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Abstract 
 

 Mild traumatic brain injuries (mTBI) often cause meningeal vascular injury 

and cell death that can spread into the brain parenchyma. This triggers a local 

inflammatory response that fosters the recruitment of peripheral immune cells, 

including neutrophils and both subsets of blood monocytes (classical and non-

classical). The regenerative capacity of the meninges as well as the factors that 

dictate the recovery trajectory following mTBI are presently unknown. Most mTBI 

patients resolve their meningeal vascular damage within 2-3 weeks, although the 

injury persists in a subset of patients for months. Using a closed-skull compression 

model of mTBI, we found that meningeal vasculature can regenerate within 7 days 

of injury, coinciding with a dynamic, bifurcated myeloid cell response. Both 

inflammatory classical monocytes and non-classical monocytes from the blood 

swarmed the meninges 1 day after injury followed by an accumulation of 

CX3CR1+ macrophages over the ensuing 4-7 days. Wound-healing CD206+ 

macrophages preferentially located around the perimeter of the lesion in close 

proximity to regenerating blood vessels while CD206- myeloid cells localized to the 

lesion core. Peripheral depletion of neutrophils and classical monocytes increased 

pathology due to inefficient dead cell clearance, but re-vascularization of the 

wound was not affected. Interestingly, vascular regeneration was significantly 

impaired only when non-classical monocytes were depleted, resulting in a 

reduction of CD206+ macrophages specifically around the perimeter of the lesion. 

These macrophages promoted angiogenesis through fibrin clearance and matrix 

metalloproteinase 2 production. Together, these studies demonstrate that 
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neutrophils, monocytes, and resident macrophages participate in coordinated yet 

divergent wound-healing responses to mTBI.  

  Complications such as repetitive head injuries or viral infections following 

mTBI have the potential to significantly alter the immune response and impact 

wound repair. To understand the effects of repetitive insults on CNS repair, a 

secondary injury was applied at either an inflammatory (day 1) or wound-healing 

(day 4) time-point. Interestingly, a secondary injury experienced during the acute 

inflammatory, but not the wound-healing, phase aborted this angiogenic repair 

program and enhanced inflammation following mTBI. No structural damage or 

macrophage cell death was observed following re-injury at the day 4 time-point. A 

peripheral infection by lymphocytic choriomeningitis virus (LCMV) during peak 

vascular damage delayed wound repair and promoted a significant meningeal 

CD8+ T cell response. Structural damage to the meninges / glia limitans barrier, 

allowed CD8+ T cells to enter the brain parenchyma where activated microglia 

upregulated CD11c. The infected environment also shifted the myeloid cells to a 

more inflammatory state, reducing the amount of CD206+ macrophages around 

the lesion. These changes ultimately led to a global suppression of angiogenesis-

related genes in the presence of LCMV, most notably vascular endothelial growth 

factor (VEGF) A and its receptor VEGFR2. Taken together, these findings 

demonstrate that meningeal vasculature can efficiently regenerate  after injury due 

to robust inflammatory and wound-healing immune responses. However, this 

wound repair can be significantly disrupted by both sterile and viral insults following 

the initial injury. 
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Chapter 1 

Introduction 

The influence of neuroinflammation on TBI 

 
Traumatic brain injury (TBI) elicits an inflammatory response in the central 

nervous system (CNS) that involves both resident and peripheral immune cells. 

TBI can cause many reactions, one of the most prominent being 

neuroinflammation. Damage to the central nervous system (CNS) elicits 

inflammatory responses from resident microglial and macrophages as well as 

peripheral immune cells such as neutrophils, monocytes, and T cells. Meningeal 

tissue is often vulnerable to neuroinflammation and immune cell infiltration 1. The 

upper most layer of the meninges, the dura, is located directly below the skull bone 

and features non-fenestrated vasculature and resident macrophages 2. Below the 

dura, cerebral spinal fluid (CSF) flows through the subarachnoid space within the 

arachnoid mater. The final meningeal barrier is the more tightly-regulated, stromal 

pia mater that covers the parenchyma, where microglia cells reside and act as 

CNS immune sentinels. Microglia and resident macrophages immediately respond 

to injury after sensing damage associated molecular patterns (DAMPs), such as 

ATP or intracellular proteins that are released from damaged or dying cells 3. 

Signaling from DAMP receptors initiates local cytokine and chemokine production, 

affecting the immediate environment as well as providing a cue for peripheral 

immune infiltration 4. A major question in the field of TBI research is how the 
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immune response influences the pathogenesis of brain injury and recovery. While 

a number of studies suggest that neuroinflammation is detrimental and inhibitory 

to neural regeneration following TBI, the failure of anti-inflammatory drugs to 

achieve a therapeutic benefit in human clinical trials supports a growing need to 

more carefully interrogate the duality of TBI-induced immunity.  Immune reactions 

do indeed possess the means to cause damage, but they also play a critical role 

in promoting tissue repair and recovery following brain injury.  

Microglia are resident immune sentinels that respond to nearly all 

inflammatory events within the CNS (Fig. 1.1).  Their exact contribution to the 

pathogenesis of brain injuries is not entirely understood, but studies have shown 

that microglial activation can persist for years following TBI in humans 5. For 

example, analysis of microglia and associated pathology in TBI patients revealed 

clusters of activated microglia (evidenced by CR3 and CD68 immunoreactivity) in 

28% of patients that survived for more than 1 year following a single brain injury 5. 

These patients also showed active signs of white matter degeneration, indicative 

of a chronic pathological process.  However, it is unclear whether microglia are 

active participants in this prolonged degenerative process or are simply responding 

to the pathology induced by other mechanisms.  Investigators have attempted to 

interrogate microglia in animal models of TBI, although the results are not 

definitive.  Minocycline is an antibiotic with anti-inflammatory properties that is 

commonly used to suppress microglia / macrophage activation 6. This compound 

showed some therapeutic benefit (i.e. reduced microglia activation, brain lesion 

size) in a weight drop model of TBI 7, but the improvement cannot be linked 
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Figure 1.1: Resident microglia dynamics following brain injury. (a, b) Two-
photon z-stacks captured through a thinned skull (blue) window of CX3CR1gfp/+ mice 
show the morphology of macrophages and microglia (green) in the meninges and brain 
parenchyma, respectively. Naïve microglia are ramified, whereas meningeal 
macrophages have a worm-like appearance (a). Within minutes to hours after a 
meningeal contusion injury, meningeal macrophages rapidly disappear (die) and 
activated microglia migrate to the glia limitans and assume a “jellyfish” morphology that 
allows them to fill spaces previously occupied by dead astrocytes.  These cells 
participate in phagocytosis and reduce leakage from the meninges into the underlying 
brain parenchyma (b). 
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exclusively to the effect of minocycline on microglia.  Another study similarly 

concluded that microglia are pathogenic by studying cortical injury in NADPH 

oxidase-2 (NOX2)-/- mice 8. NOX2 is a subunit of NADPH oxidase expressed by 

activated microglia and known to generate reactive oxygen species (ROS). Both 

ROS production and lesion sizes were reduced in injured NOX2-/- mice, suggesting  

that microglia-derived ROS exacerbates TBI damage 8.  Because the mice in this 

study were globally deficient in NOX2, it will be important in future studies to link 

pathogenic NOX2 activity exclusively to microglia. 

Peripherally-derived myeloid cells have also been implicated in TBI 

pathogenesis.  Following CNS injury, blood-derived monocytes migrate to the site 

of damage where they differentiate into macrophages and persist as needed until 

the inflammation subsides. Even though macrophages aid wound-healing 

responses, many studies have concluded that monocytes are inherently 

pathogenic after TBI.  For example, a subset of circulating monocytes express C-

C chemokine receptor type 2 (CCR2), and macrophage numbers were reduced by 

>80% following cortical injury of CCR2-/- mice. This resulted in improved 

hippocampal neuronal survival and functional recovery relative to wild-type 

controls 9. This study demonstrates that peripheral CCR2+ monocytes can 

contribute to hippocampal damage following direct cortical injury.  Additional 

studies are needed to address whether all injured brain regions suffer the same 

fate after invasion by CCR2+ monocytes, and how other monocyte subsets 

contribute to TBI pathogenesis and recovery. 
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Immunosuppressive Clinical Trials 

 
The association between neurodegeneration and neuroinflammation has 

stimulated a great deal of interest in using immunosuppressive treatments for CNS 

injuries. Many drugs with anti-inflammatory properties, such as corticosteroids, 

non-steroidals, statins, and specific cytokine inhibitors have been tested in different 

TBI animal models 10. While many of these treatments were effective in lessening 

pathology and improving neurological function, the results varied based on the 

injury model and/or treatment window. Based on promising pre-clinical data, large 

phase III clinical trials were conducted to assess the efficacy of 

immunosuppressive treatments in the acute phase of TBI. Corticosteroids had 

been used for decades to treat head injuries without a substantial amount of clinical 

data to support their efficacy. In 2004, a definitive trial found that administration of 

methylprednisolone within 8 hours of injury increased the risk of death at 6 months 

post-TBI 11. The treatment group was also less likely to have a favorable recovery 

(based on the Glasgow Outcome Scale) at 6 months. Another clinical trial 

examined the effects of treating TBI patients with progesterone, an anti-

inflammatory neurosteroid, within 4 hours of head injury 12. Evaluation at 6 months 

post-injury revealed no significant difference between progesterone and the 

placebo control groups in terms of mortality or favorable outcomes. These trials 

demonstrate that suppressing the immune response acutely after a head injury at 

best has no effect and at worst actually increases the risk of death 6 months later. 
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The benefit of CNS inflammation 

 
  Why have potent immunosuppressive drugs failed to benefit TBI patients 

in phase III stage clinical trials?  At least some inflammation may be necessary in 

the acute stage of CNS injury to clear damage and set the stage for remodeling 

efforts. Immunity promotes regeneration in peripheral tissues 13, so it is 

counterintuitive to think that neuroinflammation is universally neurodegenerative.   

The immune system is usually an active participant in wound-healing.  Within the 

CNS, positive aspects of immune cells that mobilize in response to damage include 

clearing dead cells, supporting the barrier system, and setting the stage for wound 

healing 14, 15. Microglia, monocytes, macrophages, neutrophils, and T cells can 

collectively orchestrate a response that preserves neural tissue and fosters 

regeneration.   

 Due to their ubiquitous presence and abundant DAMP sensors, microglia 

are usually among the first responders to brain damage. For example, microglia 

express several purinergic receptors that allow them to quickly respond to 

extracellular purines, such as ATP.  Detection of extracellular ATP causes 

microglia to project processes toward a site of damage within minutes. In a 

meningeal contusion model, ATP released by surface-associated astrocytes in the 

damaged glial limitans (a structure that separates the meninges and brain 

parenchyma) caused underlying microglia to shift into honeycomb- and jellyfish-

like morphologies (Fig. 1.1) that are known to provide barrier support and debris 

clearance, respectively4, 16. Acute inhibition of this response increased the amount 

of neural cell death in the parenchyma 16. Microglia also participated in immediate 
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CNS barrier support following damage of cerebral capillaries 17. Capillary damage 

caused by focal laser injury induces a purinergic-receptor dependent extension of 

microglia processes toward the vascular wall in an effort to prevent leakage into 

the parenchyma. Inhibition of this response resulted in capillary leakage that lasted 

three times longer than observed in control mice 16.  In addition to providing barrier 

support, microglia and peripheral myeloid cells also clear debris from the injured 

CNS (Fig. 1.2 c-d). Following damage to the corpus callosum, impaired myelin 

clearance by microglia leads to a decreased recruitment of oligodendrocyte 

precursor cells, resulting in disorganized and defective axonal remyelination 18. In 

general, microglia are critical participants in the acute phase of a CNS injury. 

Sealing barriers and clearing debris are just two benefits of having these cells 

involved in the response. 

Despite the various protective layers separating the CNS from peripheral 

tissues, immune cells infiltrate the CNS in response to trauma. In a model of spinal 

cord injury, neutrophil recruitment was necessary for proper wound healing and 

repair 19. Mice treated with neutrophil-depleting antibodies exhibited decreased 

astrocyte reactivity at the injury site, larger lesions, and worse neurological 

outcomes. Neutrophils are also recruited to the meninges in a purinergic receptor-

dependent manner following acute brain injury, and interference with this response 

actually increased the amount of meningeal cell death (Fig. 1.2 a-b) 16.  It is 

presently unclear how neutrophils contribute to neuroprotective responses 

following CNS injury, but these cells do have ability to recruit peripheral monocytes 

within a day or two.  Spinal cord injury elicits a marked recruitment of pro-
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Figure 1.2: Peripheral myeloid cell dynamics following mTBI. (a,b) 
Lysozyme-Mgfp/+ myelomonocytic cells (neutrophils/monocytes; green) are recruited to 
sites of meningeal cell death (red) beginning ~1 hour after TBI.  A two-photon z-stack 
captured at 24 hours post-injury demonstrates that nearly all the myelomonocytic cells 
responding to cell death are in the meninges (top 30 microns of z-stack) (a) as opposed 
to the parenchyma (bottom 30 microns of same z-stack) (b). (c,d) Meningeal 
macrophages repopulate the meninges beginning ~ 2 days post-injury where they 
assume the role of scavengers. Time-lapse two-photon movies of the meningeal space 
show a single macrophage that had previously engulfed a dead cell extending a 
process to phagocytose another one at 2 days post-injury (c) and a macrophage 
probing and sampling a dead cell at 4 days post-injury (d). 
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inflammatory macrophages that is followed several days later by wound-healing 

macrophages 20. When this wound-healing response was blocked, mice were 

unable to properly repair the lesion and recover motor skills 20. Similar to peripheral 

tissues, innate immune cells are essential for tissue remodeling and repair in the 

CNS. The challenge is to develop strategies that foster wound-healing responses 

while impeding maladaptive neuroinflammation. 

The adaptive immune system is usually associated with the containment 

and clearance of pathogens, but T cells can also play a positive role in CNS injury 

responses. CNS damage can promote the non-specific recruitment of CD4+ T cells 

that produce interleukin-4 (IL-4) in a MHC II-independent manner. Release of IL-4 

potentiates neurotrophin signaling that helps stimulate axonal regrowth after injury. 

Mice lacking T cells or IL-4 demonstrated increased neuronal loss and neurological 

dysfunction following CNS injury 21. During CNS tissue repair, effector and 

regulatory CD4+ T cells work in tandem. Regulatory T cells (Tregs) often keep 

immune responses in check, modulating inflammatory mediators to promote 

wound healing and remodeling. Depletion of Tregs prior to CNS injury increased 

the recruitment of effector CD4+ T cells and improved neurological recovery.  In 

contrast, Treg depletion several days after injury actually interfered with the tissue 

repair process 22. Similar to the transition from pro-inflammatory to wound-healing 

macrophages, these Treg data show that the neuroinflammatory response to injury 

changes as time progresses. 
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Specialized immune cells survey the CNS 

Historically viewed as an immune privileged site with no lymphatic drainage, 

the central nervous system (CNS) is now recognized as being able to mount robust 

immune responses to both infections and sterile injuries.  In fact, two recent studies 

uncovered that the CNS is directly connected to secondary cervical lymph nodes 

via a standard lymphatic drainage system that can promote the generation of 

peripheral immune responses 23, 24.  Although immune cell migration into the CNS 

is tightly regulated due to the blood-brain barrier (BBB) 25, there exist routes that 

peripheral leukocytes can utilize to enter the cerebral spinal fluid (CSF), choroid 

plexus (CP), meninges, perivascular spaces, and eventually parenchymal tissue 

(Fig. 1.3) 26. Specialized innate immune sentinel cells are stationed at each of 

these locations and are conveniently named: meningeal macrophages, 

perivascular macrophages, CP macrophages, and microglia, the resident 

macrophages of the CNS (Fig. 1.3) 27, 28, 29. These cells provide critical surveillance 

of the CNS under steady-state conditions and are the first cells to detect foreign 

pathogens or tissue damage and initiate an immunological intervention 28. The 

CNS, like any other organ system, must react to infection or tissue injury at the 

local level but also recruits help from the periphery to aid in efficient pathogen 

clearance and/or debris cleanup. Regulation of this immune response is crucial in 

protecting the CNS from further tissue damage due to immunopathology, and 

lingering inflammation can sometimes hinder the tissue repair process. How does 

the CNS use the same fundamental immunological machinery to mount responses 

against these two different classes of inflammatory stimuli?  Additionally, once 
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Figure 1.3: Initiation of immune responses to injury or viral infection in 
the CNS. (a) Upon sterile brain injury induced by meningeal compression, 
damaged cells release DAMPs that spread into the parenchyma due to glia 
limitans breakdown and are promptly detected by microglia. Microglia polarize 
towards DAMP signals becoming activated and assuming supportive 
(honeycomb) or phagocytic (jellyfish) morphologies at the glia limitans. 
Neutrophils are recruited from the blood due to a robust production of 
chemokines, extravasating within the meningeal space to gain access to the 
lesion area. (b) Upon viral infection, macrophages and microglia will detect the 
foreign pathogen and become activated. Production of chemokines and anti-
viral cytokines (interferons) act on the local environment while also attracting 
T cells and myelomonocytic cells from the periphery. Upregulation of MHC 
molecules and antigen presentation on infected microglia, macrophages, 
stromal cells, and astrocytes, etc. support and enhance a T cell -mediated 

immune response.  Abbreviations:  OD, oligodendrocyte; M, macrophage. 
This figure was illustrated by Ethan Tyler at the NIH Medical Arts Design 
Section. 
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underway how is the immune system regulated to limit pathology and foster repair 

in a sensitive organ system like the CNS? 

 

Recognition of CNS pathogens by pattern recognition 

receptors 

Most immune responses begin with pattern recognition receptors (PRRs) 

sensing pathogen associated molecular patterns (PAMPs) via Toll-like receptors 

(TLRs), RIG-like receptors (RLRs), or Nod-like receptors (NLRs) 30. Binding of 

PAMPs to these sensor receptors can activate the transcription factor NFκB, which 

induces the expression of pro-inflammatory cytokines such as interleukins (IL-1, 

IL-6, IL-12) and tumor necrosis factor alpha (TNF-α) 31 . In the case of a viral 

infection, RLR and TLR members will sense viral nucleic acids and induce 

expression of type-I interferons (IFN-I) via interferon regulatory factor (IRF) 

activation 32, 33. Early production of IFN-I is critical in controlling the spread of CNS 

viral infections and often promotes host survival 34.  Even local CNS infections, like 

vesicular stomatitis virus (VSV) introduced intranasally, induce distal IFN-I 

signaling throughout the brain 35.  The purpose of long-distance signaling is to 

generate a global CNS antiviral state and limit viral spread while waiting for 

pathogen-specific adaptive immune cells to arrive.  IFN-I induces a diverse antiviral 

program in the CNS that can help coordinate immune activity after viral infection.  

For example, a recent study showed that IFN-I signaling is responsible for nearly 

all differential gene expression and innate immune cell dynamics following CNS 
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infection by lymphocytic choriomeningitis virus (LCMV) 36. LCMV is a non-

cytopathic arenavirus recognized by cytosolic RLRs, retinoic acid-inducible gene I 

(RIG-I) and melanoma-differentiation-associated gene 5 (MDA5) 37.  In the 

absence of IFN-I signaling and antiviral T cells, LCMV established widespread 

persistence throughout the CNS, but induced almost no gene expression, 

microglia activation, or recruitment of circulating myelomonocytic cells 36.  The 

CNS was essentially “naïve” despite viral persistence.  These data demonstrate 

how instructive IFN-I signaling can be in the virally infected CNS and provide a 

possible explanation for why so many neurotropic viruses have acquired strategies 

to block this important pathway 38.  However, it is important to note that not all 

neurotropic viruses have such a strong reliance on IFN-I release for detection.  

Cytopathic viruses, for example, can alert the immune system through direct 

cellular damage and release of damage associated molecular patterns (DAMPs) 

39. 

CNS bacterial infections are detected via innate immune sentinels (e.g. 

microglia, macrophages) in a manner similar to viruses. Components of bacteria 

such as cell wall peptidoglycans, liposaccharides, and flagellin are sensed by 

inflammasome receptors like NLRP3, NLRC4, and absent in melanoma 2 (AIM2). 

Inflammasomes form oligomeric structures in the cytoplasm, recruit caspase-1, 

and facilitate the proteolytic cleavage of pro-IL-1β and pro-IL-18 into their secreted 

active forms 40. For example, CNS microglia were shown in vitro to restrict growth 

of Legionella pneumophilia via NLRC4 41. Detection of bacterial flagellin was 

necessary to induce expression of caspase-1 and promote subsequent processing 
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of pro-IL-1β and pro-IL-18 41.  This type of inflammatory signaling is sometimes 

critically important in mounting the early defense against CNS-invading bacteria.  

Staphylococcus aureus infection of the CNS promotes inflammasome activation, 

and a recent study showed that 50% of mice deficient in caspase 1/11 or 

apoptosis-associated speck-like protein containing a caspase-1 recruitment 

domain (ASC) succumbed to infection within 24 hrs 42.  ASC is an adaptor protein 

that fosters recruitment of pro-caspase 1 to the inflammasome.  Interestingly, the 

AIM2 (but not the NLRP3) inflammasome was identified as the critical ASC-

dependent sensor in this model, as survival and production of pro-inflammatory 

cytokines / chemokines were both diminished in AIM2-/- mice 42. Together, these 

data demonstrate that immediate innate sensing of pathogens in the CNS not only 

promotes survival but sets the stage for a more comprehensive immune response 

that follows.   

 

Initiation of sterile immune reactions by damage 

associated molecular patterns  

In addition to warding off invading pathogens, immune sentinels must also 

detect and respond to sterile injuries that disrupt CNS homeostasis. Most models 

of CNS injury such as traumatic brain injury (TBI) and spinal cord injury (SCI) 

induce two phases of damage: the primary mechanical injury (e.g. severing of 

spinal cord tissue) and a secondary injury phase propagated by neurotoxic 

mediators such as reactive oxygen species (ROS), excitatory glutamate, and 
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calcium, among others 4. Similar to PAMP recognition of microbes, innate myeloid 

cells in the CNS sense sterile injuries via PRRs that bind to DAMPs (Fig. 1.3) 39.  

DAMPS represent a variety of intracellular proteins and nucleic acids that are 

released upon cellular stress or necrosis 39. Many members of the TLR, RLR, and 

NLR families recognize certain damage molecules as well as PAMPs 31, 39. TLR4 

has classically been associated with recognizing lipopolysaccharide (LPS) on 

gram-negative bacteria, but was also shown to bind DAMPs, such as heat shock 

proteins (Hsp60, Hsp70), chromatin-associated high-mobility group protein B1 

(HMGB1), fibronectin, and fibrinogen following tissue damage 43. The functional 

significance of this recognition in the injured CNS was recently studied in TLR4-/- 

mice exposed to controlled cortical impact (CCI) 44 – an animal model of TBI 45. 

When compared to wild type controls, TLR4-/- mice had reduced brain lesions and 

secondary inflammation as well as improved neurological function following CCI, 

implicating TLR4 signaling in the pathogenesis of TBI 44.  Both microglia and 

neurons express TLR4 and addition of exogenous Hsp60 (a TLR4 ligand) to 

microglia / neuron co-cultures promoted neuronal death, which was dependent on 

microglia TLR4 expression 46.  Direct injection of Hsp60 into the CSF also induced 

both neuronal and oligodendrocyte death through a mechanism dependent on 

TLR4 and MyD88 46. Interestingly, while LPS and Hsp60 share TLR4 as a receptor, 

intrathecal injection of Hsp60 did not induce glial activation or a robust pro-

inflammatory response like LPS 46, suggesting that the CNS responds differentially 

to endogenous vs. pathogen-derived TLR4 agonists.   
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Another DAMP released by neural and immune cells following CNS injury 

is adenosine triphosphate (ATP). ATP can be liberated from dying cells or actively 

pumped out of intact cells via connexin or pannexin hemichannels, which serves 

as an inflammatory amplifier 47, 48.  ATP and its derivatives, adenosine diphosphate 

(ADP) and adenosine, are detected by purinergic receptors that are divided into 

two classes:  P1 receptors detect adenosine, whereas P2 receptors recognize 

ATP, ADP, and other nucleotides.   A number of studies have demonstrated that 

purinergic receptor signaling plays an important role in CNS sterile injury 

responses 16, 49, 50, 51.  For example, intravital microscopy (IVM) studies revealed 

that focal laser injury in the brain induces purinergic receptor-dependent 

projections of microglia and astrocytes toward the injury site, which helps facilitate 

lesion containment and clean up 49, 50, 51.  Similarly, nucleotides released following 

focal cortical contusion (a model of mild TBI), trigger a robust microglial response 

dependent on purinergic receptor (P2X4R, P2Y6R, P2Y12R) signaling 16. 

Following cortical contusion, microglia rapidly moved to the damaged glia limitans 

(a membrane comprised of astrocyte foot processes and basal lamina that 

separates the brain and spinal cord from the meninges) where they morphed into 

honeycomb- and jellyfish-like structures to support injured or dying astrocytes, 

respectively (Fig. 1.1, 1.3)  16.  Inhibition of this acute response via transcranial 

purinergic receptor (P2Y6R) or connexin hemichannel blockade enhanced 

breakdown of the glia limitans and cortical cell death, suggesting that this early 

inflammatory response to focal brain injury is neuroprotective 4, 16.  
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 The challenge with modulating purinergic receptors following CNS injury is 

that individual receptors are typically expressed on multiple cell populations.  For 

example, P2X4R and P2X7R are two commonly expressed purinergic receptors in 

the CNS, and their stimulation can promote inflammasome activation 52, 53, 54.  

Evaluation of P2X4R-/- mice following spinal cord injury revealed reduced 

myelomonocytic cell infiltration and tissue damage 54.  Generation of bone marrow 

chimeras between wild type and P2X4R-/- mice linked the neuroprotective effect of 

purinergic receptor deficiency to a CNS resident cell, possibly spinal cord neurons 

or microglia 54.  Interpretation of P2X7R blocking studies is similarly complicated 

by its expression pattern.  The receptor is found on neurons, astrocytes, and 

neutrophils, among others.  Following focal cortical contusion, transcranial P2X7R 

antagonism increased cell death in the meninges, likely due to inhibition of 

neutrophil recruitment 16.  In contrast, blockade of this receptor following CCI or 

spinal cord injury decreased tissue pathology and improved recovery 55, 56.  Thus, 

purinergic receptor modulation can have differing effects depending on the nature, 

location, and timing of the CNS injury. In addition to the local effects on resident 

CNS cells, modulation of these pathways can also affect the recruitment and 

function of peripheral immune cells, which are known to express purinergic 

receptors 47. 
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Recruitment of peripheral immune cells to sites of 

infection and injury 

The CNS contains resident innate immune sentinels that are among the first 

responders to infection and injury, but peripheral leukocytes are nevertheless 

recruited to aid in local inflammatory responses.  For example, following CNS 

infection, both innate (monocytes, neutrophils) and adaptive (CD8+ T cells, CD4+ 

T cells, B cells) immune cells are recruited to the CNS where they participate in 

pathogen containment / clearance (Fig. 1.3, 1.4).  Sterile injuries, on the other 

hand, often rely more heavily on recruitment of innate myelomonocytic cells to aid 

in damage cleanup and initiation of repair (Fig. 1.3, 1.4), although adaptive T and 

B cell responses can participate as well 57. After spinal cord injury, it was found 

that monocytes are recruited to the injury site via distinct routes based on their 

activation phenotypes 20. “Classical” monocytes (Ly6Chi CX3CR1lo CCR2hi) with 

pro-inflammatory and phagocytic properties were the first to arrive following injury, 

which was followed days later by “non-classical” tissue-healing monocytes (Ly6Clo 

CX3CR1hi CCR2lo) 20. Interestingly, the Ly6Chi monocytes trafficked to the injury 

site via the leptomeninges proximal to the lesion in a CCR2-dependent manner, 

whereas the Ly6Clo were recruited via the brain ventricular CP in a VCAM-1-

dependent manner and then trafficked through the CSF to the injury site 20.  It was 

proposed that the monocyte entry route influences their eventual function within 

the CNS, with those trafficking through CP and CSF playing a more anti-

inflammatory role.  
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The CP is an important route of entry into the CNS that is also used by T 

cells to gain access to the CSF and perivascular spaces where they can interact 

with antigen presenting immune sentinels 26, 58.  These interactions are often 

critical in providing a defense against CNS-invading pathogens like LCMV, human 

immunodeficiency virus, West Nile virus (WNV), etc.  WNV is a mosquito-borne 

flavivirus that can cause a meningoencephalitis in humans.  Using a rodent model 

of WNV infection, it was demonstrated that recruitment of innate cells and virus-

specific T cells into the CNS is essential for viral control 59, 60. Lymphocytes are 

recruited to the CNS and accumulate in perivascular spaces due to high levels of 

CXCL12 expression; they then migrate into the parenchyma when CXCL12 levels 

decline 61, 62. IL-1β is a key regulator in this process that can promote CXCL12 

expression in cerebral microvasculature and restrict T cell movement into the 

parenchyma by promoting CXCR4-mediated T cell adhesion 61.  In general, the 

meninges and perivascular spaces are much more supportive of immune activity 

than the CNS parenchyma.  For example, a recent IVM study showed that antiviral 

CD8+ T cells preferentially divide in the virally infected meninges vs. the 

parenchyma 63.  This finding was confirmed by another IVM study showing rare 

CD8+ T cell division in the brain parenchyma after infection with the intracellular 

parasite, Toxoplasma gondii 64.  Thus, the restrictions imposed on immune cells in 

the parenchyma are more stringent than those in the meninges and perivascular 

spaces.  These restrictions likely limit the amount of immunopathology that 

develops in the CNS parenchyma at the cost of creating a more favorable 

environment for invading pathogens. 



20 
 

 

Immune-mediated control of CNS pathogens 

 
When a pathogen invades the CNS, the job of resident and peripherally 

recruited immune cells is to identify and remove the infection to prevent spreading 

and minimize tissue damage. This can be accomplished by cytopathic and non-

cytopathic effector mechanisms (Fig. 1.4), which have been reviewed elsewhere 

65, 66.  The CNS is especially intolerant of immunopathology due to its abundance 

of irreplaceable cells (e.g. neurons). Nevertheless, cytotoxic CD8+ and helper 

CD4+ T cells with a pathogenic potential play an important role in CNS pathogen 

clearance. Following CNS infection with neurotropic mouse hepatitis virus (MHV), 

delayed depletion of CD4+ T cells did not alter virus-specific CD8+ T cell 

recruitment into the CNS, but instead impaired their function (IFN-, granzyme B 

production) and survival, resulting in uncontrolled viral titers 67.  These data 

highlight the importance of helper T cells in maintaining effector CD8+ T cell 

responses during CNS infection.  It is likely that CD4+ T cells similarly maintain 

effector B cells in the infected CNS, and this may be linked in part to local 

production of IL-21 by helper T cells 68, 69, 70.  

The mechanisms used by T cells to control pathogens are varied and 

include granzymes, perforin, IFN-, TNF-α, Fas ligand, and tumor necrosis factor-

related apoptosis-inducing ligand (TRAIL) (Fig. 1.4).  These effector molecules 

can promote pathogen clearance either by inducing death in infected cells 

(cytopathic) or by promoting clearance without cellular injury (noncytopathic) 65, 66.  



21 
 

A recent study of West Nile virus (WNV) revealed that mice deficient in TRAIL had 

significantly lower survival rates and elevated viral titers in the CNS, but not 

peripheral tissues 71. It was further revealed in this study that CD8+ T cells used 

TRAIL to help control WNV in infected neurons. TRAIL-mediated control of WNV 

is just one example of how T cells protect the CNS; however, it is important to note 

that this protection sometimes has negative consequences 72.  During LCMV 

meningitis, CD8+ T cells can induce a pathogenic recruitment of innate 

myelomonocytic cells that break down cerebral blood vessels and contribute to 

fatal CNS edema (Fig. 1.3) 73.  CD8+ T cells can also release IFN- onto virally 

infected neurons, promoting loss of dendrites and synapses 74. In contrast, another 

recent study showed that cerebral pathology does not always result from antiviral 

T cell activity in the infected CNS.  Therapeutic administration of antiviral CD8+ and 

CD4+ T cells to mice persistently infected from birth with LCMV resulted in 

noncytopathic clearance of virally infected microglia following conversion into 

CD11c+ APCs 75.  Importantly, this clearance was achieved in an IFN--dependent 

manner without evidence of myelomonocytic cell recruitment, vascular breakdown, 

or microglia cell death.  These data suggest that infected microglia can resist 

cytopathic effector mechanisms and that antiviral T cells operating alone in the 

virally infected CNS are not always inherently pathogenic. 

 

Immune clean-up of the injured CNS 

 
While pathogen clearance is the primary responsibility of the immune 

system following infection, it takes on a fundamentally different role in the injured 
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Figure 1.4: Debris cleanup and regulation of viral clearance in the CNS. 
(a) Dead cells and debris such as myelin are cleared from the lesion site by resident 
microglia and peripherally-derived macrophages. Cellular phagocytosis is mediated in 
part by recognition of phosphoserines on dead cell membranes by scavenger 
receptors. Activated astrocytes surround the lesion area to form the glial scar, which 
acts as a physical barrier to infiltrating cells and also may secrete anti-inflammatory 
cytokines or growth factors (TGF-β). (b) Viral control is primarily orchestrated by T 
cells and/or B cells (not shown). Cytotoxic lymphocytes (CD8+) recognize MHC I-
displayed viral peptides on the surface of infected cells and form an immune synapse 
in order to secrete effector molecules (e.g. granzyme B) onto the target cells. Helper 
T cells (CD4+) recognize MHC II peptides expressed by microglia/macrophages as 

well as dendritic cells (not shown) and secrete anti-viral cytokines (e.g. IFN). 
Immunosuppressive cytokines (IL-10) as well as upregulation of PD-L1 on target cells 
act to dampen the inflammatory response and limit immunopathology.  Abbreviations:  

OD, oligodendrocyte; M, macrophage. This figure was illustrated by Ethan Tyler at 
the NIH Medical Arts Design Section. 
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CNS.  Microglia are usually among the first responders to sterile injuries, and one 

of their primary roles is clearing debris and dead cells from the lesion site 76.  They 

also help maintain the integrity of CNS barrier structures like the glia limitans (Fig. 

1.3). Monocyte-derived macrophages (MDMs) recruited to the injury site from the 

periphery also participate in phagocytosis, but their arrival is usually delayed by 

hours or days. One day after SCI, injured axons are engulfed primarily by microglia 

77. However, at day 3 post-SCI, the balance shifts with the infiltration of MDMs from 

local meningeal vessels or the CSF via choroid plexus.  By day 7, MDMs are the 

predominant population in contact with injured axons. There is evidence that TLR4 

has a role in the phagocytosis of degenerating axons, as microglia from TLR4-/- 

(but not TLR3-/-) mice are significantly impaired in clearing axonal debris in vitro 

and in vivo 78.  Clearance of axonal debris by microglia is thought to pave the way 

for regrowth of axons. 

 Another major component of cellular debris that is phagocytosed after injury 

is myelin, an insulating sheath produced by oligodendrocytes that surrounds CNS 

axon fibers (Fig. 1.4).  Studies have shown that myeloid cells can acquire either 

pro- or anti-inflammatory properties following myelin ingestion 79, 80.   For example, 

myelin-containing macrophages in multiple sclerosis lesions (a human 

demyelinating disease) are thought to possess anti-inflammatory functions 79.  In 

contrast, SCI induces bone marrow-derived macrophages to transition from anti- 

to pro-inflammatory within a week of injury 80.  Upon continual acquisition of myelin 

debris, the phagocytic capacity of myeloid cells can eventually become saturated, 

resulting in enhanced inflammation and neurotoxicity. This pro-inflammatory state 
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is maintained by iron accumulation and the release of TNF-α by macrophages 81. 

Thus, the role played by myeloid cells in the damaged CNS probably depends on 

the duration and magnitude of the injury.  Having CNS-resident and peripherally-

derived myeloid cells both participate in debris cleanup at different stages of injury 

reduces the probability of the phagocytic system becoming saturated.  A recent 

study demonstrated that for some injuries, peripherally-derived macrophages 

might not even be required for cleanup 82.  Upon oral ingestion, cuprizone induces 

oligodendrocyte death, and this toxin is commonly fed to rodents to induce acute 

demyelination, which is followed by remyelination after cuprizone is removed from 

the diet 83, 84.  Using this model, it was demonstrated that CCR2+ monocytes had 

no effect on the demyelination or remyelination process 82.  However, CX3CR1-

deficiency greatly impeded the ability of microglia to clear myelin debris, which 

subsequently interfered with remyelination.  These data further emphasize the 

importance of proper debris cleanup in facilitating CNS repair.  Both microglia and 

peripherally-derived macrophages can participate in this process depending of the 

type of injury, but the system can become saturated over time, likely triggering a 

state of chronic inflammation.   

Another important component of the myeloid cell phagocytic system is 

TREM2 (triggering receptor expressed on myeloid cells 2) expressed by 

macrophages and microglia.  This surface receptor binds to anionic ligands, such 

as lipopolysaccharide (LPS) and dextran sulphate, which can promote 

phagocytosis of pathogens and CNS debris 85, 86. Following brain ischemia, 

microglia upregulate TREM2, and TREM2-/- mice show reduced numbers of 
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activated microglia, a larger infarct size, and decreased functional recovery 87.  

Two recent studies also demonstrated that TREM2 deficiency impeded the ability 

of microglia to clean up myelin debris in the cuprizone model of demyelination 88 

and acquire β-amyloid in an animal model of Alzheimer’s disease 89.  Thus, TREM2 

signaling plays an important role in fostering cleanup of the damaged CNS by 

microglia, which subsequently primes the system for repair.   

Collectively, these data demonstrate that a complex interplay exists 

between local CNS phagocytes like microglia and recruited macrophages, with the 

latter often arriving to the injured CNS in a delayed manner to take over some 

cleanup responsibilities initiated by microglia.  Depending on the source of debris 

in need of clearance (e.g., myelin, apoptotic cells, damaged axons, etc.), one 

phagocytic cell type may be better suited to handle cleanup than another. 

Additional studies are required to determine how the CNS calls upon and then 

regulates resident vs. peripherally-derived phagocytes as well as how the ensuing 

response influences the ability of the CNS to regenerate. 

 

Regulation of neuroinflammation following infection and 

injury 

It is critical for the CNS to properly regulate inflammatory responses to 

infection and injury to limit immunopathology. Resident glial cells of the CNS as 

well as peripheral infiltrates, such as regulatory T cells (Treg cells), participate in 

producing factors that directly suppress pro-inflammatory cells. Treg cells are a 



26 
 

subset of CD4+ T cells that function as immunosuppressors of effector CD8+ and 

CD4+ T cell functions 90. The timing of Treg involvement is crucial during CNS 

infections, as effector T cells are required for pathogen clearance early on, but 

their persistence can be detrimental to neural cells. In some cases, Treg-mediated 

immune suppression is beneficial, as in the case of WNV 91; however, in other 

instances of CNS infection, where the pathogen is the main cause of tissue 

damage, this type of immunosuppression is detrimental 92. Following MHV 

infection of the CNS, depletion of Treg cells induced an exacerbated inflammatory 

response characterized by an enhanced infiltration of lymphocytes and increased 

apoptotic neurons, which was linked to the expansion of autoreactive CD4+ T cells 

93.  Importantly, Treg cells can be used therapeutically to dampen antiviral T cell 

responses to CNS infections, an effect that is mediated in the CNS-draining 

cervical lymph nodes 94, 95.  Antiviral T cells can therefore be regulated even before 

they migrate into the CNS; however, mechanisms must also exist to regulate their 

survival and functions upon CNS infiltration. 

Expression of the programmed death ligand-1 (PD-L1) on CNS APCs can 

aid in suppression of CD8+ and CD4+ T cells through engagement of the 

programmed death receptor-1 (PD-1) on pathogen-specific T cells (Fig. 1.4) 96. 

Resident microglia upregulate PD-L1 after Theiler’s murine encephalomyelitis 

virus (TMEV) infection, which was demonstrated in vitro to depend on IL-6 and 

IFN-I signaling 97. Another study found that IFN- could also induce upregulation 

of PD-L1 on cultured microglia, and both IFN--stimulated microglia and astrocytes 

were able to inhibit murine cytomegalovirus-specific CD8+ T cell activity when co-
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cultured together 98.  The importance of the PD-L1 / PD-1 pathway was examined 

in vivo using the mouse hepatitis virus (MHV) infection model 99, 100.  After MHV 

infection, PD-L1 was expressed primarily on oligodendrocytes, although transient 

expression on microglia was also observed.  Genetic deletion of PD-L1 in mice 

improved viral control by CD8+ T cells, but also increased bystander axonal 

damage and morbidity, indicating that this regulatory pathway maintains a tolerable 

balance between viral control and immunopathology in the infected CNS.   

 In addition to the PD-1 pathway, cells (e.g. macrophages, microglia, 

astrocytes) can also secrete immunosuppressive cytokines such as TGF-β or IL-

10 to dampen CNS inflammation following infection or injury (Fig. 1.4). As 

mentioned, monocytes are recruited to spinal cord lesions following injury, where 

they differentiate into macrophages 20.  These macrophages can acquire an 

immunoregulatory phenotype and produce IL-10.  Depletion of monocytes / 

macrophages using CD11c-diphtheria toxin receptor mice was shown to enhance 

microglial activation and reduce spontaneous recovery following SCI 101.  Adoptive 

transfer of wild-type (but not IL-10 deficient) monocytes into depleted animals 

restored spontaneous recovery, demonstrating that the engagement of anti-

inflammatory pathways by MDMs is an important part of the tissue repair process 

following SCI.  IL-10 can also suppress innate and adaptive immune cells following 

CNS infection 102, 103, 104.  Infection of IL-10-/- mice with neuro-adapted Sindbis virus 

resulted in an accelerated paralytic disease that was linked to an increased 

recruitment of pathogenic CD4+ T cells expressing IFN- (Th1) and IL-17 (Th17) 

103.  These CD4+ T cells also showed elevated expression of effector cytokines like 
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granzyme B, IL-17, IL-22, and GM-CSF, demonstrating that IL-10 can dampen the 

activity of potentially pathogenic T cells in the virally infected CNS.     

 During a sterile injury, both CNS-resident and peripherally-derived immune 

cells must be regulated to prevent over-activation.  Extracellular ATP, as 

mentioned, routinely serves as an inflammatory amplifier after injury and infection 

by binding to purinergic receptors 47, 48.   Inflammatory responses are usually 

dampened as ATP is converted into adenosine by CD39 and CD79, which then 

binds to adenosine receptors (P1 receptors). Adenosine receptors are expressed 

by both CNS resident cells as well as peripheral innate and adaptive immune cells 

105, 106. There are four different types of adenosine receptors (A1, A2A, A2B, A3), and 

studies indicate that modulation of A2A receptor in particular has immunoregulatory 

effects following CNS injury 107, 108. Paradoxically, both A2A receptor (A2AR) 

agonism and antagonism can reduce tissue damage and improve motor function 

following SCI 109.  When an A2AR agonist or antagonist was injected directly into 

the injured spinal cord, only the antagonist was neuroprotective, suggesting that 

the beneficial effects of A2AR agonism were mediated primarily on peripheral 

immune cells.  A2AR antagonism is thought to act locally by reducing neuronal 

excitoxicity in the injured CNS, which occurs when excess levels of glutamate over-

stimulate neurons upon binding to NMDA receptors. This conclusion is supported 

by a bone marrow chimera study showing that the positive benefit of A2AR agonism 

is abrogated by deletion of A2AR from hematopoietic cells.  Moreover, the beneficial 

effects of A2AR agonism can shift over time based on glutamate levels 110.  

Following CCI, it was revealed that A2AR agonism was only neuroprotective at an 
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early time point post-injury when glutamate levels were low 110.  Elevation of 

glutamate switched A2AR signaling in microglia from anti- to pro-inflammatory.  

Collectively, these data showcase the complex biology of adenosine receptor 

signaling in the injured CNS and indicate that the state of injury must be carefully 

considered before attempting to modulate immune activity through A2AR.   

 Although it is important to mount an immune response against CNS 

pathogens and injuries, it is equally important to counterbalance inflammation with 

potent immunoregulatory mechanisms.  A failure to do so can result in the 

development of severe immunopathology and an inability to restore CNS 

homeostasis.  This section covered a few examples of potent regulators that help 

dampen CNS immunity, but there are likely many more molecular participants in 

this process that await discovery.  Moreover, it is also worth considering the 

dynamics of immune regulation after CNS infection and injury.  As noted above, 

the consequence of modulating immunoregulatory molecules can change over 

time.  An early benefit such as enhanced pathogen control or glutamate uptake 

can convert to intolerable immunopathology or neurotoxicity as inflammation 

progresses.  Thoroughly understanding how CNS infections and injuries evolve 

over time is critical to the development of effective immunomodulatory therapies. 

 

Resolution of neuroinflammation and CNS repair  

 
The burden of wound healing and regeneration after CNS injury or infection 

falls mostly on resident and peripherally-derived myeloid cells. Macrophages and 



30 
 

microglia can both be skewed into different activation states defined primarily by 

expression of pro- and anti-inflammatory molecules 111. While it is clear that 

macrophages exhibit a spectrum of phenotypes in regards to function and cytokine 

production, there is increasing evidence to indicate that the conversion of initially 

pro-inflammatory microglia/macrophages to an anti-inflammatory state is 

beneficial in a variety of CNS injury models 112. Phagocytosis of myelin by microglia 

/ macrophages in vitro promotes a more anti-inflammatory state that can be 

inhibited by TNF- 81. Following SCI, myeloid cells accumulate iron due in part to 

the phagocytosis of red blood cells resulting from vascular damage.  Iron 

accumulation increases TNF- production and contributes to the maintenance of 

pro-inflammatory microglia / macrophages 81. Treatment of mice with iron-

conjugated dextran promoted the maintenance of pro-inflammatory cells and 

impeded functional recovery following SCI 81. These results highlight the 

importance of microglia / macrophage polarization in the CNS wound-healing 

process and reveal factors that impede recovery. 

The CP appears to play an important role in promoting the arrival of anti-

inflammatory macrophages following SCI 20, which depends on CP activation by 

IFN- 113.  Molecules that promote immune cell trafficking (e.g. ICAM1, CXCL9, 

CXCL10) were expressed at reduced levels on CP epithelium from naïve and 

injured IFN--/- mice 113.  This in turn decreased the recruitment of T cells and 

monocytes to the lesion site following SCI and reduced functional recovery. IFN--

producing CD4+ T cells can promote activation of the CP following SCI and help 

recruit monocytes to the lesion 22. In fact, a delicate balance between effector CD4+ 
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T cells and Foxp3+ Treg cells was found to be necessary for proper tissue repair 

in the injured spinal cord 22. Depletion of Treg cells in the acute phase of SCI 

favored early effector CD4+ T cell recruitment and better functional recovery, 

whereas removal of Treg cells during the chronic phase (6 days after injury) 

promoted lingering effector CD4+ T cells and worse functional recovery. The pro-

repair properties of CD4+ T cells after spinal cord and optic nerve injury were 

recently found to be IL-4-mediated and independent of MHC-II recognition 21. 

Interestingly, CD4+ T cells promoted neuronal survival and better functional 

recovery even when transferred into MHC II-/- mice, demonstrating that T cells do 

not need to interact with cognate-peptide MHC II complexes to benefit the injured 

CNS 21.  The IL-4 released by CD4+ T cells following injury enhanced neurotrophin 

signaling in neurons and promoted axonal growth. The mechanism by which CD4+ 

T cells become activated and secrete IL-4 after CNS injury is currently unknown, 

although it is postulated that the T cells sense damage signals released by injured 

neurons 21. This neuroprotective function of T cells is in stark contrast to the severe 

immunopathology induced by autoreactive CD4+ T cells that traffic to the CNS 

during the development of diseases like experimental autoimmune 

encephalomyelitis 114. 

Pathogens can also cause injury to the CNS, and one common pathological 

outcome of severe CNS infections is damage to oligodendrocytes, resulting in 

demyelination and neurological dysfunction. Once inflammation subsides, axons 

must be remyelinated in order to ameliorate neurological deficits. Infection of mice 

with neurotropic MHV results in viral persistence and spinal cord demyelination 
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initiated by both CD8+ and CD4+ T cells 115. Repair of these demyelinated lesions 

is mediated by neural precursor cells (NPCs) that differentiate into oligodendrocyte 

precursor cells (OPCs), and, ultimately, mature myelinating oligodendrocytes 116. 

Migration and maturation of OPCs following virus-induced demyelination is 

regulated primarily via CXCR4/CXCL12 signaling. CXCL12 is upregulated in 

demyelinated areas and OPCs express the CXCR4 chemokine receptor 117. The 

major source of CXCL12 production in this model was found to be activated 

astrocytes 118.  Disruption of this pathway can impede remyelination and functional 

recovery following MHV infection 117.  These experiments demonstrate the 

importance of resident glial cells in carrying out CNS regeneration after 

inflammation subsides.  

Another important cell population involved in the resolution of inflammation 

and CNS repair is astrocytes.  Activated astrocytes upregulate glial fibrillary acid 

protein  and form a dense physical barrier surrounding damaged CNS tissue 

referred to as the glial scar (Fig. 1.4) 119. This structure physically blocks infiltrating 

immune cells in an attempt to protect proximal uninjured tissue 120. The glial scar 

can also secrete cytokines in order to suppress inflammatory responses (Fig. 1.4). 

For example, ischemic injury in mice lacking TGF-β signaling in astrocytes 

promoted increased monocyte recruitment to the CNS, elevated macrophage / 

microglia activation, and reduced recovery of motor function 121. Another structural 

component of the glial scar is an accumulation of pericyte-derived cells. Normally 

pericytes cover the vascular endothelium, but after SCI a subset of pericytes 

detach from vessels, proliferate, and migrate to the core of the scar and actually 
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outnumber astrocytes 122.  Blocking the proliferation of pericytes using a conditional 

genetic deletion of critical mitosis genes (ras) resulted in a failure to properly seal 

injured CNS tissue.  Aside from providing structural integrity, other roles for 

pericytes in the injured CNS remain unknown. Additional studies are needed to 

determine if scar-forming pericytes possess similar anti-inflammatory properties to 

astrocytes.   

Regardless of how the CNS is damaged (either by infection or sterile injury), 

the rebuilding process requires a dampening of pro-inflammatory signals.  During 

pathogen clearance, anti-inflammatory pathways must engage early to preserve 

CNS tissue from potentially damaging cytopathic effector mechanisms.  However, 

these anti-inflammatory mechanisms are not always fully effective, which results 

in CNS damage that must be repaired or contained.  Regardless of the insult, 

sustained pro-inflammatory signals can impede the repair process.  As discussed, 

quenching these signals is achieved by many different pathways and cell types.  A 

hallmark feature of reparative immune programs is a shift from tissue defense to 

wound-healing.  Sometimes wound-healing involves cleanup and rebuilding of 

tissue architecture, but in other cases a scar must be constructed to wall off a 

heavily damaged area.  The scar itself can engage anti-inflammatory pathways, 

which is often viewed as beneficial.  However, scars can also create physical 

barriers that prevent the rebuilding of new CNS connections or the infiltration of 

wound-healing immune cells into a site of tissue damage.  More knowledge is 

required about the complexities of neural-immune interactions in the context CNS 
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repair and how best to guide these interactions to promote maximal tissue 

recovery. 

 

Aims of thesis 
 

 The work in this thesis is aimed towards improving our understanding of 

how immunology shapes wound repair following mild traumatic brain injury. This 

work describes a highly coordinated vascular repair system, orchestrated by 

peripheral myeloid cells, within the meninges that was previously unknown. Further 

work in this thesis demonstrates that additional sterile injury or a peripheral viral 

infection can significantly alter the wound-healing program, increasing 

inflammation and ultimately impairing vascular regeneration.  

 In Chapter 2, I present work detailing the roles of myeloid cells in meningeal 

vascular repair in a mouse model of mTBI. I demonstrate that damaged meningeal 

vasculature is remodeled and replaced by newly formed, functioning blood vessels 

within 7 days after mTBI. I also characterize the dynamics and anatomical 

positioning of peripherally-derived myeloid cells, showing that CD206+ wound-

healing macrophages are specifically positioned around the perimeter of the 

lesion. While CD206+ macrophages produced matrix metalloproteinase 2 and 

participated in fibrinogen clearance, CD206- inflammatory macrophages localized 

to the core of the lesion and scavenged dead cells. 

 In Chapter 3, I characterize the effects of secondary sterile injury or viral 

infection on meningeal inflammation and wound repair following mTBI. I show that 

a second compression injury given 1 day after the initial mTBI, increases immune 
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cell recruitment and abrogates vascular repair. Conversely, when the re-injury was 

given 4 days after the initial mTBI, macrophages were resistant to death and 

vascular repair was not affected. Finally, I demonstrate that a peripheral LCMV 

infection 1 day after mTBI causes CD8+ infiltration to the CNS and inhibits vascular 

regeneration by preventing wound-healing macrophage differentiation and 

suppression of angiogenesis.  
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Chapter 2 

Functional Roles of Infiltrating Myeloid Cells 
Following mTBI 

Introduction 

Mild traumatic brain injuries (mTBI) are the most common form of brain 

injury in humans 123.  However, due to the complex and heterogenous nature of 

these injuries, there are currently no approved treatments despite some promising 

candidates 4, 124. The development of effective therapies is critically dependent on 

a more complete understanding of the injury and repair processes following mTBI.  

These processes can vary temporally and by anatomical location.  For example, 

the central nervous system (CNS) is protected by different barrier systems, 

including the blood-brain and blood-cerebral spinal fluid barriers 125, that can 

become damaged following TBI 126.  The precise location and duration of the 

barrier disruption will influence the subsequent inflammatory reaction and extent 

of damage caused to surrounding neural tissue.  Rapid restoration of CNS barriers 

is likely an essential aspect of the mTBI recovery process.   

Another component of the recovery process is the inflammatory response.  

The immune system can promote both positive and negative outcomes following 

CNS injury 127, 128, 129. Peripherally derived macrophages responding to CNS injury 

can range in phenotype from inflammatory to anti-inflammatory 130, and these 

phenotypic changes can result in beneficial or detrimental effects 131. Inflammatory 

dysregulation may disrupt the progression of immune cells along this spectrum and 
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possibly affect tissue recovery and repair. In addition, unlike the CNS parenchyma, 

the meninges are far more permissive to peripheral immune traffic 132 and can 

support robust inflammatory reactions in response to injury, infection, or 

autoimmune disease 133, 134, 135.  It is currently unclear how microenvironmental 

differences between CNS parenchyma and meninges affect myeloid cell 

differentiation or function. 

 A pathology often observed in mTBI patients is disruption of vascular 

integrity in the meninges, which induces a peripheral immune response 133. 

Extravasation of blood-derived materials into extravascular spaces induces 

reactive oxygen species generation and inflammatory cytokine release that can 

exacerbate leakage 136. Damage to meningeal vasculature can also fuel secondary 

degeneration of the glial limitans and underlying brain tissue 126, 133, yet the 

capacity of the meninges to repair following mTBI is not defined. In a rodent model 

of moderate TBI, regeneration of parenchymal vasculature was found to occur 

within 2 weeks of injury; however, newly formed blood vessels were irregular in 

morphology and density after severe TBI 137. As meningeal damage following mTBI 

can be observed in the absence of overt primary parenchymal damage, it is 

important to gain a better understanding of tissue damage and repair within this 

anatomically distinct compartment that is injured in ~50% of mTBI patients 133. 

We therefore set out to identify mechanisms that influence the meningeal 

recovery trajectory following mTBI. We found that most mTBI patients repair their 

damaged meninges within weeks – a recovery trajectory similar to that observed 

in a murine model of meningeal injury. To gain novel insights into this reparative 
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program, we used a combination of approaches including intravital imaging and 

histo-cytometry. Remarkably, we uncovered that mTBI initiates a finely 

coordinated meningeal myeloid response that consisted of dead cell scavenging 

in the lesion core by classical monocytes followed by induction of angiogenesis in 

the lesion perimeter by non-classical monocytes. Depletion of non-classical 

monocytes or a secondary injury encountered before initiation of the wound-

healing phase disrupted re-vascularization and impeded repair. Our findings 

highlight the importance of a temporally regulated immune response following 

mTBI and provide direct evidence of immune-mediated repair of meningeal tissue. 

 

Results 

 

Meningeal vascular recovery kinetics following mTBI in humans 

It was previously reported that ~50% of patients presenting to the 

emergency department with minor head injury had meningeal vascular damage, 

evidenced by enhancement of the meninges on post-contrast FLAIR MRI images 

133.  To estimate the rate that this traumatic meningeal enhancement resolves, a 

population of patients was followed, up to three visits, for ~3 months from the date 

of injury (Fig. 2.1 a-c).  Patients were included who i.) presented with suspected 

mild TBI (mTBI), ii.) had a head CT that was negative for traumatic intracranial 

findings, and iii.) received a research MRI with contrast within 48 hours of injury 

and at subsequent visits.  Of the 209 patients studied, 104 (50%) had evidence of 

enhancement at baseline 11.6 (4.9-20.2) hours from injury and were seen to 
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resolve in 79 (76%) at a median of 22 (7-37) days from injury (Fig. 2.1 b).  The 

fraction of patients with persistent meningeal enhancement decreased rapidly after 

the first week (Fig. 2.1 b). In patients who had a minimum of three visits (n=99), 

59% had enhancement at baseline, 40% at 12 days, and 10% at 70 days (Fig. 2.1 

c).  Resolution of enhancement was detected in 83% of individuals enhancing at 

baseline, and the median time to resolution was 18.9 (11.4-37.8) days.  However, 

enhancement persisted in 17% patients re-imaged 87 (72-103) days from injury, 

suggesting that the meninges did not repair in these patients. These human MRI 

studies were carried out by Dr. Lawrence Latour and included in my first author 

manuscript. 

 

Meningeal vascular damage is repaired following murine mTBI 
 

To gain insights into the mechanisms underlying meningeal damage and 

repair following mTBI in humans, we recently developed a murine model of 

meningeal injury 133. Meningeal compression in rodents (hereafter referred to as a 

mTBI) induces immediate cellular and vascular damage, resulting in release of 

reactive oxygen species that secondarily damage the glial limitans and brain 

parenchyma 133.  Because concussed humans showed varying degrees of 

vascular recovery over time (Fig. 2.1 a-c), we became interested in the factors 

governing resolution of a meningeal injury.  Using our murine model, we performed 

intravital two-photon microscopy (TPM) through a thinned skull window to study 

meningeal vascular dynamics following mTBI. Mechanical injury to the meninges 

resulted in vascular occlusion and leakage that caused meningeal cells, including 
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Figure 2.1: Kinetics of meningeal vascular damage and repair following 
mTBI in humans. (a) Post-contrast FLAIR MRI images are shown for a 
representative patient with traumatic meningeal enhancement (denoted by white 
arrowheads) imaged over the first 3 months. A superficial scalp contusion is denoted 
by asterisks.  Enhancement is most conspicuous at ~1 day and then progressively 
resolves over time. (b) The fraction of patients with persistent meningeal enhancement 
in a cohort of 209 mTBI patients is plotted against the time from injury to imaging.  Loss 
of follow-up is indicated by the cross-hatch and is the time last seen with enhancement.  
(c) The bar graph depicts prevalence of enhancement at the denoted time points in the 
99 mTBI patients seen for at least three study visits. *P = 0.009, **P < 0.001. (two-
tailed Fisher Exact test, (c)). All MRI data provided by Dr. Lawrence Latour.  
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vascular endothelium, to die instantaneously. This event coincided with 

engagement of a reparative process consisting of fibrin(ogen) / platelet deposition 

within damaged blood vessels as well as the meningeal space.  

We next assessed meningeal vascular pathology and repair in mice 

following mTBI to determine the kinetics of recovery. Meningeal vascular health 

was visualized by intravenous (i.v.) injection of fluorescent tomato lectin (a dye that 

labels vascular endothelial cells).  We also examined the extravascular distribution 

of i.v. injected Evans blue to quantify the extent of meningeal vascular leakage.  

Temporal analysis of meningeal whole mounts revealed that mTBI induced severe 

vascular leakage into the meningeal space that subsided over the ensuing week 

(Fig. 2.2 a-b). Over this same time, large lesioned areas of non-functioning or dead 

vessels were replaced by newly formed, healthy vasculature (Fig. 2.2 a, c). The 

new vascular network was comprised of intricately connected micro-vessels and 

could be distinguished from existing vasculature based on the appearance of small 

vascular loops (Fig. 2.2 a). To further evaluate the function of the new vasculature, 

we analyzed blood flow velocity using two-photon line scan imaging. We found that 

there was no difference in blood flow between newly formed vessels after injury 

and vessels on the opposite, uninjured hemisphere (Fig. 2.2 d). These data 

indicate that angiogenesis and closure of the meningeal vascular barrier can occur 

within one week of injury. 
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Figure 2.2: Meningeal vascular leakage and re-vascularization in a rodent 
model of mTBI.  (a) Representative meningeal whole mount images show meningeal 
vascular damage and repair after mTBI in mice. Functional vessels visualized by i.v. 
injection of tomato lectin (green) are destroyed, resulting in Evans blue (white) leakage 
into core of lesion. The function and structure of vasculature is repaired between 4–7 
days post-injury.  The area of complete vascular repair is outlined at day 7 post-injury 
with a white dotted line. Laminin staining is shown in red. (b,c) Quantification of Evans 
blue leakage (b) and the lesioned area (c) at 1 day, 4 days and 7 days post-injury. (d) 
Quantification of blood flow velocity by two-photon intravital imaging of meningeal 
vessels either on the uninjured hemisphere or mTBI hemisphere 7 days post-injury. 
Each data point represents the average velocity of a blood vessel calculated by tracking 
fluorescent microspheres in 512 ms xt line scans. Scale bar, 200µm. Each symbol 
represents a single mouse (b–c) or single blood vessel (d). Data represented as mean 
± s.e.m. NS, not significant (P > 0.05), *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001 (one-way 
ANOVA with Tukey’s multiple comparisons test (b–c) or two-tailed Student’s t-test (d)). 
Data are representative of two independent experiments with three to four mice per 
group (a–c) or two independent experiments with four mice per group (d). 
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mTBI induces meningeal recruitment of monocytes and 

peripherally derived macrophages to lesion site 

We next sought to understand the dynamics of immune cell infiltration into 

the meninges during this time course of damage and repair. Analysis of gene 

expression revealed a robust increase in pro-inflammatory cytokine and 

chemokine transcripts at 6 hrs to 1 day that mostly subsided by day 7 (Fig. 2.3 a). 

Highest among these genes were chemo-attractants for neutrophils (Cxcl1) and 

monocytes (Ccl2, Ccl12). Inflammatory cytokines Il1a and Il1b were also 

upregulated early (6hrs, 1 day) and returned to baseline by day 7. Neutrophils are 

known to infiltrate the meningeal space ~2-3 hours post-injury 133, but the kinetics 

and localization of peripheral monocyte / macrophage recruitment in this model 

has been undefined.  We used a histo-cytometry approach 138 to analyze 

meningeal whole mounts, allowing us to export fluorescent and anatomical 

parameters of cells from confocal images to be analyzed flow-cytometrically. We 

temporally mapped the myeloid response to mTBI over the course of one week 

using CX3CR1gfp/+CCR2rfp/+ dual reporter mice (Fig. 2.4 a). These mice were used 

to distinguish classical myeloid cells (CX3R1low/-CCR2hi) from non-classical 

myeloid cells (CX3R1hiCCR2low/-). A loss of CX3R1hiCCR2low/- myeloid cells was 

noted at 24 hours (Fig. 2.4 c), which is best explained by the death of meningeal 

macrophages observed immediately after mTBI 133.  This loss coincided with 

invasion of the lesion core by classical CX3R1low/-CCR2hi monocytes (Fig. 2.4 b). 

The number of these cells subsided over time and were replaced by 

CX3R1hiCCR2low/- myeloid cells that were found both within and around the lesion 
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(Fig. 2.4 a-c).  This was especially evident at day 4. We next 

 

  

Figure 2.3: Acute neuroinflammation subsides within one week after 
mTBI. Gene expression of inflammation genes (Ccl2, Ccl12, Cxcl1, Cxcl10, Il1a, Il1b) 
in naïve mice vs. mTBI mice at 6 h, 24 h, 4 days and 7 days post-injury. Gene 
expression is relative to Gapdh and Tbp expression and represented as a fold change 
over the mean of the naïve group. Each symbol represents a single mouse. Data 
represented as mean ± s.e.m. NS, not significant *P ≤ 0.05, **P ≤ 0.01, ****P ≤ 0.0001 
(one-way ANOVA with Tukey’s multiple comparisons test). Data are pooled from two 
independent experiments normalized to the naive group mean with four mice per 
group. 
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Figure 2.4: Dynamics and phenotype of peripheral myeloid cells in the 
meninges following mTBI. (a) Representative images depict meningeal myeloid 
cell populations after mTBI in Cx3cr1gfp/+Ccr2rfp/+ reporter mice. Resident CX3CR1hi 
(green) meningeal macrophages are killed following mTBI, followed by an influx of 
peripheral CCR2+ (red) monocytes 1 day later and heterogenous CX3CR1hi 
macrophages days 4–7 post-injury.   The location of the mTBI lesion is denoted with 
white dotted lines. (b,c) Quantification of peripherally derived CX3CR1hiCCR2hi 
monocytes (b) and CX3CR1hiCCR2lo/- monocytes/macrophages (c) at 1 day, 4 days 
and 7 days post-injury. Scale bar, 100µm. Each symbol represents a single mouse. 
Data represented as mean ± s.e.m. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001 
(one-way ANOVA with Tukey’s multiple comparisons test (b–c). Data are 
representative of two independent experiments with three mice per group (a–c). 
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analyzed the phenotype of these macrophages at day 4 post-injury by staining for 

the mannose receptor (CD206) in CX3CR1gfp/+CCR2rfp/+ mice (Fig. 2.5 a). This 

marker was shown to be differentially expressed by inflammatory (CD11b+CD206-

) versus wound-healing macrophages (CD11b+CD206+)131. We found that the vast  

majority of macrophages surrounding the lesion at day 4 were CD206+ and 

CCR2low/- (Fig. 2.5 b), indicating that these cells are phenotypically non-

inflammatory, wound healing macrophages.  

 

CD206+ wound-healing macrophages primarily localize to peri-

lesion area 

To further investigate the phenotype and distribution of these macrophages 

during the wound-healing phase, we again employed a histo-cytometry approach 

and quantified CD206 expressing macrophages (Fig. 2.6 a-d). Four days after 

injury, we observed that CD206+ wound-healing macrophages vastly outnumbered 

inflammatory macrophages in the mTBI lesion (Fig. 2.6 a-b). We next mapped the 

anatomical positions of these macrophage subsets within the lesion core and 

perimeter (Fig. 2.6 c). This analysis revealed that wound-healing macrophages 

localized primarily to the peri-lesion area, whereas inflammatory macrophages 

were mostly found within the lesion core (Fig. 2.6 d). Intravital imaging at day 4 

revealed that these lesion perimeter macrophages were highly dynamic and 

juxtaposed to regions where new blood vessels would be expected to emerge. We 

also observed a striking degree of cell proliferation in the lesion at day 4 post-injury 
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Figure 2.5: Majority of CCR2lo/- lesion macrophages express wound-
healing marker CD206. (a) Representative meningeal whole mount image and 
zoom-ins of macrophages in the mTBI lesion 4 days post-injury in Cx3cr1gfp/+Ccr2rfp/+ 
mice. Myeloid cells expressing CX3CR1 (green) and/or CCR2 (red) were stained with 
CD206 (blue). (b) Quantification of CCR2 expression (lo/– vs. hi) on CD206+ 

macrophages at 4 days post-injury. Scale bars, 200μm (a), 50μm (a, inset). Each 
symbol represents a single mouse. Data represented as mean ± s.e.m. ****P ≤ 0.0001 
(two-tailed Student’s t-test) (b). Data are representative of three independent 
experiments with four mice per group (a–b). 
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(Fig. 2.6 e-f), with ~25% of CX3CR1gfp/+ macrophages incorporating EdU injected 

one hour earlier (Fig. 2.6 g). Proliferating cells were mainly localized to the peri-

lesion area where angiogenesis is likely occurring (Fig. 2.6 h). 

 

Non-classical monocytes are specifically required for meningeal 

angiogenesis and contribute to peri-lesion wound-healing 

macrophage population 

The specific anatomical localization of CD206+ macrophages around the 

lesion perimeter led us to postulate that macrophages might be participating in the 

process of meningeal repair and re-vascularization following mTBI.  We employed 

different depletion strategies to evaluate the involvement of circulating 

myelomonocytic cells in meningeal wound-healing.  Intravenous injection of anti-

Gr1 antibodies depleted neutrophils and classical Ly6Chi monocytes, but not non-

classical Ly6Clow monocytes from circulation.  Daily injection of clodronate 

liposomes, on the other hand, depleted classical and non-classical monocytes, but 

not neutrophils.  Depletion of all inflammatory monocytes with clodronate markedly 

impaired meningeal angiogenesis, with large areas of lesioned meninges 

remaining non-vascularized at day 7 post-injury (Fig. 2.7 a-b). Surprisingly, 

depletion of classical monocytes and neutrophils only with anti-Gr-1 had no effect 

on meningeal angiogenesis, suggesting an important role for non-classical Ly6Clow 

monocytes in the process (Fig. 2.7 c).  To test this hypothesis, we administered a 

single dose of clodronate liposomes, which induced a lasting depletion of non-

classical monocytes, but did not deplete classical monocytes or neutrophils.  This 
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Figure 2.6: Anatomical position of myeloid cells and cellular proliferation 
at mTBI lesion 4 days post-injury. (a) Representative images show different 
myeloid populations within and surrounding the mTBI lesion at 4 days post-injury. 
Meninges were stained with CD206 (green), CD11b (red) and tomato lectin i.v. (white). 
(b) Quantification of wound healing (CD206+) and inflammatory (CD206–) 
macrophages 4 days after mTBI, compared to the uninjured hemisphere. Myeloid cells 
were histocytometrically gated on CD11b+ cells. (c) Representative histocytometry plot 
of the meninges (a) showing cells within the lesion core (red) vs. the peri-lesion (green) 
area. Lesion core and peri-lesion areas were first drawn as surface objects in Imaris 
and cells within these surfaces were assigned coordinates to designate their position. 
(d) The plot depicts the frequency of wound-healing (CD11b+CD206+) vs. inflammatory 
(CD11b+CD206–) myeloid cells in either lesion core or peri-lesion areas. (e) 
Representative images of proliferating CX3CR1hi macrophages (green) in the injured 
vs. uninjured meninges 4 days after mTBI. EdU (white) was injected 1 h before denoted 
time point. (f,g) Quantification of total EdU+ cells (f) and percentage of EdU+CX3CR1hi 
macrophages (g) at 4 days post-injury, compared to uninjured hemisphere. (h) 
Quantification of the anatomical positions of EdU+ proliferating cells 4 days post-injury. 
Scale bars, 200μm. Each symbol represents a single mouse. Data represented as 
mean ± s.e.m. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001 (two-tailed Student’s 
t-test). Data are representative of two independent experiments with four mice per 
group (a–d), (e–g) and h. 
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depletion strategy significantly impeded meningeal angiogenesis (Fig. 2.7 c). 

Importantly, the inefficiency of meningeal vascular repair using the different 

depletion strategies was associated with the total number of CD206+ macrophages 

found in lesion at day 7 post-injury (Fig. 2.7 d). Further anatomical analyses at day 

4 revealed that depletion using anti-Gr-1 or single-clodronate did not affect the 

proportion of macrophage subsets within the lesion core (Fig. 2.7 e). However, a 

significant decrease in CD206+ macrophages was observed around the lesion 

perimeter only after single-clodronate injection (Fig. 2.7 f), implicating a role for 

circulating non-classical Ly6Clow monocytes in the derivation of wound-healing 

macrophages that promote meningeal angiogenesis. 

 

Classical monocytes are required for scavenging meningeal dead 

cells 

Because neutrophils and classical monocytes did not participate in 

meningeal angiogenesis, we theorized that myeloid subsets might have divergent 

functions following mTBI.  By two-photon microscopy we observed inflammatory 

LysMgfp/+ myelomonocytic cells swarming the damaged meninges and interacting 

with dead cells at 1 day post-injury.  We therefore developed a dead cell clearance 

assay to evaluate whether these innate immune cells contributed to dead cell 

uptake instead of angiogenesis.  Quantification of dead cell clearance revealed 

that ~58.2 + 3.8% dead cells are removed from the meninges between 3 and 48 

hours post-injury.  This was supported by TPM data showing CX3CR1gfp/+ 
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Figure 2.7: Distinct myeloid cell subsets promote vascular regeneration 
following mTBI. (a) Representative meningeal whole mount images of control vs. 
clodronate treated mice 7 days after mTBI. Meninges were stained with laminin (red) 
and CD206 (blue). Functional blood vessels were visualized by i.v. injection of 
fluorescent tomato lectin (green). (b) Quantification of the lesioned area in clodronate 
treated mice compared to controls at 7 days post-injury. Clodronate was first injected 
3 h before mTBI and repeated daily for the first 4. (c) Quantification of the lesioned 
area in control, Gr-1 antibody (Ab), and single clodronate treated mice at 7 days post-
injury. Gr-1 Ab was injected daily starting 1 day before mTBI, and a single clodronate 
injection was given to mice 1 day before. (d) Quantification of CD206+ macrophages 
around the meningeal lesion 7 days post-injury. (e,f) Quantification of wound-healing 
(CD11b+CD206+) vs. inflammatory (CD11b+CD206–) myeloid cells in the lesion core (e) 
or peri-lesion area (f) of control, Gr-1 Ab, and single clodronate injected mice 4 days 
post-injury. Myeloid cells were histocytometrically gated on CD11b+. Scale bar, 150μm 
(a). Each symbol represents a single mouse. Data represented as mean ± s.e.m. NS, 
not significant (P > 0.05), *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001 (two-tailed 
Student’s t-test (b–c), one-way ANOVA with Tukey’s multiple comparisons test (d), or 
two-way ANOVA with Tukey’s multiple comparisons test (e–f)). Data are representative 
of three independent experiments with three to four mice per group (a–b), are pooled 
from two Gr-1 and three single clodronate experiments normalized to the control group 
mean with three to six mice per group (c), are pooled from experiments represented in 
panels b–c normalized to the control group mean with three to six mice per group (d), 
are representative of two independent experiments with four mice per group (e–f). 
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macrophages extending processes toward, and then, engulfing nucleated dead 

cells in the damaged meninges. Depletion of neutrophils and classical monocytes 

with anti-Gr-1 significantly impeded dead cell clearance, whereas no impairment 

was observed following depletion of non-classical monocytes (Fig. 2.8 a-b). These 

data suggest a divergent innate immune wound-healing response to mTBI, with 

inflammatory myelomonocytic cells participating in dead cell removal and non-

classical monocytes contributing to meningeal angiogenesis. 

 
 

mTBI macrophages promote tissue remodeling through 

extravascular fibrin clearance 

We next sought to further define the mechanisms underlying the pro-

angiogenic properties of macrophages following mTBI. We initially used clearance 

of extravascular fibrin(ogen) as a surrogate for tissue remodeling in our mTBI 

lesion. Deposition of fibrinogen can form a provisional fibrin matrix on which 

endothelial cells migrate during neo-vascularization. This subsequently degrades 

as the wound healing process ensues 139. Inefficient removal of fibrin deposits can 

have an inhibitory effect on wound healing and promote inflammation 140, 141. 

Following mTBI, fluorescently-labeled fibrin(ogen) rapidly leaked from damaged 

meningeal vessels into the extravascular space, and a significant amount of this 

material remained in and around the lesion 4 days later (Fig. 2.9 a-b). Using two-

photon imaging we found that most extravascular fibrin deposits we observed 

acutely were cleared by day 7 post-injury with little to no remaining signal in the 

meninges. This clearance was significantly impeded when 
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Figure 2.8: Neutrophils and inflammatory monocytes scavenge dead 
cells following mTBI. (a) Representative maximal projections of 3D two-photon z-
stacks depict uncleared dead cells in the meninges of Gr-1 Ab, single clodronate, 
and control mice 48 h post-injury. Dead cells were labeled by transcranial application 
of a vital dye at 3 h after mTBI, and a z-stack was captured through a surgically 
thinned skull at 48 h post-injury by two-photon microscopy. (b) Quantification of dead 
cells remaining in the meninges at 48 h post-injury. Scale bar, 50μm (b). Each symbol 
represents a single mouse. Data represented as mean ± s.e.m. NS, not significant 
(P > 0.05), **P ≤ 0.01 (two-tailed Student’s t-test (h). Data are representative of three 
Gr-1 and two single clodronate experiments normalized to the control group mean 
with four to six mice per group (g–h). 
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Figure 2.9: Macrophages clear extravascular fibrinogen during wound 
repair. (a) Representative meningeal whole mount images from the injured vs. 
uninjured meninges at 4 days post-injury depict the distribution of CD206+ 

macrophages (green), fibrin(ogen) (red) and i.v. tomato lectin (white). (b) Quantification 
of fibrin(ogen) signal as shown in (a) of the injured vs. uninjured meninges 4 days post-
injury. (c) Two-photon quantification of un-cleared fibrin(ogen) from meninges in 
clodronate treated vs. control mice 7 days post-injury. Clodronate was first injected 3 h 
before mTBI and repeated daily for the first 4 days. Fluorescently conjugated 
fibrin(ogen) was injected i.v. 30 min before mTBI and imaged through a thinned skull 
window by two-photon at 7 days post-injury. Scale bar, 100μm. Each symbol 
represents a single mouse. Data represented as mean ± s.e.m. *P ≤ 0.05, **P ≤ 0.01 
(two-tailed Student’s t-test). Data are representative of three independent experiments 
with three mice per group (b), or are representative of two independent experiments 
with four mice per group (c). 
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monocytes/macrophages were depleted (Fig. 2.9 c). Intravital imaging and 

immunohistochemistry revealed that myeloid cells contained fibrin within their cell 

bodies (Fig. 2.10 a-b).  These data suggest that the mechanism of clearance was 

direct phagocytosis, which is consistent with recent data showing an endocytic 

pathway for fibrin in macrophages 142. 

 

mTBI macrophages do not contribute to angiogenesis gene 

expression 

To investigate the role of macrophages in angiogenic programming, we 

quantified meningeal expression of 90 genes related to angiogenesis at day 4 post-

injury to identify the ones that were upregulated as CD206+ macrophages localized 

to the lesion perimeter (Fig. 2.11 a).  Of the 90 genes analyzed, we observed 

significant upregulation of alanine aminopeptidase (Anpep), annexin A2 (Anxa2), 

fibronectin (Fn1), vascular endothelial growth factor (VEGF) receptor 2 (Kdr), 

matrix metalloproteinase 2 (Mmp2) and thrombospondin 1 (Thbsp1) (Fig. 2.11 a). 

Some macrophage subsets were shown previously to produce factors that could 

enhance or promote angiogenesis 143, 144, 145. To test this possibility, we quantified 

expression of the same angiogenesis genes (at day 4 post-injury) following 

depletion of monocytes / macrophages with clodronate liposomes. Surprisingly, 

monocytes/macrophage depletion resulted in significant upregulation of several 

genes related to angiogenesis, including Anxa2, Fn1, and Kdr, whereas others 

(Anpep, Mmp2, Thbsp1) remained unchanged relative to the non-depleted control 
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Figure 2.10: Macrophages acquire fibrinogen after mTBI. (a, b) 
Representative meningeal whole mount images of the uninjured vs. injured meninges 
at 4 days post-injury injected depict the distribution of fluorescently-conjugated 
fibrinogen (green) and CD206+ macrophages (red). Fluorescent fibrinogen was 
injected i.v. 30 min before mTBI. Insets depict zoomed areas (denoted with white 
boxes) from the original image.  Note that many CD206+ macrophages are positive for 
fibrinogen (and appear yellow) in the injured vs. uninjured meninges. Images are 
representative of one independent experiment with four mice per group. 
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Figure 2.11: Macrophages do not participate in angiogenesis program. (a) 
Expression of angiogenesis-related genes (Angpep, Anxa2, Fn1, Kdr, Mmp2, Thbsp1) 
in naïve vs. mTBI mice 4 days post-injury. qPCR data are relative to Gapdh and Tbp 
expression and represented as a fold change over the mean of the naïve group. (b) 
Gene expression of angiogenesis-related genes (Angpep, Anxa2, Fn1, Kdr, Mmp2, 
Thbsp1) in control vs. clodronate treated mice 4 days post-injury. Clodronate was first 
injected 3 h before mTBI and repeated daily for 4 days. qPCR data are relative to 
Gapdh and Tbp expression and represented as a fold change over the mean of the 
control group. Each symbol represents a single mouse. Data represented as mean ± 
s.e.m. NS, not significant (P > 0.05), *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001 (two-tailed 
Student’s t-test). Data are representative of two independent experiments with four 
mice per group (a), or are representative of three independent experiments with six 
mice per group (b). 
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group (Fig. 2.11 b). These data suggested that the macrophages localizing to the  

lesion at day 4 post-injury were not necessarily providing pro-angiogenic signals 

to stimulate new blood vessel growth. 

 

MMP-2 is critical for proper wound repair and is produced by 

macrophages in the peri-lesion area 

We next considered the alternative possibility that the pro-angiogenic 

macrophages were primarily involved in matrix remodeling – a theory supported 

by the fibrin clearance data (Fig. 2.9 a-c). MMP-2 is a secreted protease involved 

in the breakdown of extracellular matrix proteins such as collagens, fibronectin, 

and laminin. Localized expression of MMP-2 also plays an important role in 

angiogenesis by promoting endothelial cell migration and VEGF activation 146. We 

observed that Mmp2 gene expression was significantly increased at day 4 post- 

injury (Fig. 2.11 a). Because quantification of Mmp2 mRNA can be unreliable, we 

next evaluated MMP-2 at the protein level. Immunohistochemistry revealed that 

MMP-2 localized preferentially to the lesion perimeter at day 4 post-injury (Fig. 

2.12 a-b), in the same position as the pro-angiogenic CD206+ macrophages (Fig. 

2.6 a-d). Importantly, depletion of peripheral monocytes / macrophages with 

clodronate liposomes significantly decreased MMP-2 expression in the peri-lesion 

area, but not the lesion core (Fig. 2.12 c). The majority of MMP-2 expressing 

macrophages were found to be CD206+ (Fig. 2.12 d-e), which would explain the 

specific loss of MMP-2 expression at the lesion perimeter after clodronate 

depletion. To assess the functional role of MMP-2 in meningeal re-vascularization 
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Figure 2.12: Macrophages mediate angiogenesis via local MMP-2 
production by wound healing macrophages. (a) Representative meningeal 
whole mount images from the injured vs. uninjured meninges of Cx3cr1gfp/+ (green) 
mice 4 days post-injury depict the expression of MMP-2 (white). (b) Quantification of 
MMP-2 signal as shown in (a) from the injured vs. uninjured meninges 4 days post-
injury. (c) Quantification of MMP-2 signal within lesion core vs. peri-lesion area in 
control vs. clodronate treated mice 4 days post-injury. Clodronate was first injected 3 h 
before mTBI and repeated daily for the first 4 days. (d) Representative meninge whole 
mount image and magnified image (inset) of macrophages and MMP-2 expression 4 
days post-injury. Meninges were stained with CD11b (red), CD206 (green) and MMP-
2 (white). (e) Quantification of CD206 expression on MMP-2 expressing myeloid cells 
at 4 days post-injury. (f) Quantification of the lesioned area in vehicle vs. MMP-2 
inhibitor (SB-3CT) treated mice 7 days post-injury. SB-3CT was injected i.p. daily 
beginning 2 days after mTBI. (g) Representative meningeal whole mount images of in 
situ gelatin zymography for vehicle vs. SB-3CT treated mice 4 days post-injury. Blood 
vessels stained with tomato lectin (green) and MMP activity visualized by cleaved 
gelatin (pink). (h) Quantification of MMP activity (cleaved gelatin signal) in mice treated 
with vehicle or SB-3CT 4 days post-injury. Scale bars, 200μm (a,d,g), 50μm (d, inset). 
Each symbol represents a single mouse. Data represented as mean ± s.e.m. NS, not 
significant (P > 0.05), *P ≤ 0.05, **P ≤ 0.01 (two-tailed Student’s t-test). Data are 
representative of three independent experiments with three mice per group (a–b), are 
representative of two independent experiments with six mice per group (c), are 
representative of two independent experiments with four mice per group (d–e), are 
representative of three independent experiments with six mice per group (f), or are 
representative of three independent experiments with four to six mice per group (g–h). 
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following mTBI, we administered a potent MMP-2/9 inhibitor, SB-3CT 147. MMP  

blockade markedly impeded meningeal re-vascularization at day 7 post-injury (Fig. 

2.12 f), which was comparable to that observed following depletion of non-classical 

monocytes (Fig. 2.7 c). We used an in situ gelatinase zymography assay to 

investigate the local effects of SB-3CT at the mTBI lesion (Fig. 2.12 g). 

Quantification of gelatinase activity (dye-quenched fluorescent gelatin cleaved by 

MMPs to produce fluorescent signal) confirmed that SB-3CT was inhibiting MMP 

activity at the injury site (Fig. 2.12 h). The MMP inhibitor did not affect the total 

number of CD206+ macrophages in the mTBI lesion, suggesting that the failure to 

re-vascularize was not linked to an alteration in the ability of wound-healing 

macrophages to accumulate within the lesion (Fig. 2.13 a-b). 
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Figure 2.13: MMP inhibition does not alter the accumulation of 
macrophages in meningeal lesions. (a) Representative meningeal whole mount 
images of vehicle vs. SB-3CT treated mice 7 days post-injury depict the distribution of 
CD206+ macrophages (red) in relation to i.v. tomato lectin-labeled blood vessels 
(green). (b) Quantification of CD206+ macrophages at the lesion site as shown in (a) 
(n = 6; three independent experiments). Each symbol represents a single mouse. Data 
represented as mean ± s.e.m. NS, not significant (two-tailed Student’s t-test). Data are 
representative of three independent experiments with six mice per group (a–b). 
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Discussion 

 
Our studies have revealed several important observations that shed new 

light on the mTBI recovery process.  First, the meninges, which are damaged in 

~50% of mTBI patients 133, have a remarkable capacity to recruit peripheral 

immune cells and repair.  Quantification of meningeal enhancement as a surrogate 

for vascular damage demonstrated that most mTBI patients recover within 1-3 

weeks, although enhancement persisted in a subset of patients (17%) for several 

months.  

Using our animal model, we uncovered that meningeal vascular repair and 

angiogenesis occurs over the course of the week following a single mTBI and is 

temporally orchestrated by distinct myeloid cell subsets (Fig. 2.14). The 

macrophages most supportive of angiogenesis are likely derivatives of circulating 

non-classical monocytes 148 that localize to the lesion perimeter, proliferate, and 

provide tissue remodeling enzymes, such as MMP-2 (Fig. 2.14). By contrast, 

inflammatory myelomonocytic cells arrive several days earlier and contribute 

instead to dead cell removal from the lesion core, which has little impact on 

angiogenesis. This bifurcated and temporally regulated myeloid cell response has 

important implications for the reparative process following mTBI.  Deviation from 

this wound-healing program could explain the failure of some mTBI patients to 

recover promptly after injury.   

Meningeal vascular damage was previously found in ~50% of patients that 

experienced minor head trauma 133. Our current findings support this incidence 

and indicate that patients also have differential rates of resolution. Failure to 
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Figure 2.14: Model of macrophage-mediated meningeal vascular repair 
after mTBI. Meningeal vasculature is severely damaged following mTBI, causing 
leakage of extravascular content. Classical and non-classical monocytes are recruited 
from the periphery 1 day after the injury before differentiating into macrophages. Non-
classically-derived wound-healing macrophages position themselves around the 
perimeter of the lesion where they engage in tissue remodeling via fibrinogen 
clearance and MMP2 production. This remodeling promotes angiogenesis, resulting 
in a new vasculature network to close the wound 7 days after the injury. 
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restore the integrity of meningeal vasculature could explain the post-concussive 

syndrome that develops in ~15% of mTBI patients 149.  Prolonged CNS vascular 

leakage likely induces a chronic state of secondary cell death and inflammation 

126.  To mitigate secondary neurodegeneration, it is necessary to understand and 

foster programs that mediate meningeal repair. The BBB is often disrupted by 

trauma-induced changes in endothelial tight junction proteins 150 and can remain 

open for months following TBI, depending on the severity of the injury 151, 152. 

Meningeal blood vessels, however, lack an ensheathing glial barrier and differ from 

parenchymal vessels that are non-fenestrated and wrapped by astrocytes.  Thus, 

meningeal and parenchymal vessels should have differential leak and recovery 

kinetics. Interestingly, we observed in rodents that damaged meningeal blood 

vessels stop leaking and initiate angiogenesis within 4 days of injury. Parenchymal 

angiogenesis has been reported in animal models of moderate to severe TBI, but 

the process is less efficient (or, possibly aborted) following severe injury 137, 153. It 

is very important to consider both injury location and severity in TBI patients, as 

anatomy differs vastly between the meningeal and parenchymal compartments, 

which can influence symptoms, pathogenesis, and the ability to recover.  

Myeloid cells are important contributors to wound repair in all injured tissues 

154, 155. Following tissue injury, an early arrival of neutrophils is usually followed 

within a day or two by peripheral monocytes/macrophages 3, 156. Following mTBI, 

we observed that the meninges can undergo significant tissue remodeling and 

repair. During the process of meningeal repair, macrophages were found both 

within and surrounding the lesion. Microglia and macrophages both can adopt  
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different inflammatory phenotypes following TBI 157, 158. While single and mixed 

subsets have been defined in the parenchyma, their specific roles during repair 

have yet to be elucidated. A key finding in our study is that the origin of injury-

responding macrophages dictates the anatomical position and phenotype of these 

cells within the meningeal lesion. This finding prompts further consideration of the 

relationship between immune cells and the wound microenvironment.  

Previous studies have shown that infiltration of CCR2hi inflammatory 

monocytes is detrimental, resulting in larger lesions and impaired recovery 159, 160. 

We have found that peripheral recruitment of both inflammatory and non-classical 

monocytes to the meninges is beneficial after mTBI. Under steady-state conditions 

classical monocytes can give rise to non-classical monocytes in the blood and 

each subset has distinct differentiation potentials 161, 162. In response to a sterile 

injury, classical monocytes can also convert to non-classical monocytes in situ 163. 

Although we did not observe conversion in our mTBI model, this could explain the 

residual CD206+ macrophages we found in the perimeter of meningeal lesions 

following depletion of non-classical monocytes.  Nevertheless, our data clearly 

show that one monocyte subset cannot compensate for the other in our mTBI 

model. We found that non-classical monocytes could promote meningeal 

angiogenesis but not efficiently scavenge dead cells, whereas the opposite was 

true for classical monocytes.  That classical and non-classical monocytes have 

divergent functions following tissue injury is supported by their response to 

myocardial damage 164. Collectively, these data are consistent with the notion that 

non-classical monocytes are pre-determined to differentiate into wound-healing 
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macrophages 165. It is possible that injury severity and location can also influence 

the immune response in the CNS. Studies using the controlled cortical impact157, 

158, 160 or fluid percussion159 models of TBI generate substantially more 

parenchymal damage than our model of mTBI. As we observe no peripheral 

immune recruitment into the brain parenchyma, it is possible that an anatomical a 

tissue damage threshold that must be crossed (e.g. destruction of the glial limitans) 

before neutrophils and monocytes will infiltrate the brain. Understanding the 

differential outcomes following immune cell entry into the meninges vs. 

parenchyma will be instrumental in guiding the development and administration of 

therapeutics for TBI patients who experience one or both types of injury 133.  

Wound-healing macrophages can promote angiogenesis through 

production of soluble pro-angiogenic factors 143, 144, 145. Following TBI, 

macrophages can produce VEGF and fibroblast growth factor in the brain and both 

have the potential to promote new vessel formation 166, 167. However, our data 

revealed that macrophage depletion had no effect on angiogenic programming in 

the damaged meninges. Instead, myeloid cells appeared to play a more important 

role in meningeal tissue remodeling. Extravascular fibrin is involved in 

angiogenesis as a provisional matrix component 139, but can also be a modulator 

of inflammation 140. We observed that peripheral macrophage depletion 

significantly increased the amount of fibrin remaining in meningeal mTBI lesions, 

which was associated with impaired re-vascularization. Because the glial limitans 

is damaged following mTBI 133, these excessive fibrin deposits could potentially 

enter the parenchyma and exacerbate pathology / inflammation 168. Because 



70 
 

macrophages are also known to produce extracellular matrix remodeling proteins 

and enzymes 169, 170, we decided to evaluate this functionality in situ because of 

the distinct anatomical localization of macrophages around the lesion perimeter 

during meningeal angiogenesis (days 4 to 7 post-injury). We observed robust 

MMP-2 staining that localized to peri-lesional macrophages and was significantly 

reduced following macrophage depletion. In addition, administration of a MMP-2 

inhibitor impeded meningeal revascularization following mTBI. The proximity of 

MMP-2 to repairing meningeal blood vessels is likely critical for angiogenesis, as 

MMP-2 is known to activate VEGF 146. It is also likely that other MMPs produced 

by macrophages 171, 172, 173 have a role in meningeal repair following mTBI. For 

example, MMP-9 has been linked to angiogenesis 174, 175.  

In conclusion, our findings provide important insights into CNS repair 

following mTBI. Meningeal tissue can undergo efficient vascular repair with aid 

from peripherally-derived myeloid cells that exhibit a bifurcated inflammatory 

response. Alterations or disruptions to this beneficial immune response could help 

explain why a fraction of mTBI patients still exhibit meningeal vascular damage 

months after injury. It will be critical to identify fluid biomarkers in mTBI patients 176 

that define the different stages of repair.  This should result in more informed 

decision-making about when to resume potentially injurious activities.  It will also 

be important in future studies to identify factors that shift the balance toward 

wound-healing programs in mTBI patients that fail to resolve their lesions. 
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Chapter 3 

Impact of Secondary Sterile Injury or Anti-Viral 
Immunity on Meningeal Inflammation and Repair 

 
Introduction 

 Recovery from traumatic brain injuries can be a long and complicated 

process, largely dependent on the severity of the injury. Acute cognitive 

impairments have the potential to lead to long-lasting neurological deficits and 

increase the chances of developing neurodegeneration 177, 178, 179. In order to avoid 

long-term consequences of brain injury, tissue damage must be dealt efficiently to 

contain cell death and eventually promote tissue regeneration. Unfortunately, a 

complex organ like the brain is slow and often incomplete at fostering a proper 

wound repair response. Complicated processes such as glial scarring can often 

take the place of traditional wound-healing, and it is still unclear if the glial scar is 

beneficial or detrimental 180, 181. In contrast, we have previously shown that the 

protective covering of CNS tissue, the meninges, can undergo robust wound repair 

processes featuring impressive vascular regeneration 182. Tissue healing 

programs are finely tuned processes that can easily be disrupted by external 

factors, potentially delaying full wound repair. It is therefore critically important to 

understand how secondary complications affect the immune cells that orchestrate 

the wound-healing process. 

 A major complicating factor brain injury patients face is additional injury to 

the head. Most notable in sports and military related injuries, repetitive traumatic 
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brain injuries can lead to severe neurodegeneration. It is widely thought that 

repeated damage to the brain is the primary cause of chronic traumatic 

encephalopathy (CTE) 179, 183, 184. In rodent models of repetitive TBI, significant 

behavioral deficits, increased gliosis and tissue pathology are observed. These 

changes are also seen at chronic time-points and often correlate with the number 

of injuries given to the mice 185. These studies have clearly shown the detrimental 

effects of cumulative hits; however, it is unclear specifically how an additional 

traumatic injury affects the response to the injury that preceded it.  

 While repetitive injuries can generate overt pathology, systemic infections 

following TBI may cause changes within the microenvironment that are more 

difficult to detect.  Due to the seriousness of brain injury, TBI patients are often at 

high risk of contracting an infection 186, 187. Surgical craniotomies and invasive CSF 

drainage procedures are common in TBI patients, making them specifically 

vulnerable to meningitis. While respiratory infections were the most common, ~5% 

of TBI patients contracted meningitis in a study of post-TBI infections 186. 

Meningeal infection has the potential to severely disrupt the TBI immune response 

due to its proximity to the damaged brain tissue. Sterile and infectious challenges 

to the CNS are treated very differently by the immune system, employing different 

cell types depending on the underlying cause 188. A drastic change in the wound 

environment such as a bacterial or viral infection would most likely enhance local 

inflammation. An infection contracted during any point of the TBI response could 

possibly explain why there is such heterogeneity in recoveries from head injuries.  



73 
 

We set out to investigate the consequences of repeat injuries or meningeal 

infection on inflammation and wound repair following mTBI. We found that the 

timing of a secondary injury was incredibly important on how it affected mTBI 

vascular repair. A secondary injury was detrimental when experienced 1 day after 

mTBI, but had no effect if given 4 days after mTBI. Re-injury at day 1 had a robust 

effect on inflammation, exacerbating both the peripheral myelomonocytic response 

and the resident microglia reactivity. In contrast, not only did re-injury at day 4 not 

induce a rapid neutrophil response, but it failed to structurally damage the primary 

mTBI lesion or destroy wound-healing macrophages. Similar to a second injury 1 

day after mTBI, a peripheral viral infection also abrogates vascular wound repair. 

We found that vascular damage due to mTBI enhances meningeal lymphocytic 

choriomeningitis virus (LCMV) infection and CD8+ T cell recruitment, leading to 

cytotoxic T cells in the brain. This local viral infection shifted a wound-healing 

myeloid response to an inflammatory anti-viral response, leading to a suppressed 

and irregular angiogenesis genetic program. These findings demonstrate the 

influence of both sterile and viral secondary complications on mTBI wound repair, 

providing insights into how a coordinated wound repair response can be 

dramatically altered.  
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Results 

The timing of a secondary injury influences meningeal vascular 

repair 

Using a meningeal compression model of mTBI, we previously found that 

the myeloid response to the damaged meninges is temporally regulated.  The first 

24-48 hrs is characterized by the influx of inflammatory myelomonocytic cells, 

which was followed by the differentiation and expansion of tissue remodeling 

macrophages by day 4 post-injury.  Because re-injury to the brain is common within 

the human population, we evaluated whether a secondary injury encountered 

during these two distinct phases of inflammation affected the vascular repair 

process. A secondary injury experienced at 1 day exacerbated the lesion and 

significantly impeded meningeal re-vascularization, leaving a large area of 

unrepaired vessels in the wound core. Interestingly, re-injury at 4 days had no 

impact on vascular remodeling and lesion repair (Fig. 3.1 a-b). These opposing 

results clearly demonstrate that sensitivity of the wound microenvironment 

drastically changes over time. 
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Figure 3.1: Re-injury during the inflammatory but not wound healing 
phase enhances neutrophil response and impedes angiogenesis. (a) 
Representative meningeal whole mount images of single mTBI, day 1 reinjured, and 
day 4 re-injured mice at 7 days post initial injury. Meninges were stained with laminin 
(red). Functional blood vessels were visualized by i.v. injection of fluorescent tomato 
lectin (green). (b) Quantification of the lesioned area in mice receiving a single mTBI, 
a second mTBI 1-day post-injury or a second mTBI 4 days post-injury. Analysis was 
performed 7 days after the initial mTBI. (c) Quantification of neutrophils in single mTBI, 
day 1 re-injured, and day 4 re-injured mice at 0 minutes and 30 minutes after imaging. 
Mice were immediately brought to the microscope after re-injury and imaging was 
initiated within a few minutes. (d) Quantification of neutrophil influx rate (cells / minute) 
in single mTBI, day 1 re-injured, and day 4 re-injured mice following injury. Each symbol 
represents a single mouse. Data represented as mean ± s.e.m. **P ≤ 0.01, ***P ≤ 
0.001, ****P ≤ 0.0001 (two-tailed Student’s t-test). Data are pooled from three 
independent experiments normalized to the control group mean with three to six mice 
per group (a–b), are pooled from two independent experiments with five to seven mice 
per group (c–d). 
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Enhanced inflammation following re-injury during acute TBI 

phase 

The notable disparity in wound repair after re-injury is likely due to the 

inflammatory state of the lesion when the secondary injury is encountered. The 

sensitivity of the lesion at 1-day post-injury was evident by two-photon microscopy.  

Re-injury at 1 day resulted in a rapid recruitment of intravascularly labeled 

neutrophils within minutes (Fig. 3.1 c-d). By contrast, neutrophils normally require 

~2-3 hours to fully infiltrate a primary mTBI lesion. Neutrophils were abundant in 

the lesion within the first 30 minutes after re-injury at 1 day, while barely detectable 

after a primary mTBI (Fig. 3.1 c). The rate of neutrophil entry into the lesion was 

also significantly faster following re-injury at day 1 (Fig. 3.1 c), indicating lesion 

sensitivity influences recruitment kinetics. Examination of the lesion 24 hrs 

following re-injury at day 1 revealed that CCR2hi inflammatory monocytes were 

recruited to the meninges in elevated numbers relative to animals that only 

experienced a single injury (Fig. 3.2 a-b). Depletion of inflammatory monocytes 

and neutrophils with anti-Gr-1 antibody 3 hrs prior to re-injury at day 1 modestly 

improved vascular repair, although this result did not reach statistical significance 

(p = 0.07) (Fig. 3.3 a-b). After observing such drastic immunological changes in 

the meninges following re-injury at day 1, we next investigated the consequences 

of re-injury within the brain parenchyma. Microglia respond immediately to a 

primary mTBI, polarizing towards the injured glia limitans and forming unique 

morphologies 16. These reactive microglia persist superficially within the cortex for 

12-24 hrs, before dissipating as the peripheral immune response takes over above 
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Figure 3.2: Re-injury during inflammatory phase results in the recruitment 
of additional inflammatory monocytes to lesion. (a) Representative meningeal 
whole mount images of single mTBI and day 1 re-injured Cx3cr1gfp/+Ccr2rfp/+ mice at 2 
days post initial injury. Blood vessels were stained with tomato lectin i.v. (white), and 
myeloid cells expressing CX3CR1 (green) and CCR2hi (red) were visualized. (b) 
Quantification of inflammatory CCR2hi monocytes in the mTBI lesion following a single 
mTBI or day 1 re-injured mice 2 days after primary injury. Each symbol represents a 
single mouse. Data represented as mean ± s.e.m. *P ≤ 0.05 (two-tailed Student’s t-
test). Data are representative of two independent experiments with four mice per group. 
(a–b). 
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Figure 3.3: Blockade of new neutrophils and inflammatory monocytes does not 
improve re-vascularization after re-injury. (a) Representative meningeal whole mount 
images of day 1 re-injured control vs. anti-Gr-1 treated animals 7 days post primary injury. 
Anti-Gr-1 was administered i.p. 3 h before re-injury. Meninges were stained with laminin (red) 
and tomato lectin i.v. (green). (b) Quantification of lesioned area in 1-day re-injured control or 
anti-Gr-1 treated mice 7 days post primary injury. Each symbol represents a single mouse. 
Data are represented as mean ± s.e.m. P = 0.07 (two-tailed Student’s t-test). Data are pooled 
from three independent experiments and normalized to the control group mean with three to 
four mice per group (a–b).  
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the glia limitans in the meninges. To measure the diameter of microglial reactivity 

emanating from our ~1mm lesion, we optically cleared the neocortex of 

CX3CR1gfp/+ mice using the CUBIC method 189. This allowed us to use confocal 

microscopy and image a larger total area than we could through the thinned skull 

window on our two-photon microscope. We found that the area of microglia 

polarization was significantly enlarged 6 hrs after re-injury at day 1, indicating that 

the surrounding tissue of the original injury was inflamed after re-injury (Fig. 3.4 a-

b). These data demonstrate that a re-injury experienced 1 day after mTBI 

exacerbates inflammation both in the meninges and brain parenchyma.  

 

Meningeal lesion is not affected by re-injury during wound-

healing phase 

 In contrast to re-injury at day 1, additional damage experienced at day 4 

after the primary TBI did not alter the immune response of lesion environment. 

Acute neutrophil recruitment after re-injury at day 4 was identical to a single TBI 

(Fig. 3.1 d). Interestingly, the structural environment of the lesion at day 4 was 

resistant to further damage, which was evidenced by the complete preservation of  

lesion macrophages 3 hrs following re-injury (Fig. 3.5 a-b). Not only were these 

macrophages resistant to mechanical injury, but they also maintained MMP-2 

expression at the lesion perimeter (Fig. 3.5 c). Surprisingly, MMP-2 expression at 

the lesion was higher following a re-injury at day 4, possibly due to upregulated 

production in response to the mechanical pressure caused by the re-injury (Fig. 

3.5 d). These data show that re-injuring a meningeal wound once the lesion has 



80 
 

 

  

Figure 3.4: Microglia polarization after re-injury. (a) Representative CUBIC-
cleared images depict polarized microglia (green) in control or day 1 re-injured 
CX3CR1gfp/+reporter mice 6 hrs post-re-injury. The white X marks the epicenter of the 
lesion and the white dotted line marks the polarization radius. (b) Quantification of the 
polarization radius of microglia in control or day 1 re-injured mice 6 hrs post-re-injury. 
The radius was quantified as the distance between the epicenter of the lesion and the 
furthest polarized microglia cell. Each symbol represents a single mouse. Data are 
represented as mean ± s.e.m. *P ≤ 0.05 (two-tailed Student’s t-test). Data are 
representative of two independent experiments with three to four mice per group (a–
b). 
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Figure 3.5: Re-injury during wound healing phase does not impair 
macrophage remodeling. (a)  Representative meningeal whole mount images of 
single mTBI or day 4 re-injured mice 3 h post-re-injury. Meninges were stained with 
CD206 (green), MMP-2 (white) and tomato lectin i.v. (red). (b–d) Quantification CD206+ 
macrophage number (b) and percentage (c) of those macrophages expressing MMP-
2 after a single mTBI or in day 4 re-injured mice 3 h post-re-injury. (d) Quantification of 
MMP-2 signal as shown in (g) from single mTBI or day 4 re-injured mice 3 h post-re-
injury). Each symbol represents a single mouse. Data represented as mean ± s.e.m. 
NS, not significant (P > 0.05), *P ≤ 0.05 (two-tailed Student’s t-test). Data are 
representative of two independent experiments with four mice per group (a–d).  
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entered a tissue remodeling phase has no detrimental effects to the immune 

response or structure of the tissue.  

 

Vascular damage following mTBI enhances CD8+ T cell 

infiltration in both meninges and brain 

We previously demonstrated that peak vascular damage occurs 1 day after 

mTBI with robust leakage of vascular content into extravascular spaces within the 

meninges (Fig. 2.2). We used this time-point to investigate whether vascular 

damage would provide an opportunity for a peripherally-administered virus to enter 

the CNS. We used LCMV-Armstrong as a model viral agent due to its tropism for 

meningeal cells and ability to elicit a robust T cell response 190, 191. Surprisingly, we 

found that intravenous infection at day 1 of both sham and mTBI mice resulted in 

local viral infection within the meninges (Fig. 3.6 a-b) followed by CD8+ T cell 

infiltration. Viral entry in sham mice is most likely because dural vessels are 

fenestrated, allowing virus to escape into the meningeal tissue 2, 192. We 

transferred LCMV-specific CD8+ T cells (P14) 193 expressing orange fluorescent 

protein (OFP) into recipient mice at the same time as LCMV infection in order to 

track and visualize LCMV-responding T cells. The presence of LCMV in the 

meninges resulted in a significant CD8+ T cell presence in mice infected 1 day after 

sham or mTBI (Fig. 3.7 a-b). The T cells in sham mice tended to form clusters next 

to vasculature, while T cells in mTBI mice congregated around the lesion. Although 

both sham and mTBI mice exhibited peripheral virus escape into the meninges, 

we next investigated whether the additional pathology of the mTBI injury would 
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Figure 3.6: Peripherally injected LCMV virus escapes into meninges 
regardless of injury. (a) Meningeal whole mount image of vascular anatomy of 
meninges showing blood vessels labeled with i.v. tomato lectin (green). Boxes indicate 
parietal lobe (1) or frontal lobe suture (2) areas where viral escape is observed most 
often. (b) Representative meningeal whole mount images of sham or mTBI mice 6 days 
after i.v. LCMV infection in parietal (1) and frontal (2) regions. Meninges were stained 
with CD45 (blue) and LCMV (white). LCMV (2x106 pfu) were injected i.v. 1 day after 
mTBI or sham surgery. Images are representative of at least two independent 
experiments with three to four mice per group. 
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Figure 3.7: CD8+ T cell infiltration in meninges and brain following mTBI 
and LCMV infection. (a) Representative meningeal whole mount images of sham 
or mTBI mice 6 days after LCMV infection showing LCMV-specific P14 cells (red) and 
blood vessels (green). P14 cells (5,000 cells/mouse) and LCMV (2x106 pfu) were 
injected i.v. 1 day after mTBI or sham surgery. (b) Quantification of P14 T cells in the 
meninges of sham or mTBI mice 6 days after LCMV infection. (c) Representative 
coronal brain section images of sham or mTBI mice 6 days after LCMV infection 
showing LCMV-specific P14 cells (red) and blood vessels (green). P14 cells (5,000 
cells/mouse) and LCMV (2x106 pfu) were injected i.v. 1 day after mTBI or sham 
surgery. (d) Quantification of P14 T cells in the brain parenchyma of sham or mTBI 
mice 6 days after LCMV infection. Each symbol represents a single mouse. Data are 
represented as mean ± s.e.m. *P ≤ 0.05 (two-tailed Student’s t-test). Data are 
representative of three independent experiments with four mice per group (a–d). 
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make the parenchyma susceptible to anti-viral inflammation. Using CD11cyfp/+ 

reporter mice we found that there was a significantly increased number of CD11c+ 

cells in the parenchyma following mTBI, compared to sham controls (Fig. 3.8 a-b). 

Most of these cells are most likely activated resident microglia, as they are known 

to upregulate CD11c in the presence of LCMV infection 75. We also observed 

LCMV-specific CD8+ T cells in the brains of mTBI mice infected with virus 1 day 

post-injury (Fig. 3.7 c-d). Although a peripheral LCMV infection can directly affect 

the meninges in uninjured mice, damage from mTBI increases the anti-viral 

response and creates an opportunity for effector CD8+ T cells to invade the brain.  

 

Meningeal mTBI repair is halted following peripheral LCMV 

infection 

Blood vessels destroyed during our mTBI model undergo robust 

remodeling, and eventually new vasculature is produced to close the lesion. This 

process is dependent on a coordinated effort from peripherally-derived wound-

healing macrophages. We found that infecting mice 1 day after mTBI abrogated 

the wound repair response, leading to large lesions at 7 days post-injury with 

minimal newly formed blood vessels (Fig. 3.9 a-b). To determine which aspects of 

anti-viral immunity were detrimental to mTBI repair, we stained for adaptive 

immune cells in whole-mount meninges 6 days after LCMV infection at day 1 post-

mTBI. Similar to our previous observations in sham vs. mTBI mice (Fig. 3.8), the 

most striking difference between uninfected and day 1 LCMV infected mTBI mice 
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Figure 3.8: CD11c activation of cells in brain parenchyma following mTBI 
and LCMV infection. (a) Representative coronal brain sections of sham or mTBI 
CD11cyfp/+ reporter mice 6 days after LCMV infection showing CD11c-expressing cells 
(green) and blood vessels (white). LCMV (2x106 pfu) was injected i.v. 1 day after mTBI 
or sham surgery. (b) Quantification of CD11c+ cells in the brains of sham or mTBI 
CD11cyfp/+ mice 6 days after LCMV infection. Each symbol represents a single mouse. 
Data are represented as mean ± s.e.m. **P ≤ 0.01 (two-tailed Student’s t-test). Data 
are representative of three independent experiments with three to four mice per group 
(a–b).  
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is the significant number of CD8+ T cells (Fig. 3.10 a-b). We also found a slight, 

but significant increase of CD4+ T cells and higher expression of MHC class II, 

most likely from recruited macrophages (Fig. 3.10 b-c). We detected very few B 

cells near the lesion and no LCMV-induced recruitment in infected animals (Fig. 

3.10 b). Based on these findings we sought to determine if effector T cells were 

causing the impaired wound-healing after mTBI. Depletion of both CD8+ and CD4+ 

T cells resulted in partial recovery of the wound repair response in mTBI mice 

infected with LCMV 1-day post-injury (Fig. 3.9 d). Although we observed a slight 

improvement, these mice were not able to re-vascularize the wound to the same 

degree as uninfected control mice. We also found that deficiency in IFN- 

production, a major anti-viral cytokine produced by activated T cells, had no effect 

on mTBI repair (Fig. 3.9 e). These data suggest that anti-viral T cells play a minor 

role in impeding meningeal re-vascularization following mTBI and other factors 

within the wound environment have a larger effect.  

 

Viral infection following mTBI skews microenvironment from 

wound-healing to pro-inflammatory 

The myeloid response during our mTBI model is dominated by CD206+ 

wound healing macrophages that are anatomically positioned around the 

perimeter of the lesion (Fig. 2.6). At 7 days after mTBI, CD206 expression around 
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Figure 3.9: mTBI vascular repair is abrogated after LCMV infection, 
partially due to effector T cell response. (a) Representative meningeal whole 
mount images of uninfected or LCMV-infected 7 days after mTBI. Meninges were 
stained with laminin (red) and functional blood vessels were labeled with lectin i.v. 
(green). LCMV (2x106 pfu) was injected i.v. 1 day after mTBI. (b) Quantification of 
lesioned area in uninfected vs. LCMV-infected mice 7 days post-injury. (c) 
Quantification of CD206 expression in uninfected vs. LCMV-infected mice 7 days post-
injury. (d) Quantification of lesioned area in uninfected vs. LCMV-infected-isotype vs. 
LCMV-infected-T-cell depleted mice 7 days post-injury. (e) Quantification of lesioned 

area in wildtype vs. IFNγ-/-IFN--/- mice 7 days post-injury. Each symbol represents a 
single mouse. Data represented as mean ± s.e.m. NS, not significant (P > 0.05), **P 
≤ 0.01, ****P ≤ 0.0001 (two-tailed Student’s t-test (b–c, e), or one-way ANOVA with 
Tukey’s multiple comparisons test (d). Data are representative of at least three 
independent experiments with three to four mice per group (a–c), are pooled from four 
independent experiments normalized to the control group mean with three to four mice 
per group (d), or are representative of two independent experiments with three to four 
mice per group (e). 
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the lesion was significantly lower in mice infected with LCMV compared to 

uninfected controls (Fig. 3.9 c). Since CD206 is a marker for wound-healing 

macrophages, its reduction suggested that mTBI responding macrophages were 

not properly differentiating following LCMV infection. In addition to expressing 

CD206, mTBI wound-healing macrophages organize around the perimeter of the 

lesion when the wound-repair phase is initiated. We next investigated macrophage 

phenotypes at day 4 post-injury, a time-point when the CD206+ macrophage 

positioning is established. In the presence of LCMV infection, the balance of 

CD206+ vs. CD206- cells is reversed, heavily favoring inflammatory 

CD11b+CD206- macrophages (Fig. 3.11 a-b). There was also no obvious 

positioning of macrophages around the perimeter of the lesion, as we consistently 

observe in uninfected mTBI mice. The presence of ongoing viral infection within a 

sterile mTBI meningeal lesion overrides the entire wound-healing myeloid 

response.  

 

Angiogenic gene expression is altered and suppressed after 

mTBI and viral infection 

We previously detected upregulation of several angiogenesis-associated 

genes in our lesion 4 days post-injury (Fig. 2.11). Since vascular regeneration was 

significantly impaired in the presence of a peripheral LCMV infection, we 

hypothesized that the angiogenic genetic program would be altered. We measured 
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Figure 3.10: Viral infection after mTBI causes increased MHC-II expression 
and influx of T cells to the lesion. (a) Representative meningeal whole mounts of 
uninfected or LCMV-infected mTBI mice 7 days post-injury. Meninges were stained 
with MHC-II (blue), CD8 (red), CD4 (white), and B220 (green). LCMV (2x106 pfu) was 
injected i.v. 1 day after mTBI. (b) Quantification of CD8+ T cells, CD4+ T cells and B220+ 
B cells around the lesion in uninfected vs. LCMV-infected mTBI mice 7 days post-injury. 
(c) Quantification of MHC-II fluorescence intensity in uninfected vs. LCMV infected 
mTBI mice 7 days post-injury. Each symbol represents a single mouse. Data 
represented as mean ± s.e.m. * P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001 (two-tailed Student’s 
t-test (b–c). Data are representative of two independent experiments with four mice 
per group (a–c). 
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Figure 3.11: Viral infection skews mTBI macrophage response from 
wound-healing to inflammatory. (a) Representative meningeal whole mounts of 
uninfected or LCMV infected mTBI mice 4 days post-injury. Meninges were stained 
with CD206 (green) and CD11b (red) and blood vessels were labeled with lectin i.v. 
(white). LCMV (2x106 pfu) was injected i.v. 1 day after mTBI. (b) Quantification of the 
frequency of wound-healing (CD11b+CD206+) vs. inflammatory (CD11b+CD206-) 
myeloid cells in either uninfected or LCMV infected mTBI mice 4 days post-injury. Each 
symbol represents a single mouse. Data represented as mean ± s.e.m. **P ≤ 0.01 (two-
tailed Student’s t-test (b). Data are representative of two independent experiments with 
three to four mice per group (a–b). 
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expression of 90 angiogenesis-related genes 4 days post-injury in uninfected mice 

or mice that had been infected with LCMV 1 day after TBI. Overall, we found that 

the majority of angiogenic genes were downregulated in the presence of LCMV 

infection, suggesting that the entire angiogenesis program is suppressed (Fig. 

3.12 a). Specifically, we observed lower expression of alanyl aminopeptidase  

(Anpep), stromal cell-derived factor-1 (Cxcl12), cysteine-rich angiogenic inducer 

61 (Cyr61), fibronectin (Fn1), integrin alpha-2 (Itga2), vascular endothelial growth 

factor (VEGF) receptor 2 (Kdr), matrix metalloproteinase-14 (Mmp14), neurogenic 

locus notch homolog protein-3 (Notch3), platelet-derived growth factor receptor 

beta (Pdgfrb), VEGF-A (Vegfa), and thrombospondin-1 (Thbs1) (Fig. 3.12 b). 

Notably, both Vegfa and its receptor Kdr were downregulated after infection, 

suggesting that the classic angiogenesis pathway is impaired. Interestingly, 

several genes were upregulated after LCMV infection (Fig. 3.12 c). These included 

pro-angiogenesis genes angiogenin (Ang) and endothelial nitric oxide (Nos3), 

angiogenesis-inhibiting genes interleukin-18 (Il18) and insulin-like growth factor-

binding protein 7 (Igfbp7), and angiogenesis-modulating gene tumor necrosis 

factor receptor superfamily member 12A (Tnfrs12a). As expected, the chemokine 

Ccl12 was highly upregulated after infection, most likely due to its role in 

chemotaxis of innate immune cells and lymphocytes (Fig. 3.12 c). These data 

provide evidence that viral infection directly suppresses angiogenic signals 

induced by sterile injury, possibly contributing to a lack of vascular regeneration 

after mTBI. 
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Figure 3.12: mTBI angiogenesis genetic program 
is dysfunctional in the presence of LCMV 
infection. (a) Representative heat-map of 
angiogenesis-related genes in mTBI mice infected with 
LCMV 4 days post-injury. Expression depicted as fold 
change over uninfected mTBI mice controls. LCMV 
(2x106 pfu) was injected i.v. 1 day after mTBI. (b) 
Decreased expression of angiogenesis-related genes 
(Anpep, Cxcl12, Cyr61, Fn1, Itga2, Kdr, Mmp14, Notch3, 
Pdgfrb, Vegfa, Thbs1) in LCMV infected mTBI mice 
compared to uninfected controls. (c) Increased 
expression of angiogenesis-related genes (Ang, Ccl12, 
Igfbp7, Il18, Nos3, Tnfrsf12a) in LCMV infected mTBI 
mice compared to uninfected controls. Each symbol 
represents a single mouse. Data represented as mean ± 
s.e.m. * P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, **** P ≤ 0.0001 
(two-tailed Student’s t-test (b–c). Data are representative 
of two independent experiments with six mice per group 
(a–c). 
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Discussion 

 Our studies have shed light on how the inflammatory and wound-healing 

processes of mTBI are critically altered following secondary sterile or viral 

complications. A second compression injury in the same location can have vastly 

different effects depending on when it occurs. Vascular wound repair is severely 

impacted when a second injury is experienced 1 day after the primary injury, but 

has no effect on meningeal vascular remodeling when encountered at day 4 (Fig. 

3.13 a-b))). Additional damage at day 1 causes an exacerbated neutrophil and 

inflammatory monocyte response, with monocytes able to infiltrate brain 

parenchyma, whereas re-injury at day 4 causes no structural or cellular damage 

(Fig. 3.13 a-b). In addition to re-injury, we found that peripheral LCMV infection at 

day 1 also caused incomplete vascular wound repair associated with 

downregulation of angiogenic gene expression (Fig. 3.14). The mTBI allowed 

peripherally injected virus to more readily enter the CNS, resulting in a robust CD8+ 

T cell response that extended down into the parenchyma. Viral infection of the 

meninges caused a shift in the myeloid response from wound-healing to pro-

inflammatory, with macrophages downregulating CD206 and resident microglia 

upregulating CD11c (Fig. 3.14).  

Repetitive brain trauma in humans can lead to long-term neurodegeneration 

and serious neurological complications 179, 194. Rodent models of repetitive TBI 

have focused on histopathological and behavioral changes that correlate with 

repetitive injuries 195, 196. Importantly, our data demonstrate the state of the mTBI 

lesion influences the degree of secondary pathology and inflammation following 
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Figure 3.13: Model of divergent meningeal wound repair processes after 
a second sterile injury. A second injury (lightning bolt) given 1 day after the primary 
mTBI enhances neutrophil and monocyte infiltration to the lesion and impairs 
revascularization. However, if the same second injury is given 4 days after the primary 
mTBI wound healing is unaffected while MMP2MMP-2 production is elevated. This 
dichotomy highlights the sensitivity of the mTBI wound as the immune response shifts 
from the inflammatory phase into a wound-healing phase.  
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Figure 3.14: Model of impaired mTBI wound-healing during a peripheral 
viral infection. A peripheral LCMV infection given 1 day after mTBI causes a local 
infection around the lesion. The infected lesion environment inhibits the differentiation 
and positioning of wound-healing macrophages and fosters a significant anti-viral 

CD8+ T cell response. Expression of angiogenesis-related genes is suppressed 
leading to a lack of re-vascularization 7 days after the injury.  
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re-injury. Acute inflammatory mTBI lesions are highly sensitive to recruitment of 

additional myelomonocytic cells following a second injury, and this disrupts 

meningeal re-vascularization.  In contrast, mTBI lesions that have entered the 

wound-healing phase at day 4 become refractory to secondary damage and 

inflammation. This disparity could be explained by changes at the cellular level. A 

recent study demonstrated that immune cells in Drosophila become desensitized 

to damage associated molecular patterns (DAMPs) and exhibit attenuated 

responses to sequential injuries 197. It is possible that immune cells within the mTBI 

lesion become desensitized to DAMPs and other inflammatory signals once the 

wound-healing phase is initiated.  Another possibility is that the meninges become 

structurally more resistant to secondary damage over time as inflammation 

subsides.  It will be important in future studies to identify the mechanisms 

underlying this differential susceptibility to repeat CNS injuries. 

Infection of LCMV in mice can have variable outcomes depending on the 

viral strain and/or route of administration. Intravenous injection of LCMV Armstrong 

produces a peripheral anti-viral response in mice that can clear the virus within 10 

days 198. However, if the virus is introduced directly into the brain, mice succumb 

to meningitis in ~6 days due to robust immune recruitment to the CNS 199, 200. 

Although we observed CD8+ T cell infiltration of the meninges following sham or 

mTBI coupled with i.v. LCMV infection, it was not enough to induce meningitis 

symptoms. While it has been reported that as little as 1 pfu of LCMV injected 

intracerebrally can induce fatal meningitis, this method includes a substantial 

penetrating wound into the CNS 201. It is possible that our method of mTBI and 
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peripheral administration of LCMV does not produce enough structural damage to 

CNS barriers or viral antigen into the CSF to induce meningitis. Our model does 

provide an opportunity for cytotoxic CD8+ T cells to enter the brain parenchyma 

below the damaged glia limitans. Previous studies have shown that T cells can be 

pathogenic after ischemic stroke and can contribute to demyelination in a model 

of multiple sclerosis 202, 203. CD8+ T cells in the brain can also directly alter microglia 

homeostasis and inflammation 204. More work is needed to uncover how LCMV-

specific T cells affect activated microglia responding to mTBI.  

Macrophages are very adaptable to their environments, able to polarize 

along a spectrum of phenotypes from inflammatory to wound-healing. Sensing of 

viral pathogens commonly skew macrophages towards an inflammatory state 205, 

206.  Our model of LCMV infection after mTBI created an environment featuring 

both DAMPs and PAMPs to initiate macrophage activation. The macrophage 

response under these conditions completely shifted from wound-healing to pro-

inflammatory, consistent with previous studies showing that LCMV promotes a 

classically activated macrophage response 207. Although sterile injury and some 

viral infections skew macrophages towards anti-inflammatory phenotypes, the 

response to LCMV seems to override those signals. Increasing inflammation by 

mimicking a pathogen infection has been studied before in TBI and stroke models. 

Pretreatment with the bacterial endotoxin lipopolysaccharide (LPS) was found to 

be neuroprotective after brain injury 208, 209. Similarly, pretreatment of a synthetic 

analogue of dsRNA, polyinosinic:polycytidylic acid (Poly (I:C)) resulted in smaller 

infarct sizes in a mouse model of stroke 210. In contrast to these studies, we found 
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that shifting the environment to an anti-viral response was detrimental to wound-

healing. While LPS and Poly (I:C) both exhibit some features of a bacterial or viral 

infection, they function through specific TLR pathways and most likely do not mimic 

the full breadth of the responses mounted against a viral infection.  

Detecting and reacting to viruses involves many different signaling 

pathways that ultimately results in production of anti-viral molecules and cytokines 

211. These broad responses have the potential to affect many different cells and 

have unwanted side effects. We discovered that one side effect of anti-viral 

immunity during wound-repair was a suppression of angiogenic gene expression. 

Our findings are similar to a recent in vitro study that found that cells infected with 

hazara virus were unable to properly close an artificially generated wound due to 

impaired actin organization and cell migration 212. It has also been previously 

reported that LCMV infection can promote tumor regression by inhibiting vessel 

growth and cause vascular damage in the lung 213, 214. The major cell types that 

are involved in neo-vascularization are endothelial cells, stromal cells such as 

fibroblasts, and macrophages. As LCMV is not known to infect endothelial cells, it 

is likely that fibroblasts and/or macrophages are responsible for altering the 

angiogenesis program. However, it is also possible that endothelial cells sense 

LCMV directly due to their expression of pattern recognition receptors 215.  

 These findings highlight the ways in which normal wound responses after 

mTBI can be affected by secondary complications. While the meninges can 

efficiently undergo vascular repair, additional sterile injury or a systemic viral 

infection can significantly delay wound repair. A second injury was only detrimental 
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1 day after mTBI, not 4 days after mTBI, highlighting an evolving process at the 

wound-site that dictates sensitivity to further structural damage. Peripheral LCMV 

infection caused the mTBI meningeal environment to foster an antiviral response 

featuring CD8+ T cell recruitment and suppression of angiogenic gene expression. 

Experiencing either of these scenarios following mTBI could lead to drastically 

altered wound repair and possible neurological complications. Fully understanding 

these immune-altering mechanisms will hopefully lead to the development of better 

strategies and therapeutics to protect mTBI patients from complications and 

promote recovery. 
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Chapter 4 

 

Concluding Remarks & Future Directions 

 

The brain and meninges are complex tissues that often get damaged in 

patients that have suffered head injuries. Although anatomically distinct, immune 

responses in the meninges and the brain can influence each other if the glia 

limitans barrier breaks down. While the pia mater is a thin stromal layer and the 

arachnoid mater contains a space for CSF flow, the dura mater is a highly 

vascularized tissue layer that can foster robust immune responses featuring a 

variety of cell types. The dura’s location directly beneath the skull bone makes it 

susceptible to damage, and indeed patients who have experienced a mild 

traumatic brain injury can exhibit vascular leakage within the dura.  Due to the 

highly heterogenous nature of traumatic brain injuries, a better understanding of 

exactly how these tissues respond to damage is needed to accurately diagnose 

and treat TBI.  

The work in this thesis has focused on investigating how the meningeal 

tissue, specifically the dura, responds to mechanical injury. Patients that exhibited 

meningeal vascular damage by MRI imaging following mTBI usually resolved the 

leakage within 2-3 weeks. However, a fraction of these patients (17%) still had 

evidence of meningeal leakage > 70 days after their injury. When we investigated 

meningeal repair in a mouse model of mTBI, we found that mice efficiently rebuilt 
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damaged blood vessels in ~7 days after injury. This was orchestrated by 

peripherally-derived myeloid cell responses that divided itself into distinct repair 

functions. We found that inflammatory monocytes and neutrophils scavenged 

dead meningeal cells while non-classical monocytes proliferated into CD206+ 

macrophages, positioned themselves around the perimeter of the lesion and were 

critical for re-vascularization. It is possible that an imbalance of circulating classical 

and non-classical monocytes could directly lead to incomplete wound repair in 

patients that still had meningeal damage months after a head injury. Mutations or 

deficiencies affecting monocyte to macrophage differentiation could also prove 

detrimental to meningeal repair. In our mTBI model, one monocyte subset could 

not fully compensate for the lack of the other. Mice depleted of non-classical 

monocytes had no deficiency of dead cell clearance but lacked proper 

angiogenesis while mice depleted of neutrophils and classical monocytes could 

not efficiently scavenge dead cells yet fully re-vascularized the lesion. Since we 

observed such drastic differences between the two monocyte subsets, more work 

is needed to understand the signals in situ that dictate these divergent responses. 

Differential chemokine receptor expression between the monocyte subsets could 

explain why non-classical monocytes migrate to the lesion perimeter while 

classical monocytes tended to remain in the core. Future studies focusing on 

modulating the differentiation potential of these cells in a wound environment could 

be very enlightening. Identification of a cytokine or growth factor that could induce 

monocyte conversion and act as a switch between classical and non-classical 
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responses could be employed as a treatment by controlling the immune response 

during the progression of tissue repair.  

Data in this thesis highlight the importance of inflammation and immune cell 

recruitment to the CNS during wound repair. As evidenced by the multiple TBI 

clinical trials focusing on anti-inflammatory treatments 10, 11, 12, inflammation 

following TBI has historically been viewed as harmful. However, the failure of these 

trials has made it clear that the true role of inflammation after head injury is more 

complicated. Based on the work in this thesis, the anatomy of the injury is crucial 

in how the tissue will respond to the wound. The meninges and brain parenchyma 

are likely on two different wound-healing timelines. The brain’s strong barrier 

systems and generally anti-inflammatory state may prevent a full-fledged 

peripheral immune response, instead having to rely on resident cells for tissue 

repair. The meninges, specifically the dura, are more accessible to leukocyte 

recruitment and, as we demonstrate in this thesis, effective in fostering a wound-

healing response. This anatomical dichotomy must be considered when patients 

present with head injuries of varying severity. Studies demonstrating the negative 

aspects of inflammation following TBI often use mouse models that feature severe 

parenchymal damage and tissue loss 8, 9. We have shown that when the injury is 

mild the acute inflammatory response is beneficial and able to immediately react 

to cell death and initiate a clean-up and repair process. This leads to unanswered 

questions regarding the threshold of damage necessary for peripheral cells to 

invade the parenchyma where they could then become pathogenic. More research 

focusing on better biomarkers and diagnostic tools to accurately determine the 
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location (meninges vs. parenchyma) and severity of damage after TBI will 

ultimately lead to more effective therapeutic strategies.  

 Repetitive injuries to the head are increasingly being found to be associated 

with neurodegeneration later in a patient’s life. The prevalence of impacts to the 

head in sports and military-related injuries makes it necessary to understand the 

underlying pathological mechanisms driving repetitive TBI. We used our 

compression mTBI model to investigate the effects of successive traumatic injury 

on wound repair and inflammation of the primary injury. We originally hypothesized 

that any additional injury, regardless of timing, would interrupt the ongoing wound 

repair processes in the meninges. Surprisingly, that was only the case if the 

second injury was given 1 day after the primary mTBI. When the second injury was 

given 4 days after the primary mTBI, the vasculature could fully repair within the 

normal amount of time. It is still unknown whether the impact of a second injury at 

day 1 simply causes a delay in wound-healing due to additional vascular damage 

or alters the response so that proper wound repair is permanently inhibited. The 

mTBI wound is evolving as it transitions from the acute inflammatory phase to a 

more anti-inflammatory wound-healing phase. Based on our data, these phases 

have different sensitivities to further mechanical injury. Gene expression data 

revealed that there are distinct signatures of inflammation and angiogenesis-genes 

being produced at these time-points. The predominant genes up-regulated at 1-

day post-injury are inflammatory cytokines Il1a and Il1b and neutrophil/monocyte 

chemoattractants Cxcl1, Ccl2, and Ccl12. These pro-inflammatory genes nearly 

return to baseline at 4 days post-injury while remodeling and pro-angiogenic genes 
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Fn1, Kdr, Mmp2, Anpep, and Anxa2 are up-regulated. Measuring changes in these 

genetic signatures following secondary damage would shed light on possible 

mechanisms that drive the divergent wound repair responses that we have 

observed. 

In this thesis we have explored how immune cells react to a second injury 

at two distinct time-points.  We found that re-injury at day 1 exacerbated the 

neutrophil and monocyte response, while a re-injury at day 4 was dynamically 

similar to a primary mTBI. More work needs to be done to determine what signals 

are responsible for the increased immune response. More DAMPs released from 

dying cells or a spike in local chemokine production could induce the rapid influx 

of neutrophils that we see after re-injury at day 1. It is more difficult to explain the 

response seen at day 4, given that we observed no death of macrophages or 

vasculature within 3 hours of the re-injury. At this time the tissue is undergoing 

matrix remodeling, as evidenced by the intense MMP-2 staining, so the structural 

integrity of the lesion is likely very different than it is 1 day after mTBI. A deeper 

analysis of the role the extracellular matrix plays in sterile injuries could provide 

some clues as to why the meninges are more resistant to damage when 

remodeling is engaged. With an abundance of macrophages (and likely fibroblasts) 

at the lesion 4 days after mTBI, matrix proteins can be generated efficiently and 

organized as new blood vessels grow into the core of the wound. Newly 

synthesized matrix proteins could potentially act as a cushion for proliferating blood 

vessels, insulating them from further mechanical pressure. A more biophysical 

approach could be employed to determine how meningeal vessels react to certain 
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amounts of mechanical force applied to the vessel walls. The physical properties 

of angiogenic vessels and sprouting endothelial cells could be different than fully 

formed vasculature. An important remaining question is how the newly built 

vascular network at the mTBI lesion reacts to mechanical injury. The new vessels 

are generally smaller in diameter and more intricately entwined than normal 

meningeal vasculature, which could lead to altered physical properties. Taken 

together, repetitive injury in the same location can have drastic effects on both 

wound-healing and inflammation in the meninges. Patients who have suffered a 

head injury may have a critical window where they would be especially susceptible 

to further damage if they experience another blow to the head. However, once 

local inflammation subsides and a wound-healing program is established, the 

patient may not be in immediate danger of secondary damage interfering with the 

primary wound response. Ideally, more specific biomarkers will eventually be used 

as a way to indirectly assess the state of the wound and provide invaluable 

information for better treatment strategies.  

The immune system is poised to detect and deal with both sterile tissue 

damage and foreign pathogen infections. In this thesis, we investigated the 

interplay between a sterile wound response and antiviral response in our model of 

mTBI. Mechanically induced vascular damage following mTBI allowed 

intravenously injected LCMV to cause local infection in the meninges. Surprisingly, 

LCMV moved into the meninges from the bloodstream in sham surgery mice, 

highlighting an important vulnerability of the fenestrated meningeal vasculature. 

The virus was contained to small patches in sham mice or around the lesion in 
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mTBI mice, and this infection recruited CD8+ T cells to the meninges, although not 

enough to cause meningitis in the mice. This important observation demonstrates 

that systemic pathogens can gain access to the meninges even in the absence of 

injury. A traumatic injury to the meninges only enhanced the CD8+ T cell response 

and damage to the glia limitans allowed the T cells to enter the parenchyma, most 

likely following chemoattractant gradients. The dura mater is much thicker in 

humans, but the blood vessels within are still not wrapped in barrier structures. If 

bloodborne pathogens escape in small areas of the dura, it would elicit isolated 

immune responses and potentially change the immune cell landscape around 

these areas. As of now we do not know why the virus only gets across the vessel 

wall and causes infection in specific areas across the dura. It’s possible there are 

regional differences in the meningeal vasculature or perivascular cells that allow 

pathogens to escape and infect the surrounding tissue. Even though the barriers 

of the arachnoid mater, pia mater, and glia limitans are secure, a head injury that 

ruptures these structures while an inflammatory event is occurring in the dura could 

lead to immune cells trafficking into the brain.  

We finally interrogated the relationship between wound-healing and antiviral 

immunity by investigating the effects of infection on vascular repair after mTBI. 

Intravenous injection of LCMV 1 day after mTBI prevented the vasculature from 

growing to seal the meningeal wound. Under normal conditions, CD8+ T cells are 

not present in the meninges during this wound repair process. Although an influx 

of effector T cells occurs after mTBI and LCMV infection, depleting these cells only 

modestly improved wound-healing, suggesting that the primary effect of infection 
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on mTBI was an innate process. Further experiments revealed that LCMV infection 

prevented injury-responding macrophages from positioning around the lesion 

perimeter and differentiating into a wound-healing phenotype. The antiviral 

response also suppressed angiogenic gene expression, particularly the Vegfa and 

Kdr pathway, which is a classical pro-angiogenesis signaling system. Both 

consequences of infection after mTBI could explain the impaired wound-healing 

that we observed. The entire wound microenvironment is skewed towards an 

antiviral, inflammatory state, meaning that in the presence of both sterile injury and 

a pathogen infection, the immune system will focus on the infection rather than the 

injury. We hypothesize that both the macrophage polarization and angiogenesis 

suppression are due to antiviral cytokines. While we have ruled out IFN-, there 

are many other candidate cytokines that are likely to be highly produced locally 

(e.g. TNF- and type-I interferons) that may alter the wound-healing response. A 

comprehensive analysis of cytokine expression in the presence or absence of 

macrophages and/or T cells would provide insights into candidate cytokines for 

further characterization. The other cell population that is worth investigating is the 

stromal compartment, particularly meningeal fibroblasts. As these cells are known 

to participate in immune responses and become infected by LCMV, they may play 

an important role in antiviral immunity and mTBI repair that has yet to be 

elucidated. Even though the exact mechanism has not been determined yet in this 

system, a systemic infection can significantly alter a local injury response in the 

meninges. Patients who have had a brain injury and are hospitalized are at risk of 

contracting an infection that could potentially delay TBI repair mechanisms. 
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Experiencing an immune challenge such as an infection in the first week after TBI 

could explain why some patients take longer to recover. Following patients during 

the TBI recovery process and measuring immune challenges could provide 

insights into the full extent of the relationship between systemic infections and TBI 

repair.  

The work in this thesis represents an advancement in our understanding of 

how the how the meninges undergo wound repair after mTBI and some secondary 

challenges that can modify this process. I have provided mechanistic insights into 

how macrophages play a critical role in the meningeal wound-healing program 

through extracellular matrix remodeling and debris clearance. Additionally, I have 

demonstrated that a second injury or peripheral viral infection at a time-point of 

peak inflammation and damage can dramatically impair vascular regeneration and 

enhance inflammation. This work brings more attention to the beneficial roles of 

immune cells following mTBI, and especially highlight the importance of the 

meninges in fostering effective wound repair after injury. Understanding these 

mechanisms and how they are affected by secondary injury or infection will 

hopefully lead to therapeutics that precisely guide the immune system over the 

course of mTBI recovery.  
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Chapter 5 

 

Methods 

Human Subjects 

 
This study was reviewed and approved by the appropriate human patient 

protection authorities at the National Institutes of Health, Johns Hopkins Suburban 

Hospital, and MedStar Washington Hospital Center. All patients or surrogates 

provided informed consent before any study procedure. We conducted a 

retrospective analysis of patients with known and suspected non-penetrating acute 

TBI that enrolled in an IRB approved Traumatic Head Injury Neuroimaging 

Classification Study (THINC) NCT01132937 who completed study procedures 

between Oct 2010 and Feb 2017.   Patients were enrolled and received a research 

MRI within 48 hours of head injury at Johns Hopkins Suburban Hospital (Bethesda, 

MD) or MedStar Washington Hospital Center (Washington, DC).  Cases were 

included that had suspected mild TBI with i.) a Glasgow Coma Score > 12 on 

presentation, ii.) a loss of consciousness < 30 min, iii.) post -traumatic amnesia < 

24 hours, iv.) a negative non-contrast head CAT scan (CT), and v.) at least one 

follow-up MRI with contrast at a nominal 5, 30, or 90 days from injury.  Imaging 

was performed on 1.5T and 3.0T MRI machines from three commercial vendors.  

The MRI research protocol included a post-contrast T2-FLAIR (fluid attenuated 

inversion recovery) series of ~2.5 min duration acquired ~5 min after contrast 

administration.  Traumatic meningeal enhancement was noted as a hyperintensity 



111 
 

on post-contrast FLAIR (not seen pre-contrast) of the presumed interface between 

the dura and arachnoid membrane along the convexity or of dural reflections in the 

falx cerebri, tentorium cerebri, or diaphragm sellae.   The duration of traumatic 

meningeal injury was estimated as time first seen without enhancement minus time 

last seen with meningeal enhancement.  Loss-to-follow-up was “left” censored as 

time last seen with enhancement. 

Mice 

 
C57BL/6J (B6), B6.129P-CX3CR1tm1Litt/J (Cx3cr1gfp/gfp), B6.129(Cg)-

CCR2tm2.1Ifc/J (Ccr2rfp/rfp), and B6.129S7-Ifngtm1Ts/J (IFNg-KO) mice were 

purchased from Jackson Laboratories. Cx3cr1gfp/+ Ccr2rfp/+ double reporter 

mice were generated by breeding Cx3cr1gfp/gfp and Ccr2rfp/rfp together. Lysmgfp/+ 

were provided by T. Graf216 and maintained in closed breeding colony at the NIH. 

All mice in this study were handled in accordance with the guidelines set forth by 

the NIH Animal Care and Use Committee.  

Meningeal compression injury 

 
All mTBI experiments were performed as described217.  7–10 week-old mice 

(weighing 22–25 g) were anaesthetized ketamine (85 mg/kg), xylazine (13  mg/kg) 

and acepromazine (2  mg/kg) in PBS and maintained at a core temperature of 37 

ºC. Hair was removed from the head using hair clippers and NairTM. Lidocaine was 

applied to the scalp, followed by cleaning of the area with chlorohexidine and 

ethanol. Under aseptic conditions, an incision was made in the scalp to expose the 
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skull and a metal bracket was secured on the skull bone over the barrel cortex (2.5 

mm from Bregma × 2.5 mm from sagittal suture). A cranial window (1 mm × 1 mm) 

was quickly thinned to a thickness of ~20–30 µm. Once thinned, the blunt end of 

a microsurgical blade was used to lightly compress the skull bone into a concavity 

without cracking the skull. After compression, the incision was closed with sterile 

wound clips and the mice were injected subcutaneously with 0.1 mg/kg Buprenex 

for pain management. The mice were kept warm until they fully recovered from 

anesthesia. Sham animals received the full surgery procedures except for the 

drilling and compression. For the re-injury studies, mice were anesthetized as 

described above, after which the original injury was exposed and compressed 

again with the blunt end of a microsurgical blade.   

In vivo cell depletions and MMP inhibitor treatment 

 
 All antibodies used for cell depletion were purchased from BioXcell. For T cell 

depletions, B6 mice were intraperitoneally injected with 300ug of anti-CD8 (YTS-

169.4) and 500ug of anti-CD4 (GK1.5) 1 day prior to LCMV infection. For 

inflammatory monocyte and neutrophil depletion, B6 mice were intraperitoneally 

injected with 400 µg of anti-Gr-1 (RB6-8C5) one day prior to mTBI and repeated 

daily until the denoted time-points. For monocyte depletions, 200 µl of clodronate 

liposomes (clodronateliposomes.com) were injected intravenously 3 h prior to 

mTBI and repeated daily for 4 days, or, alternatively as a single injection 

administered 24–48 h prior to mTBI (Figure 5.1 a-b). The MMP-2/9 inhibitor SB-

3CT was reconstituted in 25% DMSO, 65% PEG-200, and 10% H2O at a 
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Figure 5.1: Peripheral immune cell depletion efficiencies in blood. (a) 
Quantification of blood neutrophils, Ly6Chi monocytes, and Ly6Clo monocytes in isotype 
vs. anti-Gr-1 treated mice 4 days post-injury. Anti-Gr-1 was injected i.p. daily beginning 
24 h before mTBI (n = 3-4 mice per group). (b-d) Quantification of blood neutrophils, 
Ly6Chi monocytes, and Ly6Clo monocytes in control vs. single clodronate injected mice 
on the day of the mTBI (time point 0), 2 days, 5 days and 7 days post-injury. A single 
clodronate injection was given i.v. 24 h before mTBI (n = 4 mice per group). For all 
experiments, neutrophils were gated on CD11b+ Ly6G+ and monocytes were gated on 
CD11b+ CD115+Ly6G–Ly6C+/–. Each symbol represents a single mouse. Data are 
represented as mean ± s.e.m. NS, not significant *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, 
****P ≤ 0.0001 (two-tailed Student’s t-test). Data are representative of one independent 
experiment with three to four mice per group (a, b–d). 
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concentration of 12.5 mg/ml as previously described23. B6 mice were injected 

intraperitoneally with 25 mg/kg SB-3CT daily beginning 2 days after mTBI.   

LCMV infection  

 
B6 mice were injected intravenously with 2 x 106 pfu of wild-type LCMV Armstrong 

one day after mTBI. Stocks were prepared by single passage in BHK-21 cells at a 

low multiplicity of infection (MOI of 0.01), and the titer was determined by plaque 

assay in Vero cells. 

LCMV-specific P14 T cell transfer 

 
P14 transgenic mice were crossed to orange fluorescent protein reporter mice to 

generate P14 x OFP mice. A capillary tube of whole blood (~35 µl volume) was 

taken from a P14 x OFP mouse and diluted in 1 ml of sterile PBS. On the day of 

LCMV-Armstrong infection, mTBI or sham surgery mice were intravenously 

injected with 100 µl of the diluted whole blood. This amount was calculated to be 

~5,000 P14 T cells per mouse. 

Meningeal whole-mounts & immunohistochemistry 

 
Vasculature was labeled by intravenously injecting fluorescently conjugated 

tomato lectin (Vector Labs) 5–10 min before euthanasia. Mice were perfused with 

either saline or 5% neutral buffered formalin (NBF). A small area of skull with 

meninges attached encompassing the mTBI lesion was removed with scissors and 

placed in staining buffer (PBS containing 2% FBS). All meninges were stained 
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while still attached to the skull bone. FcR block and mouse IgG (Jackson 

ImmunoResearch) were added to staining buffer, and the meninges were 

incubated for 30 min at room temperature (RT; ~26ºC). For saline-perfused 

meninges, primary antibodies were added directly to staining buffer and incubated 

for 1 h at RT. After primary staining, meninges were washed 3 times in staining 

buffer. Secondary antibodies were added and incubated for 1 h at RT. Meninges 

were washed 3 times in staining buffer and placed in 5% NBF for 30-60 min at RT. 

For NBF-perfused meninges, primary antibodies were added directly to staining 

buffer and incubated 16-18 h at 4ºC. After primary staining, meninges were 

washed 3 times in staining buffer and secondary antibodies were added and 

incubated at room temperature for 1 h. Meninges were finally washed 3 times in 

staining buffer. Meninges were removed from the skull by carefully peeling the 

tissue from the bone using fine tipped forceps. The free-floating meninges were 

placed in one drop of FluorSave Reagent (Calbiochem) on a slide and a coverslip 

was added. Meninges were stained with the following primary antibodies: B220 

(RA3-6B2), CD4 (GK1.5), CD8 (53-5.8), CD11b PE (M1/70), CD206 Brilliant Violet 

421 or AlexaFluor 488/647 (C068C2), Lyve-1 eFluor 660 (eBiosciences), 

polyclonal anti-laminin (Abcam), polyclonal anti-fibrinogen (Abcam), polyclonal 

anti-MMP2 (Abcam). All directly conjugated antibodies except Lyve-1 were 

purchased from BioLegend. Secondary antibodies included AlexaFluor488-

conjugated polyclonal anti-GFP (Rockland), rhodamine red-X or Alexa Fluor647-

conjugated donkey anti-rabbit (Jackson ImmunoResearch). Tile scan images of 

the meninges were acquired using an Olympus FV1200 laser scanning confocal 
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microscope equipped with 4 detectors, 6 laser lines (405, 458, 488, 515, 559, and 

635 nm) and 5 objectives (4×/0.16 NA, 10×/0.4 NA, 20×/0.75 NA, 40×/0.95 NA, 

and chromatic aberration corrected 60×/1.4 NA). Tile scans were also acquired 

using a Leica SP5 laser scanning confocal microscope equipped with 3 detectors, 

an 8000Hz resonant scanner, 3 laser lines (488, 594, and 633 nm) and 2 objectives 

(5×/0.15 NA, 10×/0.40 NA). All confocal images were imported to Imaris version 

9.0 software (Bitplane) for further analysis.  

Evans blue leakage assay 

 
200 µl of a 1 mg/ml solution of Evans blue (Sigma) was injected intravenously and 

allowed to circulate for 1 h before euthanasia. Mice were perfused with saline to 

wash out intravascular Evans blue. Meningeal whole mounts were prepared as 

described above, tile scans were captured by confocal microscopy, and 

quantification of Evans blue fluorescence (excited with the 633 nm laser line) was 

performed using Imaris as described in the Confocal Image Analysis section 

below.   

EdU proliferation assay 

 
1 mg of EdU (dissolved in water) was injected intraperitoneally into mice 1 h before 

euthanasia. Mice were perfused with 5% NBF and the meninges were removed as 

described above. EdU was detected using a Click-iT Plus EdU Alexa Fluor 647 kit 

(ThermoFisher) and imaged with an Olympus FV1200 laser scanning confocal 
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microscope. Quantification of EdU+ cells was performed by Histo-Cytometry as 

described below. 

Tissue clearing 

 
Brain tissue was cleared using a shortened CUBIC protocol 189. Following cardiac 

perfusion with 5% NBF, microdissections of superficial cortex including the mTBI 

lesion were removed and post-fixed in 5% NBF overnight at 4ºC. The tissues were 

then washed twice in PBS for 1 h each and placed in “Reagent 1” for 3-4 days at 

37ºC. “Reagent 1” was replaced every 1-2 days. When tissue was optically 

cleared, images were acquired using an Olympus FV1200 laser scanning confocal 

microscope as described above.  

Intravital two-photon microscopy 

 
mTBI and control mice were imaged using a Leica SP8 two-photon microscope 

equipped with an 8,000-Hz resonant scanner, a 25× color corrected water-dipping 

objective (1.0 NA), a quad HyD external detector array, a Mai Tai HP DeepSee 

Laser (Spectra-Physics) tuned to 905 nm (for GFP, Alexa Fluor 488, Evans blue, 

propidium iodide) and an Insight DS laser (Spectra-Physics) tuned to 1050 nm (for 

red fluorescent protein) or 1200 nm (for Alexa Fluor 647). 3D time-lapse movies 

were captured in z-stacks of 15–30 planes (3 µm step size) at 1–2 min intervals. 

Signal contrast was enhanced by averaging 10–12 video frames per plane in 

resonance scanning mode. For blood vessel visualization, 1 mg/ml Evans blue 

(Sigma) or tomato lectin (Vector Labs) was injected intravenously prior to mTBI. 
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For dead cell visualization, propidium iodide (ThermoFisher) was applied 

transcranially for 30–60 min prior to imaging. Intravascular labeling of neutrophils 

was achieved by injecting 10 µg anti-Ly6G Alexa Fluor 647 or FITC (BioLegend). 

Intravascular labeling of platelets was achieved by injecting 10 µg anti-CD41-PE 

(BioLegend). Antibodies were injected i.v. 30 min before imaging.  

Blood flow velocity quantification 

 
We quantified blood flow velocities using an adaptation of a previous method 218. 

At day 7 post-injury, B6 mice were injected intravenously with 20 µl of 0.5 µm 

polychromatic red fluorescent microspheres (Polysciences) and 10 µl of Qtracker 

655 (ThermoFisher) diluted in 250 µl PBS ~30 mins before imaging. A custom 

double-wide metal bracket was glued to the skull to allow access to the mTBI lesion 

as well as the opposite uninjured hemisphere. Using only a microsurgical blade, 

the skull bone of the uninjured hemisphere was thinned down to ~50 µm to 

visualize uninjured meningeal vasculature. New vasculature on the mTBI 

hemisphere was evident under the two-photon microscope due to its unique 

morphology (see Fig. 2.2 a). Intravital imaging of the midline of individual blood 

vessels was performed in xt line-scan mode, which allows rapid imaging of a single 

line in the x plane over time (t) (Figure 5.2 a-c). Imaging was performed on 

randomly selected capillaries by two-photon microscopy using a resonance 

scanner tuned to 16,000 Hz.  This resulted in images like the one in Fig. 5.2 c 

every 512 ms. Blood flow velocity was calculated within the Leica LASX software. 

Individual fluorescent microspheres appeared as bright diagonal lines in xt images 



119 
 

as the bead traveled a certain distance over 512 ms (Fig. 5.2 c-d). The actual 

velocity was calculated as the slope of this line (Δx/Δt) and converted to mm/s (Fig. 

5.2 d).  Four individual vessels were sample from each mouse, and four 

independent microsphere velocity measurements were calculated for each vessel 

and then averaged.    

Dead cell clearance assay 

 
Immediately following mTBI compression in B6 mice, NucGreen Dead 488 vital 

dye (ThermoFisher) was applied transcranially through the surgically thinned skull 

bone. The dye was incubated on the skull for 3 h after mTBI, labeling all cells that 

died in the meningeal area immediately below the thinned window within the first 

3 h of injury. The dye was then removed, the incision sealed, and the mice allowed 

to recover. At 48 h post-injury, a 100 µm z-stack was captured by two-photon 

microscopy to visualize and quantify dead cells remaining in the meninges. To 

quantify dead cell clearance, a 100 µm z-stack of the same region was captured 

at 3 h and 48 h post-injury. Uncleared dead cells were clearly visible in the same 

region in both the 3 h and 48 h z-stack images, whereas cleared regions were 

evident by the lack of dead cells at 48 h.  The number of dead cells at these two 

time points were quantified using Imaris as described in the Two Photon Image 

Analysis section below. 
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Figure 5.2: Methodology to quantify blood flow. (a,b) To quantify cerebral 

blood flow, mice were injected intravenously ~30 min prior to imaging with 20 μl of 0.5 

μm polychromatic red fluorescent microspheres and 10 μl of Qtracker 655.  The 

fluorescent microspheres were used to quantify blood flow velocities, and the Qtracker 
655 was used to visualize blood vessels.  (a) The representative two-photon image 
shows the Qtracker 665 signal (gray scale) in meningeal blood vessels captured 
through a thinned skull window.  The area denoted with a red box is enlarged (b).  Each 
vessel was imaged at a 6.3× zoom for clarity and consistency between individual 

mice/vessels. The midline of each vessel was chosen as the measurement plane for a 
continuous xt line scan (green line in b). (c) A representative image from a line scan 
shows individual lines (55 μm in length) compiled vertically over a 512-millisecond time 

interval. The movement of individual fluorescent microspheres (red) were used to 
calculate blood flow velocities. The microspheres appeared as bright red streaks 
moving diagonally across the line scan image (white box). (d) An enlarged image from 
c depicts a single microsphere as it traveled across the line scanned area. Blood flow 
velocity was calculated as the slope of this line, which was defined as the change in 
distance (x) divided by the change in time (t). Measurements were made in Leia LASX 
software using the line scan images. Images are representative of two independent 
experiments with four mice per group. 
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Fibrinogen clearance assay 

 
B6 mice were injected intravenously with 250 µg of Alexa Fluor 488-conjugated 

human fibrinogen (ThermoFisher) ~30 min before mTBI. Fibrinogen leaks from 

injured vessels immediately following mTBI. Fluorescent fibrinogen that leaked into 

the extravascular spaces would remain there unless cleared/degraded. Remaining 

extravascular fibrinogen at 7 days post-injury was quantified by collecting a 100 

µm z-stack through the thinned skull bone by two-photon microscopy. This scan 

was performed to visualize the un-cleared extravascular fibrinogen deposits. 

Fibrinogen fluorescence was quantified using Imaris as described in the Two-

photon Image Analysis section below. 

In situ gelatin zymography 

 
Vehicle or SB-3CT (25 mg/kg) was injected intraperitoneally into B6 mice once 

daily beginning 2 days after mTBI. In situ MMP activity was assayed using the 

EnzChek Gelatinase Assay Kit (ThermoFisher) 4 days post-injury. Mice were 

euthanized ~15 min after final vehicle or SB-3CT injection. Fresh meninges 

(attached to skull) were incubated in 1× reaction buffer with protease inhibitors 

(Roche) and 10 µg/ml DQ-gelatin for 1 h at 37ºC. Meninges were then washed in 

deionized water three times before incubating in 5% NBF for 1 h at RT. Meninges 

were then removed, whole mounted on slides, and imaged by confocal microscopy 

as previously described. MMP activity was quantified as the sum of gelatin 

fluorescence within a 2 mm × 2 mm area centered on the mTBI lesion as described 

in the Confocal Image Analysis section below.  
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Histocytometry 

 
Confocal images were imported to Imaris version 9.0 software (Bitplane). Using 

the channel arithmetic MatLab function, all cell-surface stains for analysis were 

combined into a new, single channel (pan channel). Using the surfaces tool, 

individual cell surfaces were generated based on the new pan channel. Statistics 

for mean fluorescent intensities of each individual stain were exported for every 

surface generated. For anatomical regional distinctions, a surface was manually 

drawn either within the lesion core (as defined by absence of lectin+ vessels) or 

around the cluster of cells surrounding the lesion. Using the surface mask function, 

a new channel was generated that contained only signal from the pan channel 

within each designated surface area. The intensity values of the new region-

specific channels served as arbitrary values in determining if a cell surface object 

was in the lesion core or peri-lesion areas. After surface statistics were exported, 

an excel table was generated with each row corresponding to a cell surface and 

each column corresponding to the fluorescent intensity of individual channels. The 

excel file was imported into FlowJo software (Tree Star). Data was analyzed using 

standard flow cytometric gating strategies (Fig. 5.3 a-e).  
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Figure 5.3: Example of the histo-cytometry approach used to analyze the 
lesion core and peri-lesion distribution of myeloid cells. (a) A representative 
image from a meningeal whole mount shows the distribution of different myeloid cells 
within and surrounding the mTBI lesion 4 days post-injury. The meninges were stained 
with CD206 (green), CD11b (red) and i.v. tomato lectin (white). (b) Representative 
image of (a) with cell surfaces generated in Imaris software to define cells within the 
lesion core (red) or peri-lesion (green) areas. Lectin is shown in white. (c–e) 
Representative histo-cytometry plots generated in FlowJo depict the fluorescent 
intensities of the denoted surface markers.  Myeloid cells were first gated on CD11b 
(c) and determined to be CD206 positive or negative (d). We then determined the 
anatomical position (lesion core vs. peri-lesion) of CD206+ and CD206– cells (e). 
Images and plots representative of two independent experiments with four mice per 
group. 
 



125 
 

Confocal Image analysis 

 
All confocal images were imported into Imaris version 9.0 software (Bitplane). 

mTBI lesions were quantified by manually drawing areas using the surfaces tool 

that did not contain functioning lectin+ vessels, but did contain laminin+ structures. 

The area in µm2 was extracted from the statistics of the surface. Cell number and 

fluorescence quantifications were obtained by generating surfaces for all cells 

within a 2 mm × 2 mm region of interest centered on the epicenter of the lesion. 

For further phenotyping of the cells, the statistics for these surfaces were imported 

into FlowJo (TreeStar) and analyzed histo-cytometrically as described above. 

Fibrinogen staining, MMP-2 staining, Evans blue fluorescence, and gelatin 

fluorescence was quantified by measuring the sum fluorescence intensity within a 

2 mm × 2 mm area centered on the lesion. Fibrinogen, MMP-2, Evans blue 

fluorescence, and gelatin fluorescence within the injured meninges were 

compared to values obtained in equal sized areas from uninjured meninges.  

Two-photon image analysis 

 
Three-dimensional z-stacks were imported for analysis into Imaris software. To 

quantify dead cells, a surface object was created based on the second harmonic 

signal produced by the skull bone. A masked channel was created for dead cells 

that excluded any fluorescence within the skull. Dead cells were quantified by 

generating surfaces for each NucGreen+ nuclei below the surface of the skull, 

greater than 30 µm3 in volume. For extravascular fibrinogen quantification, a 

surface object for second harmonic signal was generated and a masked channel 
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was made excluding fibrinogen signal within the skull. The total fluorescence sum 

of fibrinogen below the skull was then quantified. For neutrophil quantification 

following re-injury, anti-Ly6G labeled cells were counted manually at single time-

frames corresponding to 0 min (first frame of imaging) and 30 min post injury.  

Quantitative PCR 

 
Mice were euthanized and perfused with saline. Superficial cortical tissue and 

meninges were removed from a small area surrounding the mTBI lesion and 

placed in RPMI. Tissue was mechanically homogenized using sterile zirconia/silica 

beads (Biospec). Homogenized tissue was spun down at 12,000g at 4 ºC and 

resuspended in Trizol (ThermoFisher). Chloroform was added to the mixture, spun 

down (12,000g at 4 ºC), and the supernatant was isolated. RNA was extracted 

using a PureLink RNA Mini kit (ThermoFisher). RNA concentrations were 

quantified using a Nanodrop and gDNA was digested using a DNAse I kit 

(ThermoFisher). cDNA was generated using an iScript cDNA Synthesis kit (Bio-

Rad). 96-well custom or pre-made PrimePCR plates (Bio-Rad) were used for 

qPCR experiments. 10–20 ng of cDNA and SYBR green reagent (Bio-Rad) were 

added to lyophilized primers in each well and the plate was read on a Bio-Rad 

CFX96 Real-Time with C1000 Thermal Cycler system. On each PrimePCR plate 

there were control wells for RNA quality and gDNA contamination. qPCR data was 

analyzed using Bio-Rad Gene Study software, with expression values relative to 

Gapdh and Tbp. 
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Flow cytometry 

 
Blood was collected from B6 mice in heparinized capillary tubes and placed into 

FACS buffer (PBS + 2% FBS). Red blood cells were lysed by addition of ACK lysis 

buffer and incubated for 5-10 min at RT. Cells were pelleted and stained in FACS 

buffer with CD11b PE/Cy7 (M1/70), Ly6C Alexa Fluor 488 or Brilliant Violet 570 

(HK1.4), Ly6G Pacific Blue (1A8), CD115 APC (AFS98). All directly conjugated 

antibodies purchased from BioLegend. Samples were acquired using an LSR II 

digital flow cytometer (BD), and data were analyzed using FlowJo software version 

10.0.7 (Tree Star). 

Statistical Analysis 

 
Statistical significance (P < 0.05) was determined using Student’s t test (two 

groups) or one-way analysis of variance (ANOVA; more than two groups). ANOVA 

on ranks was used for data sets with a non-Gaussian distribution and more than 

two groups.  A two-tailed Fisher Exact test was used to analyze the data in Fig. 

1c. All statistical analyses were performed using GraphPad Prism 7.0 or SigmaPlot 

11.0. 
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