple comparison test,
or Holm-Sidak’s post hoc test, were used to compare multiple independent groups. Two-group
comparisons were made using unpaired Student’s t-test. For comparisons of multiple factors (for
example, age versus treatment), two-way ANOVA with Bonferroni’s post hoc test or Tukey’s
multiple comparison test was used. Repeated-measures two-way ANOVA with Bonferroni’s post

hoc test was used for day versus treatment comparisons with repeated observations. Statistical
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analysis (data are always presented as mean + s.e.m.) was performed using Prism 8.0 (GraphPad

Software, Inc.).
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