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ABSTRACT
Exposure to repetitive mild traumatic brain Injury (r-mTBI) is a substantial risk factor for the development
of neurodegenerative diseases, such as Alzheimer’s disease (AD) and chronic traumatic encephalopathy
(CTE). Neuroinflammation is a central component in the secondary injurious response to r-mTBI and has
been shown to strongly influence long-term cognitive and functional outcomes following brain injury. As
the resident innate immune cells of the CNS, microglia are intricately involved in the neuroinflammatory
response that follows TBI. While neuroinflammation has several beneficial functions and is crucial in
initiating repair pathways, chronic dysregulated microglial activation and neuroinflammation can
propagate further neuronal damage, ultimately leading to neuronal death. Unfortunately, despite
mounting evidence linking r-mTBI with progressive neurodegenerative pathologies, there are currently no
disease-modifying treatments available to mitigate the consequences of r-mTBI.
The persistent nature of microglial activation and neuroinflammation following r-mTBI represents a
valuable opportunity to interrogate the mechanisms driving microglial dysfunction. Therefore, in this
thesis, I sought to identify microglial-specific therapeutic targets and evaluate their potential to
ameliorate the chronic neurodegenerative sequelae of r-mTBI. To achieve this aim, I established and
characterized a pre-clinical model of r-mTBI that recapitulates the cognitive deficits, and chronic
neuroinflammation observed clinically. Furthermore, I demonstrate that microglia are critical drivers of
the neuroinflammatory response to r-mTBI, and through a comprehensive analysis of the microglial
transcriptome at sub-chronic and chronic time points I identified dysregulated PPARy signaling as a critical
regulator of microglial dysfunction following chronic exposure to r-mTBI.
PPARγ is a nuclear transcription factor that is well expressed in immune cells such as microglia. However,
there is limited understanding of how PPARy signaling influences microglial pathobiology in the chronic
aftermath of repetitive head trauma. To address this, I first investigated how PPARy agonism can influence
microglia-mediated inflammation using an in vitro microglial cell model where I found that the PPARy
agonist, Pioglitazone, demonstrated beneficial effects on markers of inflammation and microglial
metabolism. Furthermore, I assessed the therapeutic potential of a delayed treatment paradigm using
Pioglitazone, wherein I observed that treatment reduced microglial-mediated neuroinflammation and
ameliorated the cognitive and pathological consequences of r-mTBI. Future studies stemming from this
thesis will focus on using cell-specific transgenic models to further investigate the contributions of PPARy
signaling to microglial pathobiology following chronic exposure to r-mTBI. Together this collective work
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has revealed the potential of PPARy as a tractable and viable novel target for neurodegenerative diseases
whereby inflammation is a common denominator.
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Chapter 1 – Introduction
1.0 Chapter Summary
In this chapter I describe the aims, objectives, and hypothesis of this thesis and provide an outline of the
subsequent chapters. I present a review of the literature wherein I define traumatic brain injury (TBI) and
describe its clinical and pathophysiological consequences. Furthermore, I highlight the functions of
microglia under both normal and pathological conditions and discuss the role of chronic microglial
activation and neuroinflammation in the development of neurodegenerative disease. Additionally, I
summarize previous failed clinical studies and discuss the potential of microglia as therapeutic targets in
TBI and neurodegenerative diseases such as Alzheimer’s disease (AD).

1.1 Overarching Hypothesis
“Repetitive-injury associated microglia (RIAM) mediate the chronic neuroinflammatory responses that
follow r-mTBI. Therefore, analysis of microglial specific transcriptomic profiles in the acute and chronic
stages of TBI may reveal novel gene signatures that underpin the dysregulated microglial response to
injury, and thus, may serve as therapeutic targets to mitigate the deleterious sequelae of TBI.”

1.2 Experimental Chapter Summary
In chapter 2, I characterize the behavioral and pathological consequences of exposure to a novel 20-hit
paradigm of mild traumatic brain injury at acute and chronic post injury timepoints. Following
characterization, I use the potent CSF1R inhibitor PLX5622 to investigate the effects of delayed microglial
depletion on chronically activated microglia, and finally, I interrogate the microglial specific responses to
injury using next generation RNA sequencing to identify potential therapeutic targets and reveal a critical
time-window of opportunity to intervene.
In chapter 3, I develop an in vitro model of microglial inflammation to recapitulate the molecular
phenotypes of microglia in the injured brain observed in chapter 2. I then utilize this in vitro platform to

15

determine the efficacy of therapeutic candidate compounds to modulate our identified target and assess
their anti-inflammatory potential.
In chapter 4, I utilize two treatment paradigms to investigate the therapeutic efficacy of the PPARγ agonist
Pioglitazone to ameliorate chronic pathological outcomes by assessing both hippocampal and microglial
specific molecular responses to treatment.
In chapter 5, I summarize and provide an interpretation of the main overall findings of the thesis and
illustrate how they contribute to our current understanding of the role of microglial mediated
neuroinflammation in TBI.

1.3 Traumatic Brain Injury
Traumatic brain injury (TBI) is commonly defined as a form of acquired brain injury, resulting in
physiological alteration of normal brain function or evidence of brain pathology caused by external
mechanical forces imparted on the head or neck (Menon, Schwab, Wright & Maas, 2010).

1.3.1 TBI Incidence and Statistics
TBI is a global health concern and is highly prevalent in both developed and developing nations (Hyder et
al., 2007). TBI is a leading cause of morbidity and mortality worldwide (W. D. Johnson & Griswold, 2017;
Zitnay, 2005), with an estimated annual incidence of 69 million cases (Dewan et al., 2019). Motor vehicle
collisions, unintentional falls, and violence against self (e.g., suicide) or others (e.g., domestic and common
assault) are well recognized as the leading causes of TBI (Thompson et al., 2006). In 2013, in the United
States alone, 2.8 million cases of traumatic brain injury-related emergency department (ED) visits were
recorded, resulting in 280,000 hospitalizations and 56,000 fatalities, where TBI was cited as a significant
contributor to mortality (Taylor et al., 2017). TBI incidence rates are closely associated with; i) Age, with
the highest incidence rates reported among adolescents and young adults (15-24 years old) (1,080 per
100,000) and elderly (>75 years old) (2232.2 per 100,000) populations (Taylor et al., 2017); ii) Sex, with
males reported to be at twice the risk of sustaining TBI compared to females (Frost et al., 2013); and iii)
Occupation, with military service personnel (Hoge et al., 2008), and professional athletes involved in
contact sports at greater risk of exposure (Sahler & Greenwald, 2012).
16

1.3.2 The public health and socio-economic consequences of TBI
Despite advances in critical care management and emergency medicine intervention strategies for TBI
(Xing et al., 2021), survivors of TBI are often left with chronic cognitive, psychiatric, and functional deficits
(Arciniegas et al., 2002; de Freitas Cardoso et al., 2019; Wortzel & Arciniegas, 2012). TBI poses a vastly
underappreciated public health and socio-economic burden (G. F. Miller et al., 2021), with an estimated
economic cost of 51.2 billion dollars annually (Finkelstein et al., 2006).TBI disproportionately affects the
homeless (Oddy et al., 2012), incarcerated (McIsaac et al., 2016; W. H. Williams et al., 2010), and refugee
populations (Doherty et al., 2016). Furthermore, higher TBI incidence rates are associated with increased
unemployment (Norup et al., 2020), substance misuse (Kelly et al., 1997), and violent crime rates (W. H.
Williams et al., 2018), further contributing to the socio-economic burden of TBI.

1.4 Classifications of Traumatic brain injury
TBI is remarkably heterogeneous in its etiology, pathophysiology, clinical presentation, and patient
outcomes, with some studies terming heterogeneity as “a hallmark of TBI” (Covington & Duff, 2021). TBIs
are classified by numerous systems, including indices of clinical severity and pathoanatomic and
etiological classifications. The scoring in each classification scale depends on patient symptomology or
diagnostic findings. The accurate and consistent classification of TBI is crucial to patient outcomes as it
will inform the level of care needed by the patient and acts as a strong prognostic indicator (Saatman et
al., 2008; Tenovuo et al., 2021).

1.4.1 Classification by TBI severity
Several classification systems based on clinical presentation, structural findings, and the unique
mechanisms of the primary injury have been employed. The Glasgow Coma Scale (GCS), first published
by Teasdale and Jennet (1974), is commonly implemented as a standardized measure of TBI severity. The
GCS uses objective measures to assess the motor, verbal, and eye-opening response of the patient to
determine the injury severity, with each parameter being scored individually (1-6, 1-5, and 1-4,
respectively) and then combined to generate an overall score on a 15-point scale. The GCS assessment is
then categorized as; Severe (<9), moderate (9-12), and mild (≥ 13). The simplicity and efficacy of the GCS
17

to grade TBI severity has led to its widespread clinical implementation (McNett, 2007). However, there is
currently much debate amongst clinicians regarding the clinical utility of the GCS, with some citing its high
inter-observer variability as a major limitation (Reith et al., 2016). In a 2004 study, Gill and colleagues
(2004) reported that independent paired assessments of GCS by attending physicians only documented
the same score in only 38% of cases, with 33% of patients receiving a score two or more points apart.
Additionally, the reliability of the GCS to accurately assess TBI severity may be further complicated in cases
where the patient is under the effects of intoxicating substances or has been intubated in the pre-hospital
arena (Hosseini et al., 2015). This inability to assess sedated or intubated patients often results in missing
patient data, resulting in the misclassification of injury severity (S. M. Green, 2011; Jochems et al., 2021).
These limitations were acknowledged in a subsequent publication wherein Teasdale and Jennet (1978)
noted that the scale forms only part of a comprehensive assessment and should not be used in isolation
to assess the severity of brain damage, monitor coma progression, or predict outcomes. In recent years,
indices such as the Mayo TBI classification system have been proposed to address the limitations of the
GCS and reduce the frequency of missing data in clinical records. This system incorporates the lowest GCS
score with measures of loss of consciousness (LOC), post-traumatic amnesia (PTA), and neuroimaging data
to provide a robust assessment of TBI severity which is classified into three strata: symptomatic (possible
TBI), mild (probable TBI), and moderate to severe (definite TBI) (Table 1.1) (Malec et al., 2007).
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Classification of TBI severity
Mayo TBI Classification

Criteria
Death
Loss of consciousness > 30 Minutes

Antegrade amnesia > 24 Hours
GCS < 13 in first 24 Hours
Moderate-Severe (Definite) Intracerebral, subdural, epidural,
or sub-arachnoid hemorrhages;
cerebral or hemorrhagic
contusions; Penetrating TBI (dura
penetrated), or brain stem injury
Loss of consciousness < 30 Minutes
Mild (Probable)

Symptomatic (Possible)

Antegrade amnesia < 2-4 Hours
Depressed basilar or linear skull
fracture (dura intact)
None of the "Moderate-Severe" or
"Mild" criteria apply
One or more of the following are
present: Blurred vision, confusion
(mental status changes), dizziness,
headache, nausea or focal
neurological symptoms

Table 1.1 Mayo classification of TBI severity. Table showing the proposed stratification and criteria
for TBI under the Mayo classification system. Table adapted from Malec et al. (2007).

1.4.2 Classification by TBI etiology
The etiological classification of TBI describes the physical mechanism of injury. In recent years, etiological
classification has seen increasing clinical use as there is a strong correlation between the physical
mechanism of injury and pathoanatomic injury type (Saatman et al., 2008). Additionally, etiological
classification provides information regarding the biomechanical forces experienced during injury, and thus
enables preclinical researchers to model aspects of TBI pathology in an experimental setting (Morales et
al., 2005). TBI injury mechanisms can be divided into three main categories: 1) closed head injury, 2)
penetrating or ballistic injury, and 3) blast injury.
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1) Closed head TBI is by far the most common amongst civilian populations occurring during falls, assaults,
motor vehicle collisions, and through participation in contact sports (Ng & Lee, 2019). Closed head injuries
can be further subdivided into impact loading and non-impact loading injuries (Meaney & Smith, 2011).
Impact loading injuries typically occur when the head is struck or strikes a surface inducing focal tissue
damage, such as skull fracture and tissue laceration (Kurland et al., 2012). In contrast, non-impact loading
injuries result from the unrestrained movement of the brain within the skull in a whiplash motion,
producing more diffuse injury patterns, including axonal injury and vascular damage (D. H. Smith &
Meaney, 2000).
2) While less common in a civilian setting, penetrating or ballistic injuries occur when a foreign body
pierces the skull and enters the brain parenchyma (Vlahos & Tapia, 2021). The nature and forces involved
in this kind of injury are typically far more severe and are associated with higher mortality rates and
worsened functional outcomes. The extent of the injury is determined by the ballistic properties (kinetic
energy, mass, velocity, shape, etc.) of the projectile and any secondary projectiles, such as bone fragments
(Young et al., 2015). As the projectile penetrates the cranium, it generates substantial focal damage,
lacerating crucial structures and generating significant hemorrhage and ischemic regions throughout the
wound tract (Ng & Lee, 2019). Furthermore, while these injuries can often be fatal, victims of penetrating
brain injury who survive the initial injury are placed at serious risk for the development of subsequent CNS
infections (L. A. Harmon et al., 2019).
3) Blast injury is a remarkably complex mechanism of brain trauma as it commonly occurs in combination
with aspects of both closed head injury and penetrating injury mechanisms (Magnuson et al., 2012). The
detonation of high-energy material results in rapid gas expansion and compression of the surrounding
atmosphere generating an “overpressure blast-wave” inducing injury through barotrauma (Hernandez et
al., 2018). Barotrauma is mechanistically similar to closed head injury, where tissues of different densities
(e.g., Parenchymal tissue, blood vessels, etc.) and mechanical properties experience shear strain as they
are accelerated and decelerated at different rates inducing axonal, vascular injury, and cerebral ischemia
(DeWitt & Prough, 2009). Furthermore, the increased use of vehicle-borne and roadside improvised
explosive devices (IEDs) by insurgency forces in modern conflicts often include materials designed to
generate large fields of debris and shrapnel, and as such, blast type TBI may also induce penetrating brain
injuries (Singh et al., 2016).
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1.5 Mild traumatic brain injury: A silent epidemic
The most common form of TBI diagnosed by a substantial margin is mild TBI (mTBI); of the 2.8 million
cases diagnosed annually, an estimated 75-90% are categorized as mTBI (Carroll et al., 2004), while
traditionally considered relatively innocuous mTBI has since become widely recognized as a major health
concern with potentially devastating long-term consequences (Livingston et al., 2020). Highly prevalent
amongst both civilian and military populations (McKee & Robinson, 2014), mTBI was reported to account
for over 28% of all combat-related injuries sustained during recent military operations such as Operation
Iraqi Freedom (OIF) and Operation Enduring Freedom (OEF) (DePalma & Hoffman, 2018). However, the
actual number is likely far greater as many individuals who sustain mTBI consider the initial symptoms so
minor that they do not require immediate medical attention, and as such, mTBI is often referred to as a
"silent epidemic” (Goldstein, 1990).

1.5.1 Clinical presentation and diagnosis of mild TBI
In the acute to subacute period following mTBI, patient symptoms typically fall into three categories: 1)
Somatic, typically presenting as headache, dizziness/nausea, and sleep disturbances (Stenberg et al.,
2020). 2) Cognitive symptoms may include executive dysfunction, attention deficits, impaired working
memory, impaired memory recall, and the inability to consolidate new memories (de Freitas Cardoso et
al., 2019), and 3) affective symptoms, referring to behavioral or emotional alteration (Vikane et al., 2019).
While the mild nature of these symptoms may dissuade many from seeking medical attention, of those
who do, many do not receive a diagnosis (Pozzato et al., 2017). Mild TBI is notoriously under-diagnosed
in the current health care system, with reports suggesting that individuals who presented to the
emergency department with multiple symptoms of mTBI or concussion went undiagnosed in 58.5% of
cases (Sharma et al., 2014).
The high variability between diagnosis rates of mTBI may be explained by the lack of an interdisciplinary
consensus on what constitutes a mild TBI (Prince & Bruhns, 2017). The American Congress of
Rehabilitation Medicine (ACRM) was the first organization to establish a diagnostic criterion for mild TBI,
defining it as “a traumatically induced physiological disruption of brain function, as manifested by at least
one of the following: i) any period of loss of consciousness; ii) any loss of memory for events immediately
before or after the accident; iii) any alteration in mental state at the time of the accident (e.g., feeling
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dazed, disoriented, or confused); and iv) focal neurological deficit(s) that may or may not be transient;
but where the severity of the injury does not exceed the following: loss of consciousness of approximately
30 min or less; after 30 min an initial Glasgow Coma Scale (GCS) of 13–15; and posttraumatic amnesia
(PTA) not greater than 24 h” (American Congress of Rehabilitation Medicine, 1993). However, several
subsequent publications, such as those by the US Centers for Disease Control and Prevention (CDC)
(Centers for Disease Control and Prevention, 2003) and the World Health Organization (WHO) (Carroll et
al., 2004), have suggested different criteria for positive mild TBI diagnosis. A review by Mayer (2017) found
that professional medical organizations used nine different diagnostic criteria between 1991 and 2004,
with other reviews reporting over 38 definitions commonly used in the literature (Carroll et al., 2004).
The lack of effective neuroimaging techniques further complicates the effective diagnosis of mild TBI.
Neuroimaging techniques such as magnetic resonance imaging (MRI) and computed tomography (CT) are
routinely used to non-invasively assess the extent of brain trauma. In cases of moderate-severe TBI,
neuroimaging may show evidence of skull fracture, cortical contusions, petechia, and regions of white
matter shear injury (Koerte et al., 2016; Medaglia, 2017). However, mild TBI patients typically do not show
abnormal structural neuroimaging results with only 15.8% of CT scans and 30% of MRI scans showing signs
of hemorrhage (Iverson, 2000; Mittl et al., 1994). These techniques are thought to lack the sensitivity and
resolution necessary to detect the microstructural abnormalities associated with mild TBI, limiting their
use as diagnostic and prognostic indicators (Eierud et al., 2014; T. H. Le & Gean, 2009). Over the past
decade, more advanced neuroimaging techniques such as diffusion tensor imaging (DTI) have been
developed and implemented clinically to provide the sensitivity needed for the accurate diagnosis of mTBI
(Main et al., 2017). First applied to mild TBI in 2002 (Arfanakis et al., 2002), DTI evaluates the structural
integrity of brain tissue by measuring the anisotropic diffusion of water molecules along axons and white
matter tracts (Niogi & Mukherjee, 2010). Following mTBI, damage to the axon (described below -Axonal
injury- 1.8.2) or the myelin sheath affects the flow of water along axonal tracts, and the visualization of
these changes in fractional anisotropy can provide clinicians with valuable information on the extent and
localization of axonal injury (Bolton-Hall et al., 2019).
In addition to DTI, several other highly sensitive techniques have been developed and implemented in
mTBI research to assess structural integrity (High-resolution structural MRI) (J. B. Patel et al., 2020),
regional cerebral blood flow (Arterial spin labeling) (Lin et al., 2016), neuronal activity (Functional MRI)
(McDonald et al., 2012), and cerebral metabolism (positron emission tomography (PET) & MR
spectroscopy) (Byrnes et al., 2014; B. Johnson et al., 2012). However, while these techniques hold great
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promise to improve mTBI diagnostic criteria, many are not commonly available, with only specialist
trauma centers and research hospitals implementing this type of imaging clinically(Jolly et al., 2021;
Shenton et al., 2018).
In recent years, many research groups have focused on identifying biomarkers to diagnose mTBI, with
studies showing a strong correlation between the increased levels of the axonal proteins tau and
neurofilament light (NFL) protein in cerebrospinal fluid (CSF) and the severity of acute brain injury
(Neselius et al., 2013). However, the use of these proteins as biomarkers is limited by the invasive nature
of the procedure to sample CSF (Zetterberg & Blennow, 2016). To bypass the need for invasive CSF
sampling, peripheral biomarkers have received growing interest amongst researchers and clinicians.
Rubenstein and colleagues (2017) demonstrated that TBI patients show elevated phosphorylated and
total tau levels in plasma at both acute and chronic time points. However, other studies have suggested
that these methods cannot differentiate between mTBI and more severe injuries (Lippa et al., 2019). In
2018, the Food and Drug Administration (FDA) approved a combination biomarker test for acute TBI,
which assessed the serum concentrations of the neuron-specific protein ubiquitin C-terminal Hydrolase 1
(UCHL1), and the astrocyte protein glial fibrillary acidic protein (GFAP). While these developments hold
great promise, no biochemical measurements are currently available to clinicians to objectively quantify
the extent of axonal damage as the assessment of UCHL1 and GFAP was intended to identify mTBI patients
with intracranial hemorrhage and thereby reducing the unnecessary use of CT imaging in uncomplicated
mTBI cases (Bazarian et al., 2018; Posti et al., 2016).
With a lack of sensitive biomarkers or clear neuroimaging data to support a diagnosis of mild TBI, clinicians
frequently disagree on the best course of action. Patients who are discharged without diagnosis or those
diagnosed from treatment centers without appropriate out-patient follow-up protocols for mTBI are at a
greater risk for a complicated recovery as they are unlikely to receive rehabilitative care or be informed
of the recovery trajectory and possible consequences of TBI (Powell et al., 2008; Shenton et al., 2018).

1.5.2 Long-term clinical consequences of mTBI
Mild TBI is a heterogeneous insult, and as such, the long-term consequences of TBI are still unclear (Tellier
et al., 2009). The CNS has a remarkable ability to recover and adapt following brain trauma (Nudo, 2013).
However, the full extent of the brain’s potential for recovery is not fully known and is likely influenced by
multiple factors, including the type and severity of the injury (Cappa et al., 2011), the affected brain region
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or regions (Fagerholm et al., 2015), and individual factors such as age (K. Verger, 2000), sex (Bazarian et
al., 2010), the presence of co-morbidities or poly-trauma (V. Chan et al., 2017), and the expression of risk
factor genes (e.g., APOE genotype) (Ponsford et al., 2011). While most patients of mTBI will show
complete resolution of symptoms within three months without clinical intervention (Polinder et al., 2018),
it is estimated that 15% of individuals who sustain a single mTBI will continue to experience symptoms of
impaired cognitive function (Dean & Sterr, 2013), chronic fatigue (Nordin et al., 2016), depression
(Hellewell et al., 2020), and anxiety beyond one-year post-injury (E. L. Moore et al., 2006). Collectively
these symptoms are referred to as post-concussion syndrome (PCS) (Quinn et al., 2018).
Survivors of TBI of all severities face a persistently increased risk of death for decades after injury
(McMillan et al., 2011), and long-term cognitive and functional outcomes are highly variable amongst
survivors (Nelson et al., 2019). The heterogeneity of long-term outcomes of survivors of TBI was
documented in a series of publications from a longitudinal observational study that assessed global
outcomes of disability, psychological health, and cognitive impairment in a cohort of TBI survivors (n=102
severe, n=133 moderate, and n=507 mild) at 1, 5-7, and 12-14-years post-injury (McMillan et al., 2012;
Whitnall, 2006). While the total frequency of disability remained relatively similar across time, with 57%,
53%, and 51% of patients classified as showing disability at one year, 5-7 years, and 12-14 years,
respectively. Assessment of global outcomes revealed that between 1 and 5-7 years, 29% of participants
demonstrated improved global outcomes, while 25% showed deterioration. Similarly, between 7 and 1214 years, 23% of participants demonstrated improvement and 32% deterioration. McMillan and
colleagues (2012) further expanded on this late-stage change in disability, reporting an association with a
change in self-perceptions of locus of control. This “learned helplessness” reflects changes in emotional
and psychological health following TBI (A. D. Moore & Stambrook, 1995). In recent years, there has been
growing awareness of the damaging effects of mTBI on mental health, with studies showing that at six
months post-injury, 21.8% of mTBI patients experienced symptoms of post-traumatic stress disorder
(PTSD) and major depressive disorder (MDD) (M. B. Stein et al., 2019). The psychological and emotional
disturbances that follow TBI are thought to further complicate recovery, as they may reduce the extent
to which individuals seek to optimize their recovery (A. D. Moore & Stambrook, 1995).
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1.6 TBI and neurodegenerative disorders
1.6.1 Overlapping pathological hallmarks of TBI and neurodegenerative disorders
In 2020, the Lancet Commission on dementia prevention added TBI as a potentially modifiable risk factor
for dementia and neurodegenerative disease (Livingston et al., 2020). While the mechanistic link between
TBI and neurodegeneration has not been fully confirmed, early evidence supporting this connection came
from the identification of AD-like pathological markers in postmortem brain tissue of individuals who died
acutely following TBI (G. Roberts et al., 1991; 1994). Several subsequent publications have reported the
presence of abnormal accumulations of hyperphosphorylated microtubule-associated protein tau (MAPT)
(Johnson et al., 2012), amyloid-beta (Johnson et al., 2010), and TDP-43 at both acute and chronic time
points following TBI (Heyburn, Sajja, et al., 2019). Features that are considered pathognomonic in the
diagnosis of diseases such as Alzheimer’s disease, Frontotemporal dementia (FTD), Corticobasal
degeneration (CBD), and chronic traumatic encephalopathy (CTE) (Constantinides et al., 2019; B. Omalu,
2014).

Notably, much of the evidence linking a single TBI to the development of neurodegenerative disorders
are derived from studies assessing the risk imparted by TBI of all severities or focusing specifically on
moderate and severe TBI (Mortimer et al., 1991). However, relatively few studies have focused on the
specific link between mTBI and the development of neurodegenerative disorders (Kristman et al., 2014;
Marras et al., 2014). While some early epidemiological studies found a significant association between
mTBI and neurodegeneration (Graves et al., 1990; Schofield et al., 1997), the small sample size used in
these studies limits their applicability to the broader population (Carroll et al., 2004; Godbolt et al., 2014).
Since then, large-scale studies of mTBI have demonstrated mixed results. For example, in a study of one
million Taiwanese patients, it was reported that a history of mild TBI was associated with a 3-fold
increased risk of developing dementia (Y.-K. Lee et al., 2013). Similarly, a longitudinal study of 811,622
male Swedish conscripts reported a 4-fold increase in the risk for non-AD type dementia in individuals
who had sustained a single mild TBI. After correcting for confounding factors such as pre-morbid cognitive
function and rates of alcohol abuse, a single mild TBI was associated with a 1.6-fold increased risk of
dementia which remained elevated for decades after the initial injury (Nordström et al., 2014). In contrast,
Gardner and colleagues (2014) reported a modest 22-26% increase in risk, but only in individuals who
were above the age of 65 at the time of injury, with other studies reporting limited or no significant
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association between a history of single mild TBI and Alzheimer’s type dementia (Bazarian et al., 2009;
Plassman et al., 2000).

This unclear link between a single mild TBI and the development of neurodegenerative disease is likely
related to a dearth of pathological evidence, as unlike more severe cases of TBI, the low mortality risk of
a single mild TBI limits the availability of brain tissue from individuals who died acutely following injury
(Okidi et al., 2020). Establishing a causal link between mTBI and neurodegeneration is also likely further
confounded by the lack of objective diagnostic tests and the reliance on a self-reported history of mTBI
used in epidemiological studies (Gardner & Yaffe, 2015; Graham & Sharp, 2019). While traditionally
considered a relatively inconsequential and static insult, these studies suggest mTBI can initiate dynamic
pathophysiological changes within the brain that in some may persist chronically and pose a small but
significant risk for the development of long-term cognitive dysfunction, progressive neuronal network
dysfunction, and potentially dementia and neurodegenerative disease (Graham & Sharp, 2019; Shively et
al., 2012; Wolfe, 2012).

1.7 Round 2- Repetitive mild TBI
1.7.1 Repetitive mild TBI and the window vulnerability
While a single mild TBI can induce numerous cognitive, psychiatric, and pathophysiological disturbances,
mild TBI represents a unique situation in which the transient symptomology of mTBI may result in
individuals quickly resuming activities that place them at risk for a subsequent head injury, referred to as
repetitive mild TBI (r-mTBI). To date, most studies investigating the risk and consequences of r-mTBI are
derived from athletes who participate in contact sports (Delaney et al., 2001, 2002; Guskiewicz et al.,
2003; Zemper, 2003), and military service personnel (Bryan, 2013; Tsao et al., 2017), as these groups are
at an exceptionally high risk of sustaining multiple head injuries. A recent meta-analysis suggested the
odds of experiencing subsequent brain injury were 4.44 and 1.88 times higher in those with a history of
mTBI compared to athletes or military personnel with no history of mTBI, respectively (Reneker et al.,
2019). Repetitive mild TBI represents a significant health risk, with increasing evidence suggesting that
exposure to r-mTBI or even multiple sub-concussive head impacts not only induces cumulative damage
but may also result in more severe cognitive, emotional, and functional impairments and an increased risk
26

of developing long-term psychiatric disorders (Bailes et al., 2014; Collins et al., 2002; Delaney et al., 2001,
2002; Guskiewicz et al., 2003; Talavage et al., 2014; Zemper, 2003).

While there are still many unknown factors that contribute to the increased damage of r-mTBI in
comparison to a single mTBI, studies have suggested that critical factors include not only the number of
injuries but also the inter-injury interval time proposing the concept of a “window of heightened
vulnerability” (Figure 1.1). Wherein, subsequent injury prior to full recovery from the initial injury may
dramatically exacerbate tissue damage, further impair cognitive function, and limit recovery potential
(Longhi et al., 2005; M. L. Prins et al., 2013; Vagnozzi et al., 2008). Furthermore, increasing evidence
suggests that even following recovery and the remission of symptoms, these persistent brain injuries place
an individual at greater risk for the development of later life neurodegenerative diseases such as chronic
traumatic encephalopathy (CTE) (Baugh et al., 2014; McCrory et al., 2013; McKee et al., 2009).

Figure 1.1 Repeated mild TBI and the window of cerebral vulnerability. A) Describes the proposed
pathological response to r-mTBI when the second injury occurs following the complete recovery from the first
injury (outside the window of vulnerability) where there may be reduced pathological consequences in
comparison to B, where subsequent injuries occur within the vulnerable period resulting in exacerbated
tissue damage and worsened cognitive and function deficits. Figure adapted from Blennow et al. (2016).
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1.7.2 Repetitive mild TBI and neurodegeneration
The first reports of a link between r-mTBI and neurodegeneration were described by Harrison Martland
almost a century ago (Martland, 1928). In this initial publication, Martland described a “peculiar condition
occurring among prizefighters", noting how many appeared to display short periods of mental confusion
and an unsteady gait, giving the appearance of intoxication. As such, Martland coined the behavior "punch
drunk". These early symptoms were described to later manifest into more pronounced motor deficits,
with fighters displaying symptoms of "Parkinsonian syndrome" and ultimately resulting in marked mental
deterioration that requires “commitment to an asylum" (Martland, 1928). Several similar reports have
been published since, echoing the concern of brain trauma-induced dementia. In 1937, Millspaugh
introduced the term “dementia pugilistica” to convey the progressive neurological deterioration
associated with repeated head injury acquired over a boxing career (Millspaugh, 1937). While several
similar reports of the long-term consequences of repetitive head injury were published over the next
several decades, there was relatively little research interest in understanding the neuropathology of this
disorder, which was perhaps just considered an occupational hazard. Interest in the long-term
consequences of r-mTBI has only gained much attention in the past ten years due to a series of highly
publicized autopsy reports describing similar pathological findings in participants of non-boxing contact
sports such as American football, ice hockey, and wrestling (B. Omalu et al., 2011). Several autopsy cases
have been published since showing these same neuropathological abnormalities in participants of
traditionally non-contact sports such as soccer (Mooney et al., 2020), and individuals with a history of
non-sports-related repetitive head injury such as victims of domestic abuse (Danielsen et al., 2021), or
self-injurious behavior(K. Lee et al., 2017). While it is still unclear whether dementia that may follow a
single TBI is the same pathological entity as those sustained from r-mTBI (Shively et al., 2012), increasing
awareness that this pathology was not limited to boxers and pugilists has resulted in the adoption of the
terms TBI related neurodegeneration (TReND) and chronic traumatic encephalopathy (CTE) intended to
describe the pathological features of brain injury related to a broader range of exposure situations (D. H.
Smith, Dollé, et al., 2021).

The presence of tau pathology in the form of neurofibrillary tangles is one of the most consistent
pathological features reported in dementia patients with a history of TBI (Guo et al., 2017). Tau is a
soluble, heat and pH-resistant protein highly expressed in the distal portions of axons (Wolfe, 2012),
where it facilitates microtubule stabilization and assists in the trafficking of intracellular cargo (Guo et al.,
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2017). Consisting of four regions; the N-terminus, a proline-rich domain, the microtubule-binding domain,
and a C-terminal group, these natively disordered proteins can rapidly restructure themselves to regulate
the plasticity of the cytoskeleton (Mietelska-Porowska et al., 2014). Within the healthy CNS, the dynamic
site-specific phosphorylation of tau is essential for its function as a cytoskeletal protein (Cavallini et al.,
2013). However, under pathological conditions such as those found in the injured brain, the increased
expression and altered activity of several kinases can result in the aberrant phosphorylation of tau. This
hyperphosphorylated tau cannot bind and stabilize microtubules leading to the failure of cytoskeletal and
intracellular trafficking dynamics (Alonso et al., 2018). Furthermore, the hyperphosphorylation of tau at
specific epitopes has been implicated with its aggregation and the subsequent formation of highly
neurotoxic oligomeric tau species (Gong & Iqbal, 2008).

The pathologic progression of CTE and the factors that drive the development of tau pathology and
neurodegeneration following TBI have not yet been fully elucidated in the literature. However, the
consistent presence of neurofibrillary tangles and neurites deep within the sulcal folds of the brain now
forms the basis of the current criteria for positive CTE diagnosis (McKee et al., 2009; Saing et al., 2012).
As our understanding of CTE and TBI related neurodegeneration has advanced, CTE diagnosis has
differentiated into two stages (High & Low), with other pathognomic features such as the presence of
astrocytic tangles and the aggregation of tau in cell processes surrounding small vessels also being
assessed during diagnosis (Bieniek et al., 2021). Despite these advances, research into CTE pathology is
still in its infancy, and the diagnostic criteria of CTE are the topic of much debate, with subsequent analysis
of the same autopsy cases demonstrating the presence of TDP43 and amyloid proteinopathies in several
CTE cases suggesting the concept of CTE as purely a tauopathy may be changing (Chornenkyy et al., 2019).
While more data is needed to determine whether dementia that may follow a single TBI is the same
pathological entity as those sustained from r-mTBI (Shively et al., 2012), it is evident from the studies
described above mTBI is a complex, multi-faceted pathology. Furthermore, it is essential to note that while
exposure to r-mTBI does not guarantee the development of CTE, the worsened cognitive and functional
impairments still emphasize the urgent need to identify effective therapeutic targets for r-mTBI. However,
while several clinical trials have been conducted, all have failed to meet primary endpoints for therapeutic
efficacy, and as such, there are currently no available therapeutic options to slow or halt the potentially
disastrous consequences of TBI (Stein, 2015).

29

1.8 TBI pathology and Pathophysiology
1.8.1 Primary and Secondary mechanisms of Injury
In order to develop strategies to prevent or ameliorate the long-term cognitive and neuropathological
sequelae of mTBI, a detailed understanding of the pathophysiological cascades and the mechanistic links
between acute and chronic mTBI pathology is needed. Therefore, this section will highlight critical
mechanisms through which mTBI can induce injury, the biochemical cascades that follow, and how they
may precipitate neurodegeneration.

Mild TBI is broadly separated into two injurious phases referred to as primary and secondary injury (Mckee
& Daneshvar, 2015). Primary injury refers to damage resulting as a direct consequence of the
biomechanical forces imparted on the head. While the forces experienced during this phase last only
milliseconds to seconds, the damage is immediate and largely irreversible. The only known effective
method to limit the extent of damage caused in this phase of injury is via prophylactic measures such as
appropriate protective equipment (e.g., Helmets). In cases of moderate and severe TBI, these mechanisms
include contusion, hemorrhage, ischemia, the shearing and straining of axons and blood vessels, resulting
in necrotic cell death focal to the injury site (Jarrahi et al., 2020; M. Prins et al., 2013). However, most
cases of mild TBI show little evidence of gross morphological changes(Bigler, 2004; Blumbergs et al., 1994).
It is important to note that the lack of overt tissue damage and lesions should not be taken to suggest that
there is no underlying pathology but that these pathological changes occur at the micron and nanometer
cellular level, beyond the resolution of conventional imaging techniques (Bigler & Maxwell, 2011, 2012).

1.8.2 Axonal Injury
Kinematic analysis of head injury has shown that during impact, the differential acceleration and inertial
loading of the skull and brain result in rapid deformation, stretching, and damaging delicate tissue
structures (Bayly, 2018). While exposure to mTBI induces a heterogeneous array of neuropathological
consequences, traumatic axonal injury (TAI), also known as diffuse axonal injury (DAI), is a common
hallmark of both diffuse and focal TBI of all severities (Büki & Povlishock, 2006; D. H. Smith & Meaney,
2000; Vascak et al., 2018). Micro-anatomical analysis of neurons has shown that their axons contain a
complex series of overlapping and highly dynamic microtubules that span the length of the neuron.
30

Microtubules are structural elements of the cytoskeleton composed of long polymers of β-tubulin, which
additionally act as tracks for motor proteins to transport cargo throughout the cell (Tang‐Schomer et al.,
2010). The viscoelastic nature of microtubules and the anisotropic arrangement of axonal projections in
white matter tracts makes them highly vulnerable to damage from the rapid compression and elongation
that occurs during the acceleration and deceleration of the brain in TBI (Chuckowree et al., 2018). In more
severe cases, the tensile strain may be great enough to induce primary axotomy, tearing the axon through
purely mechanical forces. In contrast, while the less intense force experienced during mild TBI may not be
severe enough to sever the axon immediately, damage to microtubules can impair axonal transport (Hill
et al., 2016). Furthermore, unlike injury mechanisms such as hematomas or hemorrhage, the extent and
location of axonal injury in mTBI are closely correlated with post-injury cognitive dysfunction, as injury to
the axon will impede neurotransmission (Lipton et al., 2008; Meythaler et al., 2001; Niogi et al., 2008).
The breakdown of intracellular trafficking caused by damage to the microtubules results in the abnormal
accumulation of organelles and proteins along the axon shown histologically by the presence of the
transmembrane glycoprotein amyloid precursor protein (APP) in varicosities or swellings along the axonal
tract acutely following injury (McKenzie et al., 1996) (Figure 1.2). As shown by increased APP
immunoreactivity and axonal swellings, Axonal injury is a commonly reported feature of many preclinical
models of mTBI, and exposure to repeated mTBI is believed to exacerbate cytoskeletal damage resulting
in more prominent cognitive and motor deficits (D. H. Smith et al., 2013).

Figure 1.2 Axonal injury in TBI. High magnification image of axonal accumulation of
amyloid precursor protein (scale bar: 30 μm). Figure adapted from Johnson et al. (2013).

1.8.3 Initiation of the secondary injury cascades
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Axonal injury was traditionally thought to be limited to the acute and sub-acute periods following TBI.
However, reports have presented evidence suggesting that there may be a delayed onset of axonal
pathology following injury (Corbo & Tripathi, 2004). Furthermore, regardless of injury severity, increasing
evidence suggests that the tissue damage induced by the primary injury initiates a cascade of secondary
injurious effects, arising over minutes to several months following injury (Siesjö & Siesjö, 1996).
Interestingly, much of the damage from mTBI has been attributed to the progression of secondary
biochemical events ultimately leading to neuronal dysfunction, which may manifest as cognitive
impairment, sleep disorders, and neuroendocrine imbalance (Tanriverdi et al., 2015). While a plethora of
mechanisms responsible for secondary damage have been identified, including glutamate excitotoxicity,
mitochondrial dysfunction, and oxidative stress (Prins et al., 2013). In recent years, the role of the CNS
immune system and neuroinflammatory responses to r-mTBI have become increasingly recognized as
critical drivers of secondary neuronal injury and long-term outcomes following brain injury (Schimmel et
al., 2017).

1.9 Microglia & Neuroinflammation in mTBI
Triggered in response to the release of several damage-associated molecular patterns (DAMPs), including
high mobility group box 1 (HMGB1), heat shock proteins (HSPs), and adenosine triphosphate (ATP) from
damaged cells (Wofford et al., 2019), neuroinflammation is mediated by several cytokines, chemokines,
secondary messengers, and cellular effectors (Sordillo et al., 2016; Xiong et al., 2018). While the CNS was
originally considered an immune-privileged site (Harris et al., 2015), it has since become recognized that
the inflammatory and immune response of the brain to TBI involves a well-orchestrated interaction
between brain-resident and peripheral immune cells (Hazy et al., 2021). However, it is essential to
acknowledge that much of the data supporting the recruitment of peripheral immune cells into the injured
brain are derived from models of more severe brain injury, and the extent of its involvement in cases of
single and repetitive mild TBI is still unclear (Verboon et al., 2021). In recent years, much attention has
been paid to the role of microglia in TBI. As the primary innate immune cells of the CNS, these cellular
effectors are considered the first line of defense in response to TBI (Loane & Kumar, 2016; M. C. Scott et
al., 2021).

1.9.1 Microglia in the healthy CNS
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Microglia are the resident mononuclear phagocytes of the CNS (Kettenmann et al., 2011). Distributed
widely throughout the CNS microglia account for approximately 5% of the cells in regions such as the
cortex and corpus callosum and up to 12% in regions such as the substantia nigra (Lawson et al., 1990). In
the healthy CNS, microglia are commonly described to exist in a quiescent or "resting" state (Hristovska
& Pascual, 2016). However, a series of elegant in vivo studies has since shown that microglia are never
truly resting, as they continuously patrol their microenvironment for signs of disruption (Hierro-Bujalance
et al., 2018; Nimmerjahn et al., 2005; Olah et al., 2011). In addition to their roles as immune sentinels,
microglia support CNS health and development through activity-dependent synaptic pruning (K. Ji et al.,
2013; Paolicelli et al., 2011; Schafer et al., 2012, 2013). Similar to peripheral immune cells, microglia
express a complex network of pathogen recognition receptors (PRRs), including toll-like receptors (TLRs)
and Nucleotide-binding and oligomerization domain (NOD) NOD-like receptors (NLRs) (Fiebich et al., 2018;
Kong et al., 2017; Ransohoff & Brown, 2012; Ransohoff & Perry, 2009). With the product of over 100 genes
forming the microglial sensome (Hickman et al., 2013), this complex signaling network enables microglia
to effectively identify, interpret, and respond to signs of tissue damage or pathogen infiltration (GomezNicola & Perry, 2015).

1.9.2 Acute microglial activation following mTBI
The interaction of DAMPs released by damaged cells with microglial sensory receptors induces the rapid
activation of microglia following TBI (G. Y. Chen & Nuñez, 2010; Chiu et al., 2016; Corps et al., 2015;
Kierdorf & Prinz, 2013; Thameem Dheen et al., 2007; Town et al., 2005). As these DAMPs are potent
inflammatory stimuli, at this acute phase, the primary function of microglia is to engulf and remove
cellular debris to prevent further tissue damage and restore CNS homeostasis (Ritzel et al., 2020; Solito &
Sastre, 2012). In line with the concept that exposure to r-mTBI exacerbates tissue damage, several animal
models have shown that repeated head injury amplifies the microglial response compared to a single
injury (J.-O. Ojo et al., 2013; Petraglia et al., 2014; Tyburski et al., 2017; L. Xu et al., 2016). With a similar
“dose-response” of microglial activation reported in human postmortem tissue in cases with a history of
repeated head injury (Cherry et al., 2016). The term “activation” has been used to describe proliferating
cells that display an altered immunophenotype but have not transitioned into brain macrophages (Streit
et al., 1988), and as such, activated microglia have historically been described based on their morphology
and expression of various cell surface markers (Jurga et al., 2020). Quiescent microglia are typically
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characterized by their highly ramified structure, with activated microglia resembling a more "amoeboidlike” shape (das Sarma et al., 2013; E. J. Davis et al., 1994; Jassam et al., 2017) (Figure 1.3). The thickened
pseudopodia of these activated microglia enable them to rapidly migrate towards sites of tissue damage
or pathogen infiltration (Dihné et al., 2001). While this nomenclature is still commonly used in the
literature, some have suggested that the use of the single term “activated” fails to account for the highly
plastic nature of microglia (Gomez-Nicola & Perry, 2015), with studies describing the existence of several
“intermediately” activated morphological states (e.g., rod-like, hypertrophic, bushy) (B. M. Davis et al.,
2017; Fernández-Arjona et al., 2017).

Figure 1.3 Morphological features of resting and activated microglia. Images illustrate Iba1+ microglia
in the macaque neocortex. Following Injury, the process of activation involves the retraction of their fine
“finger-like” processes and transition to a more amoeboid-like morphology. Figure adapted from C. L.
Cunningham et al. (2013).
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1.9.3 Microglial polarization
Similar to peripheral macrophages, microglia mediate beneficial and deleterious responses to injury
through the adoption of several functionally distinct activation phenotypes often referred to as
polarisation states (Boche et al., 2013; X.-G. Luo & Chen, 2012; Olah et al., 2011; Stratoulias et al., 2019;
Varnum & Ikezu, 2012; Yao & Zu, 2020). The process of polarization was proposed to recognize the two
broadly different activation states of macrophages, enabling them to adapt and respond to environmental
cues (Mills et al., 2000). Developed from research into lymphocyte polarization (Th1 & Th2) (Mikhalkevich
et al., 2006; Swain, 1995), macrophages and, more recently, microglia have been broadly separated into
inflammatory or classically activated (M1) and alternatively activated (M2) states (Boche et al., 2013;
Gordon, 2003; Mantovani et al., 2004; 2005; Sica & Mantovani, 2012). While the application of the M1/M2
paradigm to microglia is the subject of considerable controversy (Ransohoff, 2016), like macrophages,
microglia have been shown to polarize into two major phenotypes under experimental conditions in vitro
(X. Hu et al., 2015). While these classifications helped develop our understanding of macrophages and
microglia, it has since been suggested that the M1 and M2 states represent the endpoints of a spectrum
of diverse functional states rather than dichotomous roles (Boche et al., 2013; S. Gordon, 2003; Loane &
Kumar, 2016; Martinez & Gordon, 2014; Tang & Le, 2016). A summary of M1 and M2 microglial
phenotypes can be seen in figure 1.4.

The “classically activated” M1 phenotype is adapted for the killing of pathogens and is induced in response
to pro-inflammatory stimuli such as the Th1 cytokine interferon-γ (IFNγ), tumor necrosis factor-α, cellular
debris, or the bacterial cell wall polypeptide lipopolysaccharide (LPS) (Chow et al., 1999; Durafourt et al.,
2012; X. Hu & Ivashkiv, 2009; Nathan et al., 1983). Classical activation is commonly documented in the
acute phase following CNS trauma (G. Y. Chen & Nuñez, 2010; Honjoh et al., 2019; X.-G. Luo & Chen, 2012;
McPherson et al., 2014; G. Wang et al., 2013). Classically activated microglia are typified by the presence
of markers such as MHC-II, CD16, CD32, and CD86, and the increased expression of the enzyme inducible
nitric oxide synthase (iNOS) used in the generation of cytotoxic reactive oxygen and nitrogen species from
arginine (Chhor et al., 2013; Martinez et al., 2006; Orihuela et al., 2016). These markers have been
implicated in the phagocytosis of pathogens or cellular debris, the acidification of phagosomes, and rapid
proliferation (Loane & Kumar, 2016). Classically activated microglia have also been shown to secrete high
levels of pro-inflammatory cytokines (TNF-α, IL-1β, IL-6, and IL-12), chemokines (CXCL10, CXCL11, CCL5)
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used in the recruitment of additional immune cells and the propagation of the inflammatory response
(Simon et al., 2017).

In contrast to M1-like microglia, the “alternatively activated” M2 phenotype is suggested to be an antiinflammatory or pro-repair phenotype (S. Gordon, 2003). Expressing high levels of scavenger and
mannose type receptors, the M2 phenotype is geared towards the phagocytosis of tissue debris and the
secretion of anti-inflammatory factors and matrix proteins (Subramaniam & Federoff, 2017). Within the
M2 phenotype, three subpopulations have been identified (M2a, M2b, and M2c), with each having
distinct functions and polarization stimuli (Martinez & Gordon, 2014) (Figure 1.4). M2a polarized microglia
have been reported following exposure to TH2 cytokines such as IL-4 or IL-13, shown histologically through
the expression of several phagocytic scavenger receptors such as CD206, Ym1, and Fizz1. These cells are
involved in the phagocytosis of tissue debris and the suppression of pro-inflammatory cytokines and ROS
in neighboring cells by secreting anti-inflammatory cytokines (IL-4, IL-10, and IL-13) and trophic factors
(TGF-B) (Machado-Pereira et al., 2017; Tang & Le, 2016). Of the three M2 microglial phenotypes, M2b is
the least well understood (Cherry et al., 2014). Induced through the binding of immunoglobulin complexes
to TLRs (Franco & Fernández-Suárez, 2015), this phenotype more closely resembles an M1-like phenotype
as they lack markers such as Arg1 and express high levels of CD86 and MHCII. Functionally this phenotype
is associated with selective phagocytosis, communication with the adaptive immune system, and the
promotion of Th2 T cell responses, suggesting they might be a potential initiator of the transition towards
an M2 phenotype (Lisi et al., 2014). Finally, in response to IL-10 or glucocorticoids, microglia have been
shown to acquire an M2c phenotype, referred to as an “acquired de-activation” phenotype (Martinez,
2008). The binding of IL-10 has been suggested to inhibit the production of M1-associated proinflammatory cytokines and promote the expression of mannose type receptors such as CD163 and CD206
and the secretion of trophic factors and matrix proteins, supporting their role in the restoration of CNS
homeostasis (Cherry et al., 2014; Mantovani et al., 2004).
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M1 Microglia

M2 Microglia

Figure 1.4 Cell surface markers and secreted factors of M1 and M2 like microglia.
Figure created on Biorender.

1.9.4 Chronic microglial activation following TBI
As increasing evidence demonstrates the drastically different functional phenotypes of activated
microglia, the evolution of these phenotypes across time following injury has received much research
interest in the past decade (Velayudhan et al., 2021). The neuroinflammatory response to TBI has often
been referred to as a “double-edged sword”, as while the rapid pro-inflammatory response is critical to
promoting the clearance of damaged tissue and debris, the prolonged secretion of inflammatory and
cytotoxic mediators is damaging to already vulnerable neurons (Wyss-Coray & Mucke, 2002). This acute
inflammatory response should resolve after the clearance of damaged tissues, and microglia transition
towards an anti-inflammatory phenotype, promoting tissue repair and restoring CNS homeostasis.
However, in individuals who experience multiple head injuries, this pro-inflammatory response may fail
to resolve, and this now dysregulated chronic neuroinflammation is believed to be a significant factor in
the propagation of secondary injury, neuronal cell death, and cognitive dysfunction following brain injury
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(Bachiller et al., 2018). A proposed series of events of microglial activation and the proposed resolution
of inflammation can be seen in Figure 1.5.

Figure 1.5 Microglial phenotype dynamics in the injured CNS. Figure shows the interaction of DAMPs released by
injured neurons with nearby microglia, inducing activation and initiating the inflammatory response (Top left). In
most cases of single mTBI, following the clearance of cellular debris and inflammatory stimuli, microglia undergo a
transition to an anti-inflammatory phenotype to restore CNS homeostasis (top middle). However, in certain
circumstances, microglia fail to transition to an anti-inflammatory state and the chronic secretion of proinflammatory cytokines propagates further neuronal injury (top right). Bottom panel shows the relative abundance
of M1 and M2 like microglia in successful (solid lines) and failed (dashed line) resolution as the pathology develops
over time. Figure created on Biorender.

Microglial activation occurs rapidly (Madathil et al., 2018), but may persist for years following TBI (Johnson
et al., 2013). These regions of microglial activation often colocalize with white matter damage and
neuronal degeneration following CNS trauma (Giunta et al., 2012; Maxwell et al., 2010). While evidence
suggests that the association of microglia with white matter tracts may have reparative functions
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(Velayudhan et al., 2021), chronic microglial activation and neuroinflammation following TBI are closely
linked with progressive white matter damage and the development of cognitive and functional deficits
(Donat et al., 2017; Matute & Ransom, 2012). While more data is needed to fully understand the temporal
responses of microglia to CNS trauma, early in vitro evidence has suggested that in response to acute
inflammatory stimuli, microglia adopt a primarily M1-like phenotype with chronically activated microglia
thought to represent a more M2-like state (Cacci et al., 2008). A similar temporal transition from a pro- to
anti-inflammatory phenotype has also been observed in animal models of spinal cord injury (SCI), with a
mixed M1 and M2a phenotype observed acutely after injury, gradually transitioning towards M2b and
M2c subtype cells in the days following injury (Gensel & Zhang, 2015).

In contrast, animal models of TBI have reported a similar presence of a mixed M1/M2 phenotype acutely
following injury (A. Kumar, Alvarez-Croda, et al., 2016; Morganti et al., 2016). However, as the injury
progresses through the sub-acute and chronic phases, some models of TBI have reported that the
expression of M2-like markers may decrease over time while M1-like markers remain chronically elevated,
suggesting that prolonged exposure to pro-inflammatory stimuli may impair the ability of microglia to
transition towards a reparative state (Loane et al., 2014). Mouzon and colleagues (2014, 2018) have
reported similar lifelong pathological changes following exposure to r-mTBI, reporting a persistent
increase in microglial activation at 6-, 12 -, and 24-months post-injury. While they did not specifically
assess the microglial phenotype, another animal model of r-mTBI published by Madathil and colleagues
(2018) demonstrated that in mice subjected to a single mTBI, the M1-like phenotype resolved over time
but remained chronically elevated following exposure to multiple mild head injuries.

In line with these preclinical studies, chronically activated microglia are commonly documented in cases
of human TBI (Donat et al., 2017; Gentleman et al., 2004; Johnson et al., 2013; Smith et al., 2013). For
example, a report from the University of Glasgow trauma archive documented the increased expression
of CD68 (a marker of M1 classical activation) up to four years post-injury and the increased MHC-II
expression out to 16 years post-injury (V. E. Johnson et al., 2013). While these studies have been
fundamental to understanding the link between chronic microglial activation and long-term TBI outcomes,
they provide a single snapshot of a chronic disease process. Over the past decade, the implementation of
positron emission tomography (PET) imaging and the development of radio-ligands against the
translocator protein (TSPO) have appeared as a promising strategy to non-invasively monitor
neuroinflammation and microglial activation in vivo across a longitudinal time course (Delage et al., 2021).
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TSPO, previously referred to as the “peripheral benzodiazepine receptor), is a transmembrane protein
primarily localized on the outer mitochondrial membrane that has been implicated in several biological
functions such as membrane biogenesis, cellular proliferation, and apoptosis (Papadopoulos et al., 2018).
While its full biological function is still unknown, recent studies have focused on its roles in inflammatory
processes, with several studies observing the increased expression of TSPO in microglia under pathological
conditions such as Alzheimer’s disease, multiple sclerosis, ischemic stroke, and TBI (Banati et al., 2000;
Cagnin et al., 2001; Gerhard et al., 2005; Ramlackhansingh et al., 2011; Werry et al., 2019).

Ramlackhansingh and colleagues (2011) reported that microglial activation, quantified by ligand binding,
was significantly increased in regions of white matter compared to age-matched controls up to 17 years
post-injury in cases of moderate and severe TBI. Subsequent studies using later generation TSPO ligands
have further developed on these original findings, reporting that not only do microglia remain chronically
activated following moderate and severe TBI but also that areas with high microglial activation underwent
substantial atrophy in the six months between the initial analysis and a follow-up assessment (G. Scott et
al., 2015). Similar findings have been reported in former professional athletes with a history of multiple
sports-related mTBIs. In these studies, microglial activation was predominantly seen in those with
evidence of white matter damage (Coughlin et al., 2015, 2017). A recent TSPO imaging study examined
individuals who had sustained a single mild TBI but had no signs of structural damage and reported a
persistent upregulation of TSPO binding at 3-4 months post-injury. Furthermore, they noted that while
TSPO binding was most pronounced in individuals with symptoms of post-concussion syndrome, TSPO
binding remained elevated in patients who demonstrated a good clinical recovery (Ebert et al., 2019).
While it is not clear if the TSPO increases in single mild, repetitive mild, and moderate-severe TBI are
comparable, it provides strong evidence to support that the neuroinflammatory response to mTBI may
progress chronically even following the resolution of short-term clinical symptoms (Verboon et al., 2021).

While the use of TSPO ligands has enabled the observation of chronic microglial activation in regions
showing persistent white matter damage, there are limitations to its use that should be acknowledged.
Firstly, while the PET findings from TSPO imaging studies correlate strongly with pathological findings in
studies of brain trauma and neurodegeneration, concerns have been raised regarding the specificity of
these compounds with evidence demonstrating the expression of TSPO in populations of astrocytes and
endothelia (Alam et al., 2017; Largeau et al., 2017; Vicente-Rodríguez et al., 2021; Vivash & O’Brien, 2016;
Werry et al., 2019). Furthermore, while TSPO imaging studies have traditionally been used to suggest that
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microglia activation is pro-inflammatory, the upregulation of TSPO expression appears to be a generalized
marker of microglial activation, with studies showing an approximately equal expression of TSPO in both
M1- and M2-like microglia (Bonsack et al., 2016; E.-J. Kim & Yu, 2015). As such, the lack of specificity
shown by current generation TSPO radio-ligands limits their use to discriminate between detrimental and
reparative microglial phenotypes.

1.9.5 Moving past the M1/M2 paradigm
While the M1/M2 classification system has dramatically advanced our understanding of microglial
pathobiology. It is important to note that these polarization states describe the response of microglia in
isolation to a single defined stimulus and, therefore, cannot recapitulate the considerable functional
overlap of microglial phenotypes seen in vivo (Boche et al., 2013; Dubbelaar et al., 2018; S. Gordon, 2003;
X. Hu et al., 2015; Loane & Kumar, 2016; Nahrendorf & Swirski, 2016). Increasing evidence suggests that
the beneficial or deleterious effects of microglial activation are highly dependent on context, varying not
solely based on injury severity but also dependent on brain region, the stage of brain development, and
several individual factors (age, sex, co-morbidities, genetic risk factors) (Benusa et al., 2020; Böttcher et
al., 2019; Colton, 2009; Hammond et al., 2019; Mathys et al., 2017; Sousa et al., 2018; Tan et al., 2020).
As such, as our understanding of the diversity of microglial phenotypes and the plethora of factors
regulating their polarization has developed, the M1/M2 paradigm has become increasingly acknowledged
as an oversimplified model of microglial activation (Nahrendorf & Swirski, 2016; Ransohoff, 2016).
However, despite these limitations, given the limited data on the roles of microglia following TBI, some
have suggested that classification into M1 and M2 like phenotypes may provide a framework to
interrogate the harmful or beneficial roles of microglia at various stages post-injury and may act as a
reference point for investigating the potential of new therapeutic compounds (Loane & Kumar, 2016).

In recent years, the widespread adoption of multi-omic analytical techniques with single-cell resolution
(scRNA-seq, ATAC-seq, ChIP-Seq, & CyTOF) has led to the identification of multiple distinct microglial
phenotypes occurring under both physiological and pathological conditions (Ochocka & Kaminska, 2021).
While these studies are primarily descriptive and need to be coupled with functional studies to categorize
these novel microglial subtypes further, they have greatly advanced our understanding of microglial
heterogeneity (Deczkowska et al., 2018). For example, a notable study by Hammond and colleagues
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(2019) analyzed microglia in the mouse brain across the animal's lifespan and under demyelinating
conditions. Using single-cell RNA-sequencing, they identified at least nine transcriptionally distinct
clusters of microglia, with pronounced changes in microglial diversity occurring throughout aging and
under pathological conditions. Similar single-cell transcriptome studies have led to the discovery of
several distinct microglial subtypes, including an activated response microglial phenotype (ARM) (Sala
Frigerio et al., 2019), a disease-associated microglial phenotype (DAM) (Keren-Shaul et al., 2017), a
neurodegenerative phenotype referred to as MGnD (Krasemann et al., 2017), and transcriptomic
signatures associated with proliferation (Q. Li et al., 2019), senescence (Y. Hu et al., 2021), late-stage
disease response (Mathys et al., 2017), and recovery (Tay et al., 2018). Which notably do not align with
the traditional M1/M2 paradigm (C. E. Cho et al., 2019; Holtman et al., 2015; Masuda et al., 2020;
Szulzewsky et al., 2015; Wes et al., 2016).

Initially identified through the analysis of microglia acutely isolated from transgenic models such as the 5
Familial Alzheimer's Disease mutations (5xFAD) (Ellwanger et al., 2021; Grubman et al., 2021; Keren-Shaul
et al., 2017; Zhou et al., 2020), the DAM phenotype is characterized by the downregulation of several
homeostatic genes, and the upregulation of genes involved in lysosomal, phagocytic, and metabolic
pathways. This phenotype has since been validated in other mouse models of aging (Holtman et al., 2015;
Keren-Shaul et al., 2017; Mrdjen et al., 2018; Olah et al., 2018), and models of neurodegeneration such as
the amyloid precursor protein-Presenilin-1(APP-PS1) model of AD (Holtman et al., 2015; Y. Huang et al.,
2021; S. Yang et al., 2021), the P301L and P301S modes of tauopathy (B. A. Friedman et al., 2018; Leyns
et al., 2017), and the superoxide dismutase-1 (SOD1) model of amyotrophic lateral sclerosis (ALS)
(Holtman et al., 2015; W. Liu et al., 2020). The repeated appearance of this DAM phenotype across
different animal models has led some to propose that the DAM phenotype is a common microglial
signature in response to CNS pathology (Deczkowska et al., 2018). The DAM phenotype has been
described to possess M1 and M2 microglia features but are transcriptionally distinct from microglia
exposed to LPS (Butovsky & Weiner, 2018). There is currently much debate regarding the potential
beneficial and detrimental functions of DAM. With studies showing a considerable overlap in the
transcriptomic profiles of DAM and MGnD it is unclear if these cells are part of the same subtype (Butovsky
& Weiner, 2018; Deczkowska et al., 2018). While further investigation is needed to determine the full
significance of these cells in the development of neurodegenerative diseases, it has been suggested that
the beneficial or detrimental functions of these cells are dependent on the stage of disease progression,
with DAM potentially representing a primarily protective phenotype during the early stages of disease
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progression. However, as pathology develops, the dysregulation of these DAM may propagate
neurodegeneration and accelerate disease progression (Deczkowska et al., 2018).

While detailed single-cell analyses of the microglial phenotypes that arise in response to single and
repetitive brain injury are trailing behind research into CNS diseases, recent studies have suggested that
following brain injury, microglia may adopt a “primed” phenotype (Witcher et al., 2015). Primed microglia
are characterized by a higher baseline expression of inflammatory markers, a lower activation threshold,
and a hyper-reactive response to secondary pro-inflammatory stimuli (Lull & Block, 2010). As microglia
are relatively long-lived cells (Füger et al., 2017; Réu et al., 2017), it is thought that exposure to proinflammatory or harmful stimuli may impart long-lasting changes in the microglial epigenome and thus
may chronically affect microglial function under both physiological and pathological conditions (Cheray &
Joseph, 2018; Haley et al., 2019; Hoeijmakers et al., 2016; L. Wang et al., 2021). Studies have suggested
that microglial priming may alter the capacity of microglia to resolve the inflammatory process, thereby
triggering a self-perpetuating cycle of injury and microglial activation, which promotes progressive
neuronal damage and cognitive impairment (Loane & Kumar, 2016; Norden & Godbout, 2013; Wofford et
al., 2019). These suggestions are based on studies showing a substantial overlap between this primed
phenotype and disease-associated microglia reported in models of aging and neurodegenerative diseases
(Holtman et al., 2015; Witcher et al., 2021). However, while these convergent transcriptomic signatures
may indicate a loss of trophic and homeostatic functions following exposure to brain injury, further
research is needed to understand the functional implications of this overlap.

Additionally, there is currently much discussion on the individual factors that may influence the microglial
response to repeated pro-inflammatory stimuli. For example, in models of both normal and accelerated
aging (Raj et al., 2014; Sierra et al., 2007), prion disease (C. Cunningham et al., 2005), and
neurodegeneration (Norden et al., 2015; Wendeln et al., 2018), exposure to peripheral LPS challenge was
found to result in an exaggerated inflammatory response by microglia, known as microglial sensitization
or training. However, some studies have shown the opposite effect and have reported that exposure to
TBI as a secondary immune challenge following LPS exposure results in a diminished immune response,
suggesting that microglia may become de-sensitized or develop immune tolerance to subsequent stimuli
(Longhi et al., 2011; Schaafsma et al., 2015). While more research is needed to determine the factors that
dictate whether or not microglia can fully resolve the inflammatory response (Figure 1.6), the process of
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microglial priming may at least in part, explain the exaggerated chronic inflammatory response, worsened
cognitive outcomes, and exacerbated pathological consequences of r-mTBI (Norden et al., 2015).

Figure 1.6 Microglial Priming in response to TBI. Image showing microglial activation following head injury and
the possible phenotypic outcomes of complete, partial, and failed resolution. Figure created on Biorender.

Chronically activated microglia and persistent CNS inflammation are a hallmark of many CNS diseases such
as multiple sclerosis, Alzheimer’s disease, Parkinson’s disease, motor neuron disease, and, more recently,
brain trauma (Glass et al., 2010; V. E. Johnson et al., 2013; R. G. Kumar et al., 2015; Stephenson et al.,
2018; Wyss-Coray & Mucke, 2002). Brain tissue from CTE and AD patients exhibit high numbers of
activated, pro-inflammatory microglia surrounding amyloid plaques and neurofibrillary tangles (Kwon &
Koh, 2020; Saing et al., 2012; Schimmel et al., 2017). While it is essential to acknowledge that these
disorders are all separate pathological entities with distinct causes and consequences, chronic
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dysregulated microglial activation and neuroinflammation are thought to be critical drivers in the
pathogenesis of these disorders (Kokiko-Cochran & Godbout, 2018; von Bernhardi, 2007; von Bernhardi
et al., 2015). In line with these studies, a central facet of our hypothesis suggests that dysregulated
microglial activation is a key cellular mediator of the chronic neuroinflammatory responses and secondary
injurious cascades that follow brain trauma. In contrast to our overarching hypothesis, Biber and
colleagues (2014) questioned the concept of microglial neurotoxicity, suggesting that the inappropriate
killing of neurons would be disadvantageous evolutionarily. As such, they suggested that articles reporting
that microglia kill neurons result from in vitro artifacts or the inappropriate correlation of histological
markers of activated microglia surrounding dead neurons (Biber et al., 2014). Therefore, to better
understand how dysregulated microglial activation may promote neuronal cell death and
neurodegeneration, I highlight and discuss the proposed neurotoxic mechanisms through which microglia
may contribute to neuronal damage and axonal degeneration following brain trauma.

A commonly cited mechanism through which microglia drive neuroinflammation and neuronal damage in
the injured CNS is the secretion of neurotoxic molecules such as cytokines (Honjoh et al., 2019; Ramesh
et al., 2013; Sordillo et al., 2016; W.-Y. Wang et al., 2015). Cytokines are small protein mediators which
amplify and propagate the inflammatory response to brain injury by activating surrounding microglia and
recruiting them to the injury site (Ferro et al., 2021). In addition to their classical roles as immunological
signaling molecules, the basal expression of many cytokines, such as the interleukins IL-1α and IL-1β and
tumor necrosis factor α (TNFα), have been implicated in the regulation of synaptic plasticity and memory
consolidation (Z.-B. Huang & Sheng, 2010). However, in the injured CNS, the elevated secretion of
cytokines such as IL-1β has been shown to result in the loss of the presynaptic marker synaptophysin (O.
Sheppard et al., 2019), the suppression of long-term potentiation (LTP) (Prieto et al., 2019), and
impairments in memory formation (Nemeth & Quan, 2021). In recent years, the discovery of
inflammasomes has advanced our understanding of how microglia regulate the production of cytokines
such as IL-1β and IL-18. While the expression of the NLRP3 inflammasome in neurons is still debated in
the literature, it is well expressed by microglia and is chronically upregulated following TBI (L. Song et al.,
2017). Interestingly, activated microglia express high levels of the inactive IL-1 precursor, pro-IL-1.
However, the conversion of pro-IL-1 into its active form requires the activation of the NLRP3
inflammasome and caspase-1 processing (Kelley et al., 2019). This two-step mechanism is thought to
provide microglia with greater control of the timing and magnitude of IL-1 release. Neurons are thought
to be the primary target of microglial-secreted IL-1 as other glial cells lack the appropriate isoform-specific
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IL-1 receptor accessory protein (IL-1RAcP) (W. J. Friedman, 2001; Y. Huang et al., 2011). While the effects
of microglial-released IL-1β are likely dependent on the concentration of the stimuli and other factors
such as the severity of the injury, it is unclear in the literature if IL -1β is directly neurotoxic. With In vitro
evidence suggesting that the administration of IL-1β to pure cortical neurons has limited effects on cell
viability. However, exposing neuronal and glial co-cultures to IL-1β resulted in the neuronal accumulation
of reactive oxygen species (ROS) and the activation of caspase-mediated apoptotic pathways (Thornton
et al., 2006).

Additionally, the increased production and secretion of IL-1β by activated microglia is associated with the
elevated expression of glutaminase (a phosphate-specific enzyme that converts the inactive glutamine
into glutamate) and increased glutamate release (Ye et al., 2013). As an excitatory neurotransmitter,
glutamate is a central molecule in several neuronal functions (Zhou & Danbolt, 2014). However, the overstimulation of glutamate receptors on the neuronal and axonal plasma membrane opens voltage-gated
calcium channels allowing the influx of calcium and sodium ions into the cell, triggering neuronal injury
through excitotoxic damage (Baracaldo-Santamaría et al., 2022; Fujikawa, 2015; Tehse & Taghibiglou,
2018). Excitotoxicity has long been considered a critical early mediator of neuronal cell death in the TBI
pathogenic cascade, wherein the mechanical forces experienced during TBI result in the transient
disruption of the neuronal plasma membrane and ionic homeostasis, inducing a substantial release of
glutamate from presynaptic terminals referred to in the literature as “glutamatergic storm” (O’Neil et al.,
2018). The prolonged elevation of calcium ion concentrations can be catastrophic for the already
vulnerable neuron as calcium-activated proteases, phospholipases, and endonucleases begin to damage
the cytoskeleton, mitochondrial membranes, and DNA, respectively, initiating cell death programs (Ng &
Lee, 2019). This microglial-driven excitotoxic damage, also referred to as immuno-excitotoxicity is thought
to play a significant role in axonal degeneration in CNS disorders such as CTE (Blaylock & Maroon, 2011).

Like IL-1β, microglial-released TNFα is thought to initiate apoptotic pathways through oxidative stress and
excitotoxic damage (Raffaele et al., 2020; Sandoval et al., 2018). The increased expression and secretion
of TNFα by microglia has been shown to persist chronically following experimental brain trauma and is
thought to drive neuronal death by acting as a death ligand for the TNF receptor TNFR1 (Raffaele et al.,
2020). In vitro studies have shown that exposing neurons to TNFα is sufficient to initiate apoptotic
cascades via the activation of Fas-associated death domain protein (FADD) and caspase 8 (Probert, 2015).
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In contrast, others have suggested that TNFα may alternatively initiate necroptosis, a form of
inflammatory cell death, via activating the receptor-interacting protein (RIP) kinases RIP1 and RIP3 (Z. Yu
et al., 2021).

Microglia may also propagate neuronal injury and neurodegeneration through the production and
secretion of reactive oxygen species. In recent years, mounting evidence has implicated oxidative stress
with the propagation of secondary neuronal injury following TBI (Khatri et al., 2018; A. Kumar, Barrett, et
al., 2016; Simpson & Oliver, 2020). Both resting and activated microglia express the NADPH oxidase (NOX),
a family of seven ROS generating enzymes, with evidence from single-cell RNA sequencing studies
suggesting that the NOX2 isotype (CYBB) has the highest transcript expression in mouse and human
microglia (Hu et al., 2021). The NOX2 isotype is also the most responsive to brain trauma, with brain and
spinal cord injury models showing NOX2 expression remains prominently elevated from months to years
post-injury (Angeloni et al., 2015). Unlike mitochondrial-derived ROS generated through oxidative
phosphorylation, the ROS generated by NOX is a physiological response to stimulation and mediates the
generation of ROS during the respiratory burst that occurs during the phagocytosis of pathogens (Geng et
al., 2020). The nature of ROS generation by NOX2 is further illustrated by the fact that even when
expressed at increased levels, NOX2 remains inactive unless stimulated by cytokines such as IL1β and
TNFα or DAMPs (Singel & Segal, 2016). The activation of NOX2 results in ROS generation, such as the
superoxide radical (O2e) and the hydroxyl radical (eOH). Both are considered highly reactive species
capable of oxidizing lipids, proteins, and nucleic acids, resulting in damage to the neuronal mitochondrial
membrane and the initiation of apoptotic programs (Valencia & Morán, 2004). The release of DAMPs is
thought to be an important trigger for the activation of microglial NOX2, the interaction of high mobility
group box protein 1 (HMGB1) with PRRs such as toll-like receptor 4 (TLR4) is thought to be a critical
mechanism for the activation of NOX2, with animal models showing that the pharmacological blockade
or microglial-specific knockout of TLR4 prevents the production of ROS by NOX2 and subsequent neuronal
damage.

The ROS-induced damage to neurons results in the release of more DAMPs, potentially initiating a selfperpetuating cycle of microglial activation, ROS production, and neuronal damage, which ultimately
results in progressive neuronal cell death seen clinically as cognitive and functional impairment (Eyolfson
et al., 2020). As such, despite the essential roles of NOX and ROS in the defense against pathogens, the
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increased production of ROS by dysregulated microglia is thought to be a strong contributing factor to the
neuronal cell death and neurodegeneration that follow TBI.

Forming part of the “quad-partite” synapse, microglia are intricately involved in regulating synaptic health
and activity (Crapser et al., 2021; Schafer et al., 2013). The roles of microglia in the development and
progression of synaptic and axonal pathology following brain trauma have received increasing attention
in recent years, with studies showing that microglia exhibit prolonged contact with presynaptic terminals
following experimental brain injury resulting in synapse loss via phagocytosis (Wake et al., 2009).
Microglia increase their phagocytic activity to limit the spread of cytotoxic intracellular contents following
injury (Yanuck, 2019). This upregulation of phagocytic activity is frequently shown by the increased
expression of the phagolysosomal marker CD68 and has been reported to remain elevated for decades
after injury in the human brain (V. E. Johnson et al., 2013). Animal models of TBI have further developed
on these findings and have shown that ex vivo microglia derived from the injured brain show increased
phagocytic activity at acute (1-3 days) and chronic (8 months) post-injury timepoints (Doran et al., 2019;
Ritzel et al., 2020). These studies assessed the phagocytic activity of microglia using fluorescent beads,
myelin, and apoptotic neuronal particles. Interestingly, they noted that while the uptake of fluorescently
labeled beads was prominently increased at the acute time point, there was no difference in bead uptake
at the chronic phases of injury. However, microglia isolated from injured mice exhibited an increased
phagocytic activity towards neuronal particles (Ritzel et al., 2020). It has since been suggested that the
increased phagocytic activity of microglia towards fluorescent beads in the acute phase might represent
a general debris clearance program. In contrast, the increased activity of neuronal particles at more
chronic stages of injury may indicate a more deleterious state of microglial activation (Krukowski et al.,
2021). In line with this suggestion, models of experimental brain injury in aged mice reported that injury
resulted in the upregulation of synapse phagocytosis and was strongly associated with memory and
cognitive impairments at the chronic stages of injury (Krukowski et al., 2018).

While there is a wealth of literature supporting how the elevated release of cytotoxic molecules and the
inappropriate phagocytosis of synapses by microglia may drive cognitive impairment following
experimental brain trauma, a detailed investigation into why microglia may adopt these deleterious
activation states in response to repetitive mild brain injury has not yet been performed. However,
together these studies support the concept that chronic microglial activation and neuroinflammation are
central drivers of secondary neuronal damage and may represent promising therapeutic targets to
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ameliorate the chronic neuroinflammation and cognitive impairment that follows TBI. To address this
knowledge gap, this thesis will seek to explore the microglial phenotypes associated with exposure to
repetitive brain injury. This chronically activated microglial phenotype will be referred to as repetitive
injury-associated microglia (RIAM) to illustrate that this phenotype is likely distinct from other
nomenclature.

1.10 Therapeutic approaches for TBI
1.10.1 Failed clinical trials in TBI
The increasing awareness of the potential long-term consequences of TBI has led many to investigate
potential treatments. However, despite significant efforts, currently no therapeutic intervention
strategies have shown strong clinical efficacy in preventing or reversing this cognitive dysfunction
following TBI. While many promising candidates have shown great efficacy in improving acute and chronic
outcomes in preclinical models, these have been unable to translate into efficacy in clinical trials, with
over 30 phase III trials failing to demonstrate efficacy in their primary endpoints (D. G. Stein, 2015). In
light of these failed trials, there has been substantial introspective analysis of critical factors that may
hamper clinical translation. While no current consensus exists, a lack of understanding of the complex
molecular responses that follow TBI and a similar lack of depth and detail of preclinical models, in that
they may fail to perform a detailed investigation into pharmacokinetics, optimal dose, or identify a
relevant therapeutic window are amongst the most cited factors of failure (Diaz-Arrastia et al., 2014).
While other critical reviews of failed clinical trials have suggested that failure to consider individual factors
(e.g., Sex, age, co-morbidities) contributed to the failure of trials (Kabadi & Faden, 2014; D. H. Smith,
Kochanek, et al., 2021). A table of factors that may limit the effective translation of preclinical research to
successful clinical trials and potential corrective actions which may improve their translational potential
can be seen in Table 1.2.
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Translational challenges

Corrective measures

Multiple diverse and complex secondary injury
mechanisms that may display time-dependent beneficial
or deleterious effects.

More focus on elucidating the key cellular mechanisms
driving secondary injury and how they may interact.

Limited preclinical evaluation of candidate therapeutic
compounds.

Performing more detailed pharmacokinetic and
pharmacodynamic studies to determine BBB penetrance
and effective target engagement of candidate
therapeutics.

Inadequate understanding of the therapeutic window for
treatment and the temporal changes in the expression of
disease relevant targets.

Analysis of therapeutic efficacy when treatment is
adminstered at more delayed clinically-relevant
timepoints.

Difficulty in comparing between preclinical models due to
experimental factors such as use of different injury model
or severity, and the use of animal models different age,
sex or species.

Evaluate the therapeutic efficacy of candidate
therapeutics in multiple models of TBI, ideally
implementing the use of higher order gyrancephalic
species of both sexes and at different ages.
Development of a comprehensive and standardized
classification system that includes the assessment of
well-characterised behavioral, biochemical, and
neuropathological outcomes at both the acute and
chronic stages of injury.

Table 1.2. Factors limiting the effective translation of preclinical studies and potential corrective actions.
Table adapted from Kabadi & Faden (2014).

These failings can be exemplified through a “postmortem” analysis of the largest TBI clinical trial to date,
the landmark multi-centric double-blinded Corticosteroid Randomization After Significant Head injury
(CRASH) trial (Roberts & CRASH trial management group, 2002). The trial aimed to recruit and treat 20,000
severe TBI patients with a high dose (0.4 g/h) of methylprednisolone for 48 hours under the belief that
this would reduce mortality and improve outcomes (as assessed by the Glasgow Outcome Scale (GOS) at
six months post-injury. While previous smaller-scale clinical trials had failed to show clinical efficacy, these
were attributed to underpowered patient numbers (Alderson & Roberts, 1997). However, the trial was
supported by substantial preclinical evidence reporting the ability of methylprednisolone to reduce
intracranial pressure (ICP) following TBI, suppress immune and inflammatory responses, and prevent TBIhall related neurodegeneration (Hall, 1985; Īldan et al., 1995). Unfortunately, despite the supporting
evidence for methylprednisolone, the CRASH trial was terminated early as individuals receiving
methylprednisolone had higher mortality rates at 14 days and six months after treatment (P. Edwards et
al., 2005; I. Roberts et al., 2004). Several preclinical animal models have demonstrated tremendous
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efficacy in limiting secondary injury using a plethora of drugs with diverse mechanisms of action (DiazArrastia et al., 2014), suggesting that halting a single pathophysiological process at these early stages may
greatly reduce the spread of secondary injury. Methylprednisolone is well recognized clinically for its antiinflammatory potential, with multiple reported mechanisms of action, including the transcriptional
enhancement or repression of inflammatory genes, suppressing cyclooxygenase-2 (COX-2) synthesis, and
the suppression of multiple lymphocyte immune functions (Sloka & Stefanelli, 2005). However, while
reducing ICP acutely following brain injury may be beneficial to patient outcomes under specific
circumstances, the failure to consider the multiple functions of the inflammatory response (i.e., reparative
vs. deleterious) at this acute stage is considered a fatal flaw of this trial (Stein, 2015). While TBI initiates a
complex cascade of secondary injurious events, to improve the translational relevance of data derived
from preclinical studies researchers must focus on dissecting the drivers of these pathogenic mechanisms
and identifying specific targets rather than using broad immunosuppressive approaches.

Furthermore, the highly dynamic pathophysiology of TBI results in the rapid appearance and
disappearance of multiple druggable targets as the pathology progresses. As such, the efficacy of drugs
administered to TBI patients may lose efficacy as time progresses (Stein, 2015). This failure to identify and
characterize a relevant treatment window in both rodents and humans is another commonly cited factor
limiting the translational potential of therapeutic candidates (Mohamadpour et al., 2019). For example,
throughout the CRASH trial, patients were treated within 8 hours of injury, received continuous treatment
for 48 hours, and assessed outcomes at six months (P. Edwards et al., 2005). However, many preclinical
models investigating the potential of corticosteroids for TBI have relied on a single treatment before or
immediately following injury (Stein, 2015). The narrow therapeutic window of certain therapeutics is of
particular concern to cases of mTBI, wherein most patients do not seek medical attention until their
symptoms fail to resolve or the damage continues to progress insidiously until overt cognitive deficits
begin to manifest in the months to years following injury (Diaz-Arrastia et al., 2014). Mohamadpour and
colleagues (2019) reviewed several preclinical studies where treatment was initiated more than 12 hours
post-injury. In 25 of these 27 studies, treatment was initiated before 24 hours post-injury, one was
performed at 72 hours post-injury, and only a single study evaluated drug efficacy at one-month postinjury. Since this publication, few preclinical studies investigating therapeutic efficacy at chronic
timepoints, or using delayed treatment paradigms have been published. As such, to develop better future
therapeutics with strong translational potential, the characterization of temporal changes in the
expression of target molecules and the evaluation of therapeutic efficacy need to be performed across a
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longitudinal timeline with a particular focus on clinically relevant time points (e.g., starting weeks to
months post-injury).

For years, similar failures have plagued clinical trials of promising candidates for neurodegenerative
diseases. For example, until the recent (and highly controversial) FDA approval of the monoclonal
antibody aducanumab (Dunn et al., 2021), approved therapies for AD were limited to cholinesterase
inhibitors such as Donepezil (Cacabelos, 2007), and the N-methyl-D-aspartate receptor antagonist
Memantine (Robinson & Keating, 2006). While these drugs are undoubtedly beneficial to individuals living
with these conditions, they provide only temporary symptomatic reductions without altering disease
pathology (Mehta et al., 2017). In addition, the recent failures of Verubecestat, an experimental
compound that inhibits β-Amyloid cleavage enzyme (BACE), and Solanezumab immunotherapy designed
to enhance Aβ clearance have further strengthened the argument that our current understanding of the
pathogenesis of neurodegenerative diseases such as AD is flawed (Honig et al., 2018), and that targeting
a single component of a complex pathogenic cascade (e.g., Amyloid) will continue to result in clinical
failure (Mullane & Williams, 2013). It is becoming increasingly evident that the underlying pathologies are
multifaceted and thus will require a robust target that will address multiple related pathobiological
processes.

1.10.2 Microglia as therapeutic targets in TBI and neurodegenerative diseases
The lack of progress in developing disease-modifying drugs for TBI and neurodegenerative conditions such
as AD has prompted many researchers to seek alternative therapeutic targets (X. Huang et al., 2021; W.
Zhang et al., 2021). Thus far, most therapeutic intervention strategies for TBI have been “neuron-centric”
(Skaper et al., 2018). However, as our understanding of TBI pathogenic mechanisms has developed,
substantial evidence has been provided to suggest that chronically activated microglia are key drivers of
disease pathology. This paradigm shift comes in the wake of several genetic and pharmacological ablation
studies, further confirming the deleterious functions of chronically activated microglia and illustrating the
potential to modulate their phenotype back towards a more neuroprotective state (Han et al., 2019).

While microglial are long-lived cells compared to similar peripheral myeloid cells, their development and
survival are heavily dependent on colony-stimulating factor 1 receptor (CSF1R) signaling, whereby mice
lacking a CSF1R gene are devoid of microglia (Erblich et al., 2011). The recent development of highly CNS
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penetrant and selective CSF1R inhibitors such as PLX3397 and PLX5562 has enabled the rapid depletion
of CNS myeloid cells, and with continued treatment, this depletion can be maintained for several months
(Spangenberg et al., 2019). Preclinical models of TBI investigating the potential of microglial depletion and
repopulation have shown mixed (i.e., beneficial and detrimental) effects of depletion, largely depending
on the timing of depletion. Microglial depletion prior to or immediately following brain injury has been
shown to exacerbate outcomes (Szalay et al., 2016). In contrast, Henry and colleagues (2020) depleted
microglia in a controlled cortical impact model (CCI) model of TBI at one-month post-injury; following the
withdrawal of treatment, microglia rapidly repopulated the CNS. Analysis three months post-injury
revealed significantly reduced numbers of activated microglia in the injured cortex and improved
neurological recovery compared to untreated mice. A similar study reported that the short-term depletion
and subsequent repopulation of microglia once past the initial inflammatory stages of TBI could
ameliorate functional and pathological outcomes (Willis et al., 2020). While the dichotomy of these
outcomes supports the concept that acute microglial activation is neuroprotective and depletion at this
stage may be counterproductive, the short-term depletion and repopulation in the chronic stages of injury
may “reset” microglia back towards a neuroprotective phenotype (R. Henry & Loane, 2021). Similar
neuroprotective benefits were reported by Spangenberg (2019) in a mouse model of AD, wherein chronic
microglial depletion was found to improve cognitive function and reduce neuronal loss. Likewise,
preclinical models focusing on microglial roles in multiple sclerosis (MS), a degenerative disorder with a
significant pro-inflammatory component, have reported enhanced recovery and increased remyelination
of damaged neurons following microglial depletion (Plastini et al., 2020). Together, these studies have
fueled the increased interest in microglial pathobiology, shifting opinions away from responders to tissue
damage and towards the suggestion that microglia play a causative role in the development of
neurodegenerative disorders following TBI (X. Huang et al., 2021).

There is now considerable commercial research interest in targeting microglia and neuroinflammation in
neurodegenerative diseases. Some notable microglial-targeting therapeutics currently in development for
the treatment of mild cognitive impairment (MCI) and AD can be seen in Table 1.3. However, while these
clinical trials are a promising step forward, the complete roles of microglia in the pathogenesis of
neurodegenerative disorders are still unclear, and several obstacles may limit the success of these clinical
trials (Balakrishnan, 2021; Biber et al., 2019).
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Disease

Microglial target
TREM2

AD

CSF1R
Siglec-3/CD33
MS4A4A
RIPK1
MCI/ AD IL-1β

Company
Alector/ AbbVie
Denali/ Takeda
Vigil
Janssen
Alector/ AbbVie
Alector
Denali/ Sanofi
Novartis

Candidate
AL002
DNL919
VGL101
JNJ-40346527
AL003
AL014
DNL788
Canakinumab/ ACZ885

Stage of development
Phase 2
IND-enabling
IND-enabling
Phase 1
Phase 2
Pre-clinical
Early clinical
Phase 2

Table 1.3 Therapeutic compounds to target microglia in neurodegenerative disorders currently in
development or clinical trials. Table adapted from Balakrishnan (2021).

Firstly, the close lineage between microglia and peripheral myeloid cells raises some concern regarding
the safety and efficacy of these studies. The high level of expression of several of the molecular targets of
these drugs are also well expressed by cells of the peripheral immune system, raising the potential for offtarget effects (Biber et al., 2019). While early phase 1 safety and efficacy studies for TREM2 agonists
designed to activate microglia and encourage the phagocytosis of amyloid and tau deposits have found
little evidence to suggest harmful peripheral effects, preclinical studies designed to suppress microglial
responses using CSF1R inhibitors have reported peripheral immunosuppression and the increased risk of
infection (Balakrishnan, 2021). Recent single-cell RNA sequencing studies have demonstrated the
tremendous heterogeneity between microglia, which is even more apparent under pathological
conditions (Hammond et al., 2019). Despite the increasing acknowledgment of the diversity of microglial
phenotypes, all the therapeutics currently in registered clinical trials for AD and MCI will indiscriminately
target microglia, not just those contributing to inflammation and disease pathology. As such, this “broadbrush” approach may limit the approach's efficacy as it may inadvertently impede the ability of healthy
microglia to perform trophic functions (Balakrishnan, 2021). Similarly, while large bodies of evidence now
support the concept of microglia as key drivers of pathology in both TBI and neurodegenerative disease,
comparisons of microglial transcriptome profiles have uncovered critical differences between human and
rodent microglia, raising concerns about the translatability of the animal models utilized during drug
development studies (Abels et al., 2021; Masuda et al., 2019). While there are several obstacles to
overcome to improve the translation of preclinical science into clinical success, compelling evidence
suggests that basic research in these early phases increases the odds of clinical success 12-fold (Goodman
& Gerson, 2013).

54

1.10.3 Animal modeling in TBI research
Animal models of r-mTBI have been crucial to our understanding of molecular pathobiology (Bolton-Hall
et al., 2019; Hoogenboom et al., 2019). While the investigation of the underlying molecular and cellular
changes in the human brain following mTBI would significantly increase our understanding of mTBI
pathophysiology, such invasive studies would be unethical, and detailed longitudinal studies to determine
chronic outcomes would likely suffer from high attrition rates as patients recover from their symptoms
(Bolton-Hall et al., 2019). Additionally, the tremendous heterogeneity seen in cases of human mTBI and
the influence of several genetic, socioeconomic, and lifestyle factors would make the studies extremely
complex and likely limit the applicability of their results (DeWitt et al., 2018). Animal models are valuable
tools for reducing this variability, exploring and establishing causal mechanisms, and evaluating new
diagnostic and therapeutic techniques in a controlled setting (Bolton-Hall et al., 2019; Xiong et al., 2013).
Furthermore, the suitability of animal models for genetic manipulation makes them an unparalleled
option for interrogating the genetic contributions to human mTBI outcomes, which will undoubtedly be
critical in developing precision personalized therapeutic strategies (Cernak, 2005).

Models of experimental brain injury have been developed in several species such as flies, fish, rodents,
pigs, and non-human primates (Cullen et al., 2016; Shah et al., 2019; Vorst et al., 2007). Rats and mice are
popular in preclinical models of brain injury due to their high availability, low cost, ease of manipulation,
and most importantly, their ability to faithfully recapitulate several aspects of the human TBI pathology.
This human-like pathology makes rodents an attractive model for studying the molecular mechanisms of
TBI pathophysiology and their correlation with cognitive dysfunction (Marklund, 2016). To better
understand the advantages and limitations posed by different TBI models, in this section I shall describe
commonly utilized methods of injury generation in preclinical TBI research, and highlight their strengths,
weaknesses, and key pathological characteristics.

To recapitulate the heterogeneous nature of TBI, several rodent models of brain injury have been
developed, utilizing both models of open (controlled cortical impact (CCI), fluid percussion injury (FPI),
and closed head injury (Weight drop, Closed Head CCI (CHI)), and more recently models of blast injury
(Bolton-Hall et al., 2019). A schematic of commonly used apparatus in different TBI models can be seen in
Figure 1.7.
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Figure 1.7. Animal models of experimental brain injury. A) The controlled cortical impact (CCI) injury model uses a
pneumatic or electromagnetic driven piston to impact the brain at a known depth and velocity. In CCI, the piston impacts
the exposed dura. This apparatus is also used in models of closed head injury (CHI) which remove the need for a
craniectomy and provide a better model of mild brain injury. B) Fluid percussion injury (FPI) models of TBI induce brain
trauma by the rapid application of a high-pressure fluid pulse into the epidural space, compressing and deforming the
brain. C) Weight drop models of TBI rely on gravity to accelerate a free-falling weight which can be used to apply force to
the exposed dura or the closed skull of animals. D) Blast injury models utilize the detonation of high-energy explosives to
generate a high-pressure blast wave. These models can be performed in an open environment (open-field blast) or using
a contained blast tube (pictured here) to investigate the contributions of different blast injury mechanisms (e.g., Primary
mechanisms -Blast wave / overpressure, Secondary- blast accelerated projectiles and fragmentation). Figure adapted
from Xiong et al. (2013).
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The open head CCI model of TBI uses an electromagnetic impactor to drive a metal cylinder into the
exposed dura inducing mechanical deformation of the brain tissue. The mechanical deformation induced
by impact results in substantial focal brain contusions that typically present with cortical tissue loss, axonal
damage, reactive gliosis, hematoma, and BBB damage (M. Prins et al., 2013). The use of an
electromagnetic impactor and controller allows for precise control over the velocity, depth of impact, and
dwell time, making it a highly reproducible model of injury that enables researchers to fine-tune the injury
parameters to vary the severity of the injury. However, the use of impactors of varying mass, diameter,
tip geometry, and material composition is likely to affect the distribution of biomechanical forces across
the brain and, therefore, will likely affect the pathological consequences of injury and comparison to other
experimental models (Bolton-Hall et al., 2019). Furthermore, although multiple studies have suggested
that the CCI model can be used to generate pathology reminiscent of mild TBI, gross pathological
abnormalities such as cortical tissue loss seen in these models are rarely seen clinically in cases of mTBI
(Bigler & Maxwell, 2012; Powell et al., 2008). Therefore, CCI models are thought to be more applicable to
moderate and severe TBI models.

The fluid percussion injury model is another commonly utilized model of open head injury. The FPI model
induces brain trauma by generating a brief (typically less than 20 milliseconds) high-pressure pulse of fluid
onto the brain through a cranial window. The brief pulse of high-pressure fluid displaces and deforms the
brain tissue inducing multiple pathophysiological hallmarks of human TBI (Lifshitz et al., 2016). Unlike the
CCI model, which induces predominantly focal damage, FPI has been suggested to induce a combination
of focal contusions such as intracranial hemorrhage and cortical tissue loss below the site of the
craniectomy, but also diffuse sub-cortical injury that has been shown to expand to vulnerable brain
regions such as the hippocampus and thalamus progressing for months post injury (Beitchman et al., 2021;
Krishna et al., 2020; Pischiutta et al., 2018; Rowe et al., 2018; Spain et al., 2010; Wojnarowicz et al., 2017).
Like CCI models, the use of electromagnetic or pneumatic apparatus to drive a piston into the fluid
reservoir in models of FPI is advantageous in that it maintains a high level of reproducibility and offers the
potential to vary the fluid pressure to generate the desired injury severity and pathological features with
studies using pressures ranging from 7 pounds per square inch (PSI) or 0.5x atmospheric pressure (ATM)
to induce a mild injury, to 15 PSI (1.0 ATM), and 19 PSI (1.3 ATM) used to generate moderate and severe
injury (in mice), respectively (Bhowmick et al., 2018; Newell et al., 2020). Additionally, the location of the
craniectomy can be varied to adapt the model for use in different species or to investigate how the
location of the initial injury may affect the pathogenesis and functional outcomes of injury, with studies
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routinely using either a fluid pulse initiated at the midline (on the sagittal suture), parasagittally (<3.5mm
lateral to the midline) or laterally (>3.5mm lateral to the midline) (Lifshitz et al., 2016; Rowe et al., 2018).
While the mixed focal and diffuse pathology of FPI is thought to more accurately recapitulate human TBI
pathological features, the use of hydrostatic pressure to deform the brain is unlikely to generate a realistic
distribution of biomechanical forces seen during impact-loading injury and may therefore introduce
model-specific artifacts which may complicate the comparison to human TBI cases (Bolton-Hall et al.,
2019; Morales et al., 2005).

While the FPI model has been suggested to be superior to CCI to model mTBI due to the lack of overt
tissue loss seen following exposure to lower pressure fluid pulses, the use of a craniectomy to expose the
dura in both CCI and FPI limits its use for mTBI research, which typically do not show skull fracture.
Additionally, it has been suggested that exposure to the craniectomy alone is sufficient to induce
neuroinflammation and vascular damage mimicking injury-like pathology, potentially confounding the
interpretation of experimental results (Aleem et al., 2020). In recent years, the increased focus on mild
TBI has led to the generation of closed head injury models (CHI). These models utilize similar apparatus to
CCI but remove the need for the craniectomy and are therefore thought to be more relevant for the study
of mild TBI. While the transfer of force through the skull and into the brain in models of CHI induces some
mild focal damage typically located below the impact site, these models typically do not result in a skull
fracture or hemorrhage, with studies showing a lack of gross pathological changes such as cortical tissue
loss even following repeated injuries while accurately recapitulating the axonal injury, neuroinflammation
and reactive microgliosis seen in human TBI (Bolton-Hall et al., 2019; B. Mouzon et al., 2012, 2019; J. O.
Ojo et al., 2013; 2015).

The weight drop model of TBI is another commonly utilized model of experimental brain injury, using a
relatively simple apparatus. In this model, injury is induced by the impact of a free-falling weight guided
to the skull through a tube. Several variations of the weight drop injury model have been developed,
varying the severity of injury by adjusting the mass of the falling weight, the height at which the weight is
dropped, or delivering the weight to the exposed dura following craniectomy (Feeney et al., 1981;
Shohami et al., 1988). While these models are advantageous in that they are relatively simple to perform
and accurately recapitulate the diffuse axonal injury and white matter pathology seen in human TBI , these
models show high variability in injury severity as the impact is driven by gravity (Xiong et al., 2013).
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While all the previously described models of TBI have involved the direct impact of an impactor or fluid
pulse to deform the brain, in recent years, the use of models of blast-induced TBI has seen increasing
research interest (Hernandez et al., 2018; Singh et al., 2016). Primarily driven by the increasing use of
vehicle-borne and roadside IEDs in modern conflicts, similar to the increasing awareness of the
pathological consequences of repetitive brain trauma in participants of contact sports, mounting evidence
suggests blast-induced trauma may pose a significant risk to military and law enforcement personnel.
With those who are repeatedly exposed to lower strength blasts such as those used to enter buildings
known as “breachers” or those tasked with the operation of weapons firing large-caliber munitions such
as field artillery are considered to be at particular risk for repeated injury (Belding et al., 2020; K. A.
Edwards et al., 2021; Heyburn, Abutarboush, et al., 2019; Weppner et al., 2019).

The development of preclinical models of blast TBI has been instrumental in advancing our understanding
of the biomechanical and pathophysiological mechanisms through which blast exposure induces brain
trauma. An important note when evaluating the literature surrounding blast TBI is the common confusion
associated with using the terms “primary” and “secondary” mechanisms. Above (1.8.1-1.8.3), we have
previously defined the terms primary and secondary injury to describe the tissue damage induced by
biomechanical forces at the time of injury or subsequent tissue damage driven by mechanisms such as
neuroinflammation or excitotoxicity. However, blast injury research has implemented nomenclature in
which primary injury refers to tissue damage induced by exposure to a high-pressure blast wave, with
secondary injury describing the damage resulting from projectiles and fragmentation propelled by the
explosion. Additionally, the terms “tertiary” (referring to damage from the victim being thrown to the
floor or against a wall by the high-pressure blast wave) and “quaternary” (referring to tissue damage from
burns, the inhalation of toxic fumes, or radiation exposure) have also been defined in the literature
(Fievisohn et al., 2018; Nakagawa et al., 2011; Pun & Lu, 2019; Yamamoto et al., 2018; D. D. Yeh &
Schecter, 2012).

To accurately model the different injury mechanisms seen in those who have suffered blast injuries,
preclinical models frequently implement two primary methodologies: 1) open-field blast and 2) blast
tubes. As implied by its name, open-field blast models detonate an explosive in an open area with animals
at specific distances from the blast's epicenter. While the primary advantage of this model is its use of
experimental conditions that are most likely to recapitulate the “real-world” conditions of individuals who
received TBI following exposure to a blast, recent computational modeling studies have shown that the
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propagation and spread of blast waves is complex, and the reflection of these blast waves off the floor or
nearby walls and objects may greatly influence the injury (X. Yu & Ghajari, 2019). A blast tube is thought
to address the potential interference of reflected blast waves noted in open field blast models. Using a
conical expansion chamber near the explosive device, this model generates a linear blast wave, allowing
researchers to dissect the pathological consequences of the initial blast wave by practically eliminating
the effect of reflected shocks. In addition to greater experimental control, blast tubes offer the advantage
of needing a smaller explosive charge to achieve similar blast wave pressures (Bryden et al., 2019). While
there is a clear need to investigate the pathological consequences of blast TBI, the use of explosives poses
substantial technical and practical limitations, requiring highly specialized personnel and testing
facilities. Additionally, there is still much debate on the pressures needed to accurately recapitulate the
commonly documented pathological features of human TBI and how the pressures used in small animal
models scale to larger animals and humans (Jean et al., 2014).

Despite the tremendous advances made in developing preclinical models of TBI, the models described
here are limited in that they fail to investigate how rapid head movement may induce brain trauma. In
addition, while some ethical and practical limitations prevent the use of non-anesthetized animals, the
models described above typically use some form of head restraint. In recent years the Closed Head Impact
Model of Engineered Rotational Acceleration (CHIMERA) has been developed to address the limitations
of these previous models (Namjoshi et al., 2014). While this model requires further characterization of
the chronic pathological consequences, early evidence suggests this model can recapitulate several
aspects of human mTBI pathology, such as white matter pathology and reactive microgliosis (W. H. Cheng
et al., 2018). However, the inertial loading induced in this impact acceleration model is likely highly
dependent on the size, mass, and geometry of the skull and brain and may provide heterogenous results
depending on the age and sex of the animals used (McNamara et al., 2020).

In recent years, the plethora of animal models and treatment paradigms in the TBI field has been a topic
of much debate, with some calling for the standardization of injury models and experimental protocols to
facilitate an “apples to apples” comparison. In contrast, others have suggested that standardization will
likely only impede progress and hamper the translational potential of research in a heterogeneous
condition such as mTBI, suggesting that the number of different injury paradigms and models is irrelevant
and that clarity of purpose (i.e., what aspect of mTBI pathology is the model attempting to recapitulate?),
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and focus on the validity and interpretation of results are a more informative philosophy (D. H. Smith,
Kochanek, et al., 2021; Wojnarowicz et al., 2017).

1.11 The task at hand- Thesis Aims
1.11.1 Aims & Hypotheses
Given the current paucity of effective therapies for mTBI and a considerable knowledge gap in the
mechanisms driving microglial mediated neuroinflammation. We hypothesize that investigating
microglial-specific responses to r-mTBI across a longitudinal time course may uncover critical mechanisms
driving disease pathogenesis and identify potential therapeutic targets to ameliorate the chronic
neurodegenerative sequelae of repeated head trauma. Therefore, in this thesis, I addressed the following
aims:
1. To identify critical microglial specific mechanisms driving disease progression following repetitive
mild TBI (r-mTBI) at acute and chronic time points.
2. To develop an in vitro model to validate the identified molecular targets and identify relevant
therapeutic candidates with high translational potential.
3. Utilize short- and long-term in vivo studies to assess the therapeutic efficacy of candidate
compounds in ameliorating r-mTBI-associated neuropathology and cognitive deficits.
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CHAPTER 2- LONGITUDINAL ANALYSIS OF A CHRONIC R -MTBI MOUSE MODEL REVEALS A
PROMINENT ROLE OF DISEASE ASSOCIATED MICROGLIA RESPONSES AND PUTATIVE
THERAPEUTIC TARGETS FOR R -MTBI.

2.1 Introduction
Exposure to repetitive mild traumatic brain Injury (r-mTBI) is now well recognized as a substantial risk
factor for the development of neurodegenerative diseases, such as Alzheimer's disease (AD) and chronic
traumatic encephalopathy (CTE) (Fleminger, 2003; McKee et al., 2013; Mortimer et al., 1991; B. Omalu et
al., 2011; D. H. Smith et al., 2013). However, despite mounting evidence linking r-mTBI with the
development of progressive neurodegenerative pathologies, there are currently no disease-modifying
treatments available to reduce the chronic pathological sequelae of r-mTBI (W. A. Gordon et al., 2006;
McCrory et al., 2009). This paucity of treatment options is partly due to a lack of investigation into the
precise molecular mechanisms driving chronic outcomes (Graham & Sharp, 2019; Jassam et al., 2017;
Maas et al., 2010). Neuroinflammation is a central component in the secondary injurious response to rmTBI and has strong influence over long-term cognitive and functional outcomes following TBI strongly
(Jassam et al., 2017; Loane et al., 2014; Ramlackhansingh et al., 2011; Simon et al., 2017; Wofford et al.,
2019), with several studies suggesting that chronic neuroinflammation is a common mechanism of
damage between r-mTBI and neurodegenerative diseases (Blasko et al., 2004).

As the resident innate immune cells of the CNS, following TBI, microglia rapidly respond to damageassociated molecular patterns (DAMPs) released from injured tissues and initiate a complex cascade of
immune responses collectively referred to as neuroinflammation (Corps et al., 2015; Jassam et al., 2017).
While it is thought that the microglial-mediated neuroinflammatory response to TBI developed as a means
to facilitate repair (Eyolfson et al., 2020; C. Liu et al., 2016; Loane & Kumar, 2016; P. Martin & Leibovich,
2005; M. v. Russo et al., 2018), neuroinflammation is often referred to as a double-edged sword, as studies
have shown that in some individuals the early pro-inflammatory response fails to resolve, and the
prolonged secretion of inflammatory cytokines and cytotoxic molecules may promote subsequent
neuronal damage (Erturk et al., 2016; V. E. Johnson et al., 2013; J. Liu et al., 2021; Loane et al., 2014).
However, the persistent nature of microglial activation and neuroinflammation following r-mTBI
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represents a unique opportunity to interrogate the mechanisms driving secondary injury and potentially
facilitate the identification of effective therapeutic targets for TBI (Izzy et al., 2019; Jassam et al., 2017).

Traditional approaches to studying neuroinflammation have evaluated alterations in gene, protein, and
lipid expression in whole tissues following injury (Abdullah et al., 2014; Almeida-Suhett et al., 2014;
Anthonymuthu et al., 2018; Hogan et al., 2018; Lipponen et al., 2016; W. Luo et al., 2022; Matzilevich et
al., 2002; J. O. Ojo, Algamal, et al., 2018; Pham et al., 2021; Z. Zhang et al., 2021). Indeed, our laboratory
has previously performed comprehensive proteomic and lipidomic analyses of brain tissue and plasma
from animal models of r-mTBI, tauopathy, and amyloidosis, wherein we identified multiple unique and
convergent pathobiological profiles between these conditions at acute, sub-acute, and chronic time points
(J. O. Ojo et al., 2018, 2020). While these studies have greatly developed our understanding of the
pathways involved in r-mTBI and neurodegeneration, the cellular complexity of the CNS limits the utility
of this approach as the analysis of whole tissues represents the average gene, protein, or lipid expression
across all cell types, and as such, may mask the identity of the cell type driving disease pathogenesis (Izzy
et al., 2019; Srinivasan et al., 2016; Todd et al., 2021). In recent years, the implementation of cell-typespecific transcriptomic analysis has repeatedly been shown to be superior to tissue-based gene expression
in identifying cellular drivers and critical mechanisms regulating the progression of multiple CNS
pathologies (Hammond et al., 2019; Mathys et al., 2017; Ochocka & Kaminska, 2021; Sousa et al., 2018;
Srinivasan et al., 2016; Tay et al., 2018; Zhou et al., 2020). However, few studies have investigated
microglial-specific transcriptomic responses to TBI (Arneson et al., 2018), and even fewer have evaluated
the microglial-specific mechanisms in models of repetitive mild TBI (Ratliff et al., 2020). Therefore, in this
study, we will establish a valid model of r-mTBI and investigate microglial-specific responses to injury at
sub-chronic and chronic time points.

2.1.1 Rationale for the use of a new r-mTBI paradigm
In the present study, we first sought to characterize the behavioral, biochemical, and neuropathological
consequences of a 20-hit model of r-mTBI. Our laboratory has previously developed and characterized
several injury paradigms using the same mid-line closed head injury model of mTBI first described by
Mouzon and colleagues (B. Mouzon et al., 2012), while varying the number of total mTBIs (e.g., 1, 5, 12,
24, 32 mTBIs), and the inter-injury interval time (24hrs, 48hrs, & 72hrs) (Morin et al., 2021; B. Mouzon et
al., 2012, 2019; J. O. Ojo et al., 2013, 2015, 2016). In the present study, we implement the use of a new
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injury paradigm, exposing mice to 20 mTBIs with an inter-injury interval of 24 hours. We chose to use this
injury paradigm for two main reasons: 1) The 24-hit model of r-mTBI previously described by Ojo et al.
(2016) utilized an inter-injury interval of 72 hours, and as such, it takes three months to complete the
injury phase of a pre-clinical study. Therefore, to facilitate the rapid clinical translation of potential
therapeutic candidates, we reasoned that using a shorter interval would generate a more expeditious
model of r-mTBI. 2) As described in chapter 1, following brain injury, the CNS enters a state of heightened
vulnerability, where sustaining a subsequent injury before the complete resolution of the first has been
shown to exacerbate the pathological consequences of injury (Longhi et al., 2005; M. L. Prins et al., 2013;
Vagnozzi et al., 2008). Therefore, we postulated that the reduced interval between injuries in our
proposed model may induce a more prominent state of chronic reactive microgliosis study and may better
recapitulate the high levels of chronic microglial activation seen in multiple human cases of r-mTBI
(Coughlin et al., 2015, 2017).

2.1.2 Hypothesis
To that end, in this chapter, we explore the cognitive and pathological consequences of exposure to a
novel 20-hit paradigm of repetitive mild TBI. To investigate the overarching hypothesis of this thesis more
comprehensively, in this chapter, we present and test three sub-hypotheses:
(1) Firstly, given the increasing awareness that exposure to TBI induces chronic neuroinflammation and
cognitive impairment, we first sought to assess that our injury paradigm was sufficient to induce longlasting neuropathology and behavioral deficits. Building upon our group's previous experience with
models of r-mTBI, the relatively high number of injuries and reduced inter-injury interval used in this study
led us to hypothesize that exposure to this injury paradigm would induce chronic neuroinflammation and
cognitive deficits.
(2) Next, as previously stated, our overarching hypothesis suggests that microglia are the critical mediators
of the chronic neuroinflammation and progressive neuronal damage that follows TBI. Therefore, to test
this aspect of our hypothesis, in this study, we will investigate how microglial depletion and repopulation
at the chronic phases of injury will influencer-mTBI pathophysiology. We hypothesize that as microglia are
key drivers of neuroinflammation and neurodegeneration following r-mTBI, the pharmacological ablation
of microglia will reduce neuroinflammation and ameliorate r-mTBI neuropathology.
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(3) Lastly, increasing evidence has implicated dysregulated microglial activation with a loss of homeostatic
function and the development of neurodegenerative disorders (Von Bernahardi et al., 2015). However,
the mechanisms regulating the acquisition of a dysregulated phenotype are unclear (Block et al., 2007).
As such, we hypothesize that the analysis of sustained microglial transcriptomic changes that occur
following r-mTBI will provide valuable insight into the functional roles of microglia in the sub-chronic and
chronic stages of the r-mTBI pathogenic cascade. Furthermore, we hypothesize that the analysis of
transcriptional networks and upstream regulators may reveal therapeutic targets with the potential to
ameliorate the chronic neurodegenerative sequelae of r-mTBI.

2.2 Materials and Methods
2.2.1 Animals
Male mice on a C57BL6J background were bred and aged at the Roskamp Institute until they reached 12
weeks old. Animals were housed in groups of three to four per cage under standard laboratory conditions
(23˚C ± 1˚C, 50±5% humidity, 14-hour light/ 10- hour dark cycle) with ad libitum access to food and water
throughout the study. All procedures involving mice were carried out under Institutional Animal Care and
Use Committee approval and in accordance with the National Institute of Health Guide for the Care and
Use of Laboratory Animals.

2.2.2 Experimental design
To test our hypotheses, this study was subdivided into three sections: (1) First, we sought to evaluate the
potential of our 20-hit model of r-mTBI to induce chronic cognitive and behavioral deficits. A graphical
representation of the study timeline is depicted in Figure 2.1. In brief, 36 12-week-old mice on a C57BL/6J
background were randomly assigned to either r-mTBI (n=18) or r-Sham (n=18) procedures. Following
completion of the injury phase, mice were left to age for six months and were then evaluated for their
spatial and learning memory function.
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1 month
C57BL/6J
12 weeks old
(n=18/group)

20 r-mTBI/ r-Sham
1 hit /24h

6 months

Euthanasia
7 days
Barnes Maze

Figure 2.1. Study timeline and experimental procedures in Experiment 1 . C57BL/6J background mice at 12
weeks of age received 5 injuries per week (Monday – Friday) for one month with an inter- injury interval of 24 hours.
Control mice “r-Sham” did not receive brain injuries but were exposed to anesthesia for the same length of time as
injured mice. Following the completion of the injury paradigm, mice were left undisturbed for approximately 6
months. We then assessed if exposure to r-mTBI induced chronic spatial learning and memory deficits using Barnes
Maze.

(2) Based on our findings from the first study, we next sought to generate an unbiased transcriptomic
profile of the healthy and injured hippocampus to identify the mechanisms driving cognitive impairment
following exposure to r-mTBI. In a new cohort of mice, 24 mice on a C57BL/6J background were randomly
assigned to either r-mTBI (n=12) or r-Sham (n=12) procedures, half of the mice in each condition
(n=6/condition) were euthanized at three months post injury and the remaining mice were euthanized at
six-months post injury (n=6/condition). Following euthanasia, RNA was isolated from the hippocampi of
mice from each group (n=3/condition for each timepoint) and the transcriptome profiles were analyzed
using RNA-sequencing. A graphical representation of the study timeline and experimental procedures
performed in this study is depicted in Figure 2.2.
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6 months

1 month
C57BL/6J
12 weeks old
(n=12/Group)

3 months
20 r-mTBI / r-Sham
1 hit
/24h
Euthanized at 3 months
(n=6/Group)

Euthanized at 6 months
(n=6/Group)

RNA isolation from sham and
injured hippocampus at 3-and
6-months post last injury
(n=3/Group)

Figure 2.2. Study timeline and experimental procedures in Experiment 2. C57BL6/J background mice at 12 weeks of
age received 5 injuries per week (Monday – Friday) for one month with an inter- injury interval of 24 hours. Control mice
“r-Sham” did not receive brain injuries but were exposed to anesthesia for the same length of time as injured mice. Mice
were euthanized and tissue was collected at 3- and 6 -months post last injury. Hippocampi from three sham and three
r-mTBI mice at each time point were processed for RNA sequencing.

(3) Lastly, to interrogate the microglial-specific transcriptional responses to r-mTBI, 36 mice on a C57BL/6J
background were randomly assigned to either r-mTBI (n=18) or r-Sham (n=18) procedures were subjected
to our 20-hit r-mTBI paradigm and were subsequently euthanized at 14-, 90-, and 180-days post last injury
(n=6/condition/timepoint), microglia were acutely isolated from these mice and prepared for RNA
sequencing. A graphical depiction of the study timeline and a summary of the workflow to isolate
microglia and identify differentially expressed transcripts is shown in Figure 2.3.
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6 months

1 month

20 r-mTBI / r-Sham
C57BL/6J
12 weeks old
1 hit /24h
(n=6/Group)

3 months

14 Days
Euthanasia

Euthanasia

Euthanasia

B

Figure 2.3 Study timeline and experimental procedures in Experiment 3. A. 36 C57BL6/J background mice at 12 weeks
of age received 5 injuries per week (Monday – Friday) for one month with an inter- injury interval of 24 hours. Control
mice “r-Sham” did not receive brain injuries but were exposed to anesthesia for the same length of time as injured
mice. Mice were euthanized and tissue was collected at 14 days, 3 months, and 6 -months post last injury (n =5-6/group).
B. A summary of the proposed workflow to isolate and sequence acutely isolated microglia at sub-chronic and chronic
post-injury time points. 1. Following euthanasia, the brain is removed from the skull and the meninges are removed. 2.
Brain tissue is gently minced using a scalpel and then is subjected to enzymatic digestion to generate a single cell
suspension and labelled with immunomagnetic probes against the CD11b surface marker. 3. CD11b positive and
negative fractions are separated using a powerful magnet. 4. After generating a purified cell population, cells are quickly
processed to extract RNA. 5. Prepared samples were sent for RNA-sequencing. 6. Following the processing of the raw
data, differential expression analysis will identify altered genes in control and injured microglia. 7. Pathway analysis of
differentially regulated genes was performed to identify key upstream regulators of the microglial phenotype.

2.2.3 The 20-hit repetitive mild traumatic brain injury (r-mTBI) paradigm.
Our r-mTBI paradigm was performed similar to that previously described by Mouzon and colleagues
(2012, 2014). Briefly, all mice were anesthetised with 1.5L/min of oxygen and 3% isoflurane prior to rmTBI or sham injury. Following confirmation of the appropriate plane of anaesthesia mice had their head
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shaved but no incisions were made. Mice were subsequently placed in a stereotaxic frame (Just for Mice™
Stereotaxic, Stoelting, Wood Dale, IL) mounted with an electromagnetic controlled impact device (Impact
OneTM Stereotaxic Impactor, Richmond, IL). The stereotaxic frame was fitted with a heating pad to
maintain body temperature at 37˚C and non-invasive rubber pads were fixed in place either side of the
head to prevent lateral movement during impact. A 5mm blunt metal impactor tip was positioned above
the sagittal suture before each impact, injury was delivered to the closed skull with an impact velocity of
5m/s, strike depth of 1.0mm, with a dwell time of 200ms; the force applied to the mouse head at the time
of impact is approximately 72N under these conditions. All mice experienced short-term apnoea (<20 sec)
and showed no presence of skull fractures. All mice were then allowed to recover on a heating pad until
the mouse became ambulatory, and subsequently returned to their cages with access to soft food and
water. Mice assigned to the r-mTBI underwent this injury protocol daily with a 24 hour inter injury interval
(5 hits / week, Monday to Friday) for a total of 20 injuries. To control for the effects of repeated
anaesthesia, mice assigned to the sham group underwent the same anaesthesia protocol but did not
receive injury. Throughout the injury protocol and following injury, mice were monitored daily for any
health concerns or behavioural abnormalities.

2.2.4. Assessment of cognitive function
Barnes maze (BM) was performed to assess spatial learning and short-term memory. Beginning 7 days
before the start of the BM trials, mice were handled daily to reduce the potential effect of novel stressors
on mouse behavior. BM was initiated 8 days before euthanasia and lasted for 7 consecutive days. During
each day of Barnes maze testing all mice were carefully transferred from the vivarium to the behavioural
analysis suite, at which point the cages were left undisturbed for 30 minutes to allow the animals time to
recover from stress. As mice are nocturnal animals behavioural testing was started in the early morning
(Before 8am) to reduce any effect of fatigue on behaviour. Additionally, behavioural testing initiated at
the same time each morning throughout the study. The walls of the BM room were equipped with visual
spatial cues which were kept constant for all 7 days, room lighting, and motivation to escape the maze
was provided by high intensity LED floodlights and again were kept constant across all 7 days of testing.
For the first 6 days (Acquisition phase), animals were trained to locate a target hole with a black escape
box securely fixed underneath. The BM table was a white polymer table 1.2 meters in diameter with 18
equally spaced holes around its perimeter. Before beginning behavioural analysis, a still image of the BM
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table was taken and stored in the Noldus Ethovision XT visual tracking software. A mask was generated
defining the target hole and all incorrect holes. This mask was overlayed onto live camera image to enable
the quantification of number of errors. To enable reliable quantification of the distance travelled and
cumulative distance, before starting behavioral analysis a pixel to cm ratio was calculated and stored in
the Noldus Ethovision XT visual tracking software. Pixel to cm scale calibration was performed by taking
still images of a 1 meter measuring stick and calculating the length of the measuring stick in pixels. To
confirm the accuracy of this ratio, the measuring stick was rotated 90o and the scale calibration was
performed again. The magnification, focus, and scale calibration were kept constant for all tests. Mice
performed 4 trials per day during the acquisition phase, each lasting 90 seconds. The starting position of
each trial was rotated, beginning at one of four cardinal positions (North, East, South, West) of the maze
rotating clockwise. If an animal was unsuccessful in locating or escaping the maze, animals were gently
guided to the target hole by hand. Regardless of success, all mice spent 30 seconds in the escape box
before returning to their cage. On day 7 (Probe phase), the escape box was removed, mice were placed
in the middle of the maze and had 60 seconds to locate the correct hole. The table and escape box were
cleaned thoroughly using a quatricide disinfectant and deodorant between every trial to prevent
inference from the odor of urine or pheromones from other mice. After disinfecting, the table was dried
using paper towels.
The cumulative distance from the target hole, total distance travelled, time to find the target hole, time
to escape the maze, number of errors, and mouse velocity were all recorded using an overhead camera
and calculated using the video assisted tracking software, Noldus Ethovision XT. All behavioral data was
quantified using Noldus Ethovision XT software. Cumulative distance is measured as the sum of the
distance between the center point of the mouse and the center of the target hole over each trial,
measurements were conducted 30 times per second. This distance stops accumulating either when the
90 second time limit was reached or when the mouse entered the target box (escaping the maze). Time
to find the target hole is measured as the time taken for the nose of the animal to enter the masked area
of the target hole, images were taken 30 times per second for the entirety of the 90 second trial. Number
of errors was defined as the number of times the nose of the mouse enters the masked area of any
incorrect hole. All data were further processed for statistical analysis using GraphPad Prism Version 8.0
(GraphPad Software, Inc., CA, USA).
Data obtained from the acquisition phase were assessed for normal distribution using the Shapiro-Wilk
normality test. Data were then analysed statistically using a repeated measures (RM) Two-Way ANOVA.
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If significant effects (p=<0.05) were observed, post-hoc analysis was performed using a Bonferroni test
with correction for multiple comparisons. Data from probe testing were also assessed for Gaussian
distribution and were then assessed using a One-Way ANOVA and a post-hoc Bonferroni test with
correction for multiple comparisons.

2.2.5. Euthanasia
All mice receiving treatment were euthanized within 24 hours of the Barnes maze probe trial. Mice were
anesthetised with 1.5L/min of oxygen and 3% isoflurane, following confirmation of the appropriate plane
of anaesthesia mice were then perfused transcardially with chilled (4 ˚C) phosphate-buffered saline (PBS),
pH 7.4. Following perfusion, brains were either placed in a sterile petri dish on ice for glial isolation, postfixed in a solution of 4% paraformaldehyde (PFA) at 4˚C for 48 hours and paraffin-embedded for
immunohistochemistry, stored in RNA-Ice (Thermo, #MA7030), flash frozen in liquid nitrogen and then
stored at -80 ˚C for subsequent RNA isolation, or flash frozen in liquid nitrogen for biochemical analysis.

2.2.6. RNA isolation
RNA preservation solution was removed from hippocampi (n=3/group- Experiment 2) and isolated
CD11b+ve cells (N=5/6 group- Experiment 4) and 1 mL or 500μL of TRIzol (Fisher Scientific, Waltham, MA)
was added under RNase free conditions, respectively. Hippocampi were manually homogenised using a
Dounce homogenizer and CD11b+ve cells were lyzed through trituration. Following homogenisation,
samples were incubated at room temperature for 15 minutes to allow for dissociation of nucleoprotein
complexes and 100 μL of 1-bromo-3-chloropropane reagent (Sigma, St. Louis, MO) was added to each
sample. Samples were briefly vortexed and centrifuged at 12,000XG for 15 minutes. The aqueous phase
was carefully removed, and the organic phase was transferred to a fresh eppendorf tube and stored at 80˚C for subsequent protein precipitation. 20ng of ultrapure glycogen (Fisher Scientific, Waltham, MA #
AM9510) was added, samples were again briefly mixed, and RNA was subsequently precipitated using
500μL of ice cold 100% Isopropanol. The RNA pellet was washed twice with 75% ethanol in Diethyl
pyrocarbonate (DEPC) treated water (Fisher Scientific, Waltham, MA, R0601). Pellets were briefly air-dried
and then resuspended in DEPC water, RNA concentrations (ng/μL) and RNA purity (260:280) were
calculated using a Cytation 3 (Biotek, Winooski, VT). At least 500ng/sample of RNA were sent to GENEWIZ
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LLC (South Plainfield, NJ, USA) for subsequent RNA library preparation and total RNA sequencing (20-30
million reads). RNA samples received by GENEWIZ LLC were quantified using Qubit 2.0 Fluorometer (Life
Technologies, Carlsbad, CA, USA) and RNA integrity was checked using Agilent TapeStation 4200 (Agilent
Technologies, Palo Alto, CA, USA).

2.2.7. Library preparation and RNA Sequencing
Full details of RNA library preparation can be obtained from GENEWIZ LLC (South Plainfield, NJ, USA).
Briefly, RNA sequencing libraries were prepared using the NEBNext Ultra RNA Library Prep Kit for Illumina
using

manufacturer’s

instructions

(NEB,

Ipswich,

MA,

USA).

Briefly,

mRNAs

were

initially enriched with Oligo(dT) beads. Enriched mRNAs were fragmented for 15 minutes at 94
°C. First and second strand cDNA were subsequently synthesized. cDNA fragments were
end repaired and adenylated at 3’ends, and universal adapters were ligated to cDNA fragments,
followed by index addition and library enrichment by PCR with limited cycles. The sequencing
library was validated on the Agilent TapeStation (Agilent Technologies, Palo Alto, CA, USA),
and quantified by using Qubit 2.0 Fluorometer (Invitrogen, Carlsbad, CA) as well as by
quantitative PCR (KAPA Biosystems, Wilmington, MA, USA). The sequencing libraries were clustered on a
single lane of a flow cell. After clustering, the flowcell was loaded on the Illumina HiSeq 4000 according
to manufacturer’s instructions. The samples were sequenced using a 2x150bp Paired End (PE)
configuration. Image analysis and base calling were conducted by the HiSeq Control Software (HCS). Raw
sequence data (.bcl files) generated from Illumina HiSeq were converted into fastq files and demultiplexed using Illumina's bcl2fastq 2.17 software. One mismatch was allowed for index sequence
identification.

2.2.8. Bioinformatic Analysis
The sequencing data were uploaded to the galaxy web platform, and the public server usegalaxy.org was
used to analyse the data (Afgan et al., 2018). Briefly, raw data in the fastq format were first pre-processed
using the sample quality control (QC) program FastQC (Andrews, 2010), QC data were then aggregated
using MultiQC (Ewels et al., 2016). All data were then processed through Trimmomatic (Bolger et al.,
2014), to remove adapter sequences, poly-N-containing reads, and low-quality reads (Phred score <25).
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Paired end reads were then aligned to the mouse genome using HiSAT2 and the GRCm38 (mm10) mouse
reference genome (D. Kim et al., 2015). Duplicate reads were removed, and gene expression in FPKM
(Fragments Per Kilobase Million) was measured using FeatureCounts (Liao et al., 2014). Sample data were
aggregated into a single data frame using column join , and gene IDs were annotated using the
AnnotateMyIDs program (M. Dunning, 2017). Batch correction was performed using RUVSeq (Risso et al.,
2014) , and differential expression analysis was performed using the DESeq2 program (Love et al., 2014).
Resulting p values were adjusted using the Benjamini and Hochberg approach to control for false discovery
rate. Genes identified using DESeq2 that reported a false discovery rate corrected p value of <0.05 were
regarded as differentially expressed genes (DEGs).

2.2.9. Gene enrichment and pathway analysis
Gene ontology analysis was performed using Metascape (Zhou et al., 2019), to identify directionality for
GO analysis significantly up and downregulated genes were analyzed separately using the default
enrichment pipeline. All genes in the mouse genome were used as the enrichment background. For
statistical analysis of enriched GO terms p-values were calculated based on hypergeometric distribution,
and q-values were calculated using the Benjamini-Hochberg procedure to control for false discovery rate.
Data from all experiments were subsequently uploaded to Ingenuity pathway analysis (IPA, QIAGEN).
Datasets were filtered for differentially expressed genes (FDR<0.05), and both significantly up and
downregulated genes were analysed together to identify enriched canonical pathways. The ingenuity
knowledge base was used as a reference set to identify significantly enriched pathways following analysis
by Fisher’s exact test and the activation or inhibition of enriched pathways was determined with the use
of a Z-score. The IPA knowledge base was also used as a reference set to derive relationship information
with experimentally observed confidence and identify upstream and master regulators including
transcription factors, causal networks, cytokines, exogenous compounds, and chemical drugs.

2.2.10. Immunoblotting
For immunoblotting analysis, hippocampi or isolated CD11b cells were homogenized in 250µL of MPER
supplemented with protease and phosphatase inhibitors (ThermoFisher) using a probe sonicator.
Homogenized samples were centrifuged at 21,000xG for 20 minutes at 4˚C, and the supernatants were
transferred to a fresh Eppendorf tube. Supernatant fractions were denatured by boiling at 95 ˚C for 10
73

minutes in Laemmli buffer (Bio-Rad) containing β-mercaptoethanol. Samples were then resolved on a 415% gradient polyacrylamide criterion gel (Bio-Rad). Proteins were the transferred to a Polyvinylidene
Fluoride (PVDF) membrane (BioRad) overnight at 90mAh. Transferred membranes were blocked in a 5%
non-fat milk buffer in Tris-buffered saline (TBS) containing 0.05% sodium azide (NaN3) for one hour at
room temperature and then incubated with different target specific primary antibodies overnight (Table
2.1). Membranes were washed three times in TBS and subsequently incubated with horseradish
peroxidase-linked secondary antibodies for 1 hour at room temperature (Table 2.1). Membranes were
briefly incubated in SuperSignal West Femto (ThermoFisher), or Pierce ECL (ThermoFisher)
chemiluminescence substrate. Immunoblots were visualized using a ChemiDoc XRS (BioRad Laboratories,
CA, USA).
Quantification of immunoblot densitometry was performed using the band analysis tools of Image Lab
(BioRad Laboratories, CA, USA) image analysis software (Version 6.0.1). All western blot images were
assessed for signal saturation before analysis, and a non-saturated image with minimal background was
selected for analysis from all groups. Briefly, regions of interest of equal size were drawn around each
sample lane across the band. The global background tool was used to determine the backgroundsubtracted density (referred to as adjusted value) of each region of interest in all blots. The adjusted value
was used for further analysis. While equal concentrations of protein were loaded to each well, following
probing of target proteins, anti-actin or anti-tubulin were used as “house-keeping” proteins to normalise
data and signal intensity ratio. To calculate the ratio of phosphorylated to total target protein, the
normalized phosphorylated protein values were then divided by their respective normalized total protein
values. The normalized values for each target protein were used for further analysis. All data were further
processed for statistical analysis using GraphPad Prism Version 8.0 (GraphPad Software, Inc., CA, USA).
Data were first assessed for Gaussian distribution using the Shapiro-Wilk normality test. Data were then
analysed statistically using a student’s t-test. Data are presented as mean ± SEM ratio of normalized
protein expression.
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Table 2.1. Antibodies used
Target protein

Primary ab
dilution

Protocol

Aldh1a1

1:1000

WB

β-Actin

1:2000

WB

BDNF

1:500

WB

CD68

1:250

IHC

CREB

1:1000

WB

P-CREB (Ser133)

1:1000

WB

CX3CR1

1:500

WB

GFAP

1:1000

IF

GFAP

1:5000

Iba1

Catalogue #

Host species

Secondary ab
dilution

sc-374149

Ms

1:2000

sc-47778

Ms

1:2000

Millipore Sigma

GF029

Rb

1:1000

abcam

ab125212

Rb

1:1000

#9197

Rb

1:2000

#9198

Rb

1:2000

sc-377227

Ms

1:1000

Aves Labs

#GFAP

Chk

1:500

IHC

Dako

M0761

Ms

1:1000

1:500

WB

abcam

ab153696

Rb

1:1000

Iba1

1:500

IHC/ IF

Wako

019-19741

Rb

1:500

NFκB (p65)

1:1000

WB

#8242

Rb

1:2000

P-NFκB (Ser536)

1:1000

WB

PSD95

1:2000

WB

STAT3

1:1000

WB

P-STAT3 (Tyr705)

1:1000

WB

Synapsin1

1:5000

Anti-Chicken IgGAF647 linked

Vendor
Santa Cruz
Biotechnology
Santa Cruz
Biotechnology

Cell signaling
technology
Cell signaling
technology
Santa Cruz
Biotechnology

Cell signaling
technology
Cell signaling
technology
Thermo Fisher
Scientific
Cell signaling
technology
Cell signaling
technology

#3033

Rb

1:2000

MA1-046

Ms

1:5000

#9139

Ms

1:2000

#9145

Rb

1:2000

WB

abcam

ab64581

Rb

1:5000

2ndry Ab

IF/ICC

Thermo Fisher
Scientific

A32933

Gt

Anti-Mouse IgGHRP linked

2ndry Ab

WB

Cell signaling
technology

#7076

Gt

Anti-Rabbit IgGAF488 linked

2ndry Ab

IF/ICC

Thermo Fisher
Scientific

A32731

Gt

Anti-Rabbit IgGHRP linked

2ndry Ab

WB

Cell signaling
technology

#7074

Gt

Table 2.1 Abbreviations: Aldh1a1, Aldehyde Dehydrogenase 1 Family Member A1; BDNF, Brain derived neurotrophic factor; CD68, Cluster of differentiation 68;
CREB, cAMP response element-binding protein; CX3CR1, C-X3-C Motif Chemokine Receptor 1; GFAP, Glial fibrillary acidic protein ; Iba1, Ionized calcium binding
adaptor molecule; NFkB, Nuclear factor κ-light-chain-enhancer of activated B cells; PSD95, Postsynaptic density protein 95; STAT3, Signal transducer and activator
of transcription protein 3; WB, Western Blot; IHC, Immunohistochemistry; IF, Immunofluorescence; Ms, Mouse; Rb, Rabbit; Chk, Chicken; Gt, Goat.
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2.2.11. Cytokine quantification ELISA
Hippocampal (N=6-12/group) cytokines were analysed using the V-PLEX proinflammatory Panel 1 mouse
cytokine kit (MSD, Rockville, MD) according to manufacturer’s instructions. While this technique has been
used to quantify cytokine concentrations in protein supernatants derived from brain tissues in models of
experimental brain trauma (Giarratana et al., 2020), it should be noted that this technique was initially
designed to evaluate cytokine biomarkers in cell culture supernatants, serum, plasma, and urine. As such,
some concerns have been raised regarding the potential interference of the experimental data by matrix
effects resulting from the use of tissue supernatant. To account for these potential confounding matrix
effects the samples were diluted 2-fold in the manufacturer supplied diluent buffer prior to use in the
MSD, the same diluent buffer used to generate the standard curve. Diluted samples were added to the
plate and incubated at room temperature for 2 hours. Wells were washed to remove unbound analyte;
secondary antibody was then added, and the samples left to incubate at room temperature for one hour
and quantified using the MESO QuickPlex SQ120 plate reader. Following quantification, all data were
normalised to protein content of sample lysates, determined by Bicinchoninic acid protein (ThermoFisher,
Waltham, MA). The normalized expression of each cytokine, expressed as pg/mg protein for each sample
was used for further statistical analysis. All data were further processed for statistical analysis using
GraphPad Prism Version 8.0 (GraphPad Software, Inc., CA, USA).
Data were first assessed for Gaussian distribution using the Shapiro-Wilk normality test. If data were
normally distributed, then statistical analysis was performed using a student’s t-test. Data that did not fit
normal distribution were transformed to log base 2 and were again tested for normal distribution. Data
that did not fit a Gaussian distribution pattern following log transformation were assessed using the nonparametric Mann- Whitney U test. Cytokine data are presented as mean ± SEM pg/mg protein.

2.2.12. Tissue processing and immunohistochemistry
Brain samples fixed in PFA were paraffinized using the Tissue-Tek VIP (Sakura, USA). Sagittal sections were
cut at 6µm using a Leica RM2235 microtome and mounted on positively charged glass slides. Prior to
staining, sections were deparaffinized in xylene and rehydrated in sequential ethanol solutions of
decreasing concentration.
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Immunohistochemical staining for Iba1, and CD68: Reactive microglia were stained using an anti-Iba1
(Wako), and anti-CD68 (abcam) antibodies. Following tissue rehydration, slides were submerged in
hydrogen peroxide for 15 minutes to remove endogenous peroxidases, followed by antigen retrieval in
citric acid buffer (pH 6.0). Slides were then blocked with normal serum at room temperature for 1 hour
and subsequently incubated with primary antibody at 4˚C overnight (Iba1 -1:1000, CD68 – 1:500. The next
day, slides were washed three times in PBS and incubated with goat-anti rabbit IgG secondary antibody
(VectaSTAIN ABC Kit) and developed using 3,3′-Diaminobenzidine (DAB).
Immunofluorescent staining of Iba1 and GFAP: Fluorescent staining was performed using antibodies for
the microglial marker Iba1 (1:500) (WAKO), and the astrocyte marker glial fibrillary acidic protein (GFAP)
(1:2000). Following tissue rehydration, antigen retrieval was performed in citric acid buffer (pH 6.0). Slides
were then washed twice in PBS, blocked in 5% normal goat serum in PBS with 0.01% TWEEN20 for 1 hour
at room temperature, and incubated with primary antibody at 4˚C overnight. The following morning,
slides were washed three times in PBS to remove any unbound primary antibody, slides were then
incubated in secondary antibodies in 1% Normal goat serum for 1 hour at room temperature. Slides were
subsequently submerged in a bath of 70% ethanol and then incubated with auto-fluorescence quenching
solution for 5 minutes followed by three one-minute washes in fresh 70% ethanol, slides were briefly air
dried to remove excess ethanol and coverslips were mounted with ProLong Gold antifade 4′,6-diamidino2-phenylindole (DAPI) mount (ThermoFisher, Waltham, MA, #P-36931).

2.2.13. Imaging
Imaging of non-fluorescent samples stained for Iba1 and CD68 was performed on an Olympus DP72
microscope at 20X magnification for the cortex and hippocampus, and 40X magnification for the corpus
callosum. Three non-overlapping regions of interest (ROI) per section (4 non-consecutive sections
/animal) were selected for the hippocampus, the body of the corpus callosum, and the cortex (under the
injury site). ROI were selected in identical regions of the brains regardless of the presence or absence of
any pathological signs. Image analysis and quantitation of Immunoreactivity DAB-stained sections was
performed using ImageJ (NIH, Bethesda, MD, USA). Briefly, red, green, blue (RGB) images were analysed
using the optical segmentation tool in ImageJ whereby images were separated into individual colour
channels (haematoxylin counterstain and DAB chromogen) using a colour deconvolution algorithm
(Ruifrok & Johnston, 2001). A semi-automated RGB histogram-based tool on Image J was used to
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determine the segmentation (threshold settings) for immunoreactivity for each antibody. Once set, the
threshold settings were kept the same to analyse all images from the same experiment. The %
immunoreactive area of each image was calculated and a mean value for each brain region was calculated
for each animal. This average % reactive area was used for further statistical analysis.

All data were

further processed for statistical analysis using GraphPad Prism Version 8.0 (GraphPad Software, Inc., CA,
USA). Statistical comparison was performed comparing injured mice at each time point to their respective
sham counterparts.
Briefly, data were first assessed for Gaussian distribution using the Shapiro-Wilk normality test. If data
were normally distributed, then statistical analysis was performed using a student’s t-test. Data that did
not fit normal distribution were transformed to log base 2 and were again tested for normal distribution.
Data that did not fit a Gaussian distribution pattern following log transformation were assessed using the
non-parametric Mann- Whitney U test. DAB immunoreactivity data are presented as mean ± SEM %
reactive area.
Imaging of fluorescent staining was performed using a Zeiss LSM 800 confocal microscope at 20X
magnification. For the quantification of Iba1 and GFAP immunofluorescent staining, three nonoverlapping images were taken from the hippocampus and cortex of each mouse (n= 4-6 mice/group). As
a negative control, primary and secondary antibodies were omitted for each stain to determine
background and autofluorescence staining values that were then subtracted from all images for
quantitation. The acquisition settings were kept the same for all images within the same experiment.
Quantitation was performed on Zeiss ZEN image analysis software, and % reactive area, defined as the
area of regions of positive staining as a percentage of total image area was calculated for each image and
the average % area for each region was used for statistical analysis. All data were further processed for
statistical analysis using GraphPad Prism Version 8.0 (GraphPad Software, Inc., CA, USA). Briefly, Data
were first assessed for Gaussian distribution using the Shapiro-Wilk normality test before further analysis.
For comparison of two groups (Figure 2.12), data were analysed using a students t-test. For comparison
of three or more groups (Figure 2.15), data were analyzed using a One-Way ANOVA followed by a posthoc Bonferroni test with correction for multiple comparisons.

2.2.11. Microglial depletion
Microglial depletion was performed using the colony stimulating factor-1 receptor (CSF1R) inhibitor
PLX5622. PLX5622 (hemifumarate salt, #HY-114153A) was purchased from MedChem Express
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(Monmouth Junction, NJ). PLX5622 was dissolved in 10% DMSO and 90% corn oil and mice received
165mg/kg of drug solution daily for 14 days by oral gavage. Vehicle treated mice received 10% DMSO and
90% corn oil only. This dose and time treatment resulted in approximately 90% depletion of pan-reactive
microglia marker, IBA1. After completion of the treatment cycle, PLX5622 was withdrawn, and half the
mice were euthanized within 24 hours of their final dose. The remaining animals were left undisturbed
for a further three months to allow microglia to repopulate the CNS. At 6-months post last injury the
remaining animals were euthanized and hippocampi from all groups (n=3/group) were processed for RNA
sequencing and molecular analyses.

2.2.14. Microglial Isolation
Following transcardial perfusion with chilled (4˚C) PBS during euthanasia, mice were decapitated, the
brain was removed, rinsed in PBS, and placed into a petri dish on ice. Enzymatic tissue digestion was
performed using the Adult Brain Dissociation Kit (Miltenyi Biotec, #130-107-677). Briefly, after removing
the meninges, the brain was cut into small pieces using a sterile scalpel blade, and samples were
transferred to a 15ml falcon tube where 1950 μL of enzyme mix 1 (enzyme P and buffer Z), and then 30 μL
of enzyme mix 2 (enzyme A and buffer Y) were added, brains were incubated in the enzyme mix for 30
minutes. Brains were then further digested using repeated trituration. Samples were briefly centrifuged
and filtered through a 70µm cell strainer to achieve a single cell suspension. Single cells were resuspended
in 900µL of Debris removal solution and mixed with 3.1mL of PBS containing 0.5% fetal bovine serum (FBS)
(PB-buffer), samples were then transferred to a fresh 15mL falcon tube and 4ml of PB buffer was carefully
overlayed. Samples were then centrifuged at 3000XG for 10 minutes. Cells were rinsed with PB buffer to
remove any remaining debris removal solution and centrifuged for a further 10 minutes. The supernatant
was aspirated, and cells were labelled with anti-CD11b magnetic particles for 10 minutes at 4˚C, the
sample was then loaded onto a pre-conditioned LS separation column and rinsed three times to remove
unlabelled cells. To elute CD11b +ve cells, the LS column was removed from the magnet and PB buffer was
used to elute the sample. Enriched CD11b+ve cells were briefly centrifuged and either directly
homogenised in mammalian protein extraction reagent (MPER) (Thermo, #78501) supplemented with
proteinase and phosphatase inhibitors (Thermo, #MA7030) for immunoblotting or stored in RNA-Ice
(Thermo, #AM7030) at -80 ˚C for subsequent RNA isolation.
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2.2.13 Flow Cytometry of microglia
To perform immunophenotyping of isolated CNS CD11b+ve cells. Three non-injured C57BL/6 were
processed for microglial isolation as described above (2.2.14). Flow cytometry analysis of isolated CNS
CD11b+ve cells was conducted according to the protocol described by Joshi & Pearson et al (2019). Isolated
CD11b+ve cells were incubated with Rat anti-mouse Fc-block (1:100 BD bioscience) for 5 min at room
temperature. Cells were then stained with CD11b (BioLegend San Diego, USA), CD45 (ThermoFisher), and,
CX3CR1 (BioLegend, San Diego, USA). These cells were analysed using Attune® NxT Acoustic Focusing Flow
Cytometer (Thermo Fisher Scientific, Waltham, MA USA). Flow cytometry analyses of cell surface marker
expression were performed using Attune® NxT software version 2.7 (Thermo Fisher Scientific, Waltham,
MA, USA).

2.2.15 Protein isolation from TRIzol
Protein isolation and recovery from TRIzol (ThermoFisher, Waltham, MA) processed samples was
performed according to manufacturer instructions. Briefly, 300 µL of 100% ethanol was added per 1mL of
TRIzol used during sample lysis, samples were mixed and centrifuged at 2000 x G to pellet the precipitated
DNA. The phenol-ethanol supernatant was transferred to a separate tube and 1.5mL 100% ice cold
isopropanol was added per mL of TRIzol used. Samples were centrifuged at 12,000 x G to pellet proteins
and the supernatant was discarded. The protein pellet was washed in 0.3 M guanidine hydrochloride in
95% ethanol, incubated on ice for 20 minutes and then centrifuged for 5 minutes at 7,500 x G at 4 oC. The
supernatant was discarded, and the pellet was washed in a 100% ethanol solution, incubated for 20
minutes, and again centrifuged for 5 minutes at 7,500 x G at 4oC. The samples were air-dried for 10
minutes to remove all ethanol, and then resuspended in 200 µL in a 1% Sodium dodecyl sulphate (SDS)
solution supplemented with protease and phosphatase inhibitors (ThermoFisher, Waltham, MA).
Samples were incubated at 50 oC for 30 minutes and sonicated intermittently to assist with protein
solubilization. Insoluble material was removed by centrifugation at 10,000 x G for 10 minutes and the
supernatant (Soluble protein) was transferred to a new Eppendorf tube for protein quantitation by
bicinchoninic acid (BCA) protein assay (ThermoFisher, Waltham, MA), and subsequent immunoblotting.
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2.3 Results
2.3.1. Experiment 1. Exposure to r-mTBI induces chronic spatial learning deficits
Memory and learning deficits are commonly reported cognitive symptoms of r-mTBI among both clinical
populations and preclinical models (de Freitas Cardoso et al., 2019; B. C. Mouzon et al., 2014). Our
laboratory has previously shown that exposure to our in-house 5 or 24 hit models of r-mTBI induces
chronic learning and memory deficits (Morin et al., 2021; B. C. Mouzon et al., 2014; J. O. Ojo et al., 2016).
To Investigate the chronic effects of a higher frequency injury model on spatial learning and memory, we
exposed mice to 20 r-mTBIs with a 24- hour inter-injury interval and assessed their performance on the
Barnes maze test 6-months post-injury (Figure 2.1). From days 1 to 6 (acquisition trials), mice were trained
to locate a hidden box (4 trials per day), and the cumulative distance, mean latency to find the target hole
and mean latency to escape the maze were calculated for each day.

Over the 6-day acquisition (training) phase, both sham and injured animals showed a decrease in the
cumulative distance, with sham mice demonstrating an average reduction of 65.47%, compared to a
24.73% decrease in the r-mTBI group (Figure 2.4A). Repeated-measures two-way ANOVA showed
significant time (F(3.141, 97.38) = 22.94, p=<0.001), and injury (F(1, 31) = 62.62, p=<0.001) effects, and a
significant time and injury interaction (F(5, 155) = 5.986 p=<0.001). Bonferroni post-hoc analysis revealed
that injured mice had a significantly longer cumulative distance on days 3 (p=0.005), 4 (p=<0.001),
5(p=<0.001), and 6 (p=<0.001) compared to sham injured mice.

Similarly, while mean latency to acquire the target hole decreased for both sham and r-mTBI groups across
the 6-day acquisition phase (47.68% and 17.66%, respectively), injured mice took significantly longer to
find the target hole than their sham counterparts, with statistical analysis revealing similar significant time
(F(4.206, 130.4) = 13.62, p=<0.001), injury (F(1, 31) = 7.649, p=0.009), and interaction (F(5, 155) = 3.543,
p=0.005) effects (Figure 2.4B). Post hoc analysis demonstrated that injured mice had a significantly
increased acquisition time on days 4 (p=0.008) and 5 (p=0.023) compared to sham counterparts and a
trend towards significance on day 6 (p=0.092). In parallel with these data, injured mice demonstrated a
corresponding increase in mean time to escape the maze (Figure 2.4C), with statistical analysis revealing
similar time (F (2.413, 74.81) = 7.052, p=0.001), injury (F(1, 31) = 4.780, p=0.041), and interaction (F(5,
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155) = 4.491, p=<0.001) effects. However, post-hoc analysis found no significant difference between sham
and injured on any particular day.

On the seventh day (probe) of Barnes maze testing, the hidden target box was removed, and spatial
memory was assessed by their ability to locate the target hole using the visual clues in their environment.
Injured mice took significantly longer to find the target hole (Mann Whitney U =30, n1 =17, n2 =16,
P=<0.001 two-tailed) (Figure 2.4F), and made more errors (Mann Whitney U =30, n1 =17, n2 =16,
P=<0.001 two-tailed) than their sham counterparts (Figure 2.4G). It is important to note that no significant
injury effects were seen between sham and injured animals in average velocity (F(1, 31) = 1.172, p=0.287
two-way ANOVA, t-test: t(31) =1.611, P=0.117 two-tailed, (Figure 2.4E, 4I) or path length (F(1, 31) = 2.645,
p=0.114 two-way ANOVA, Mann Whitney U =86, n1 =17, n2 =16, P=0.073 two-tailed (Figure 2.4D4H) during the acquisition or probe trials respectively, suggesting that these observed difference between
injured and sham animals are due to alterations in spatial learning and memory function, and not related
to motor function deficits.
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Figure 2.4. Assessment of spatial learning and memory at 6 months post-last mTBI using Barnes Maze. Acquisition data
shows learning in mice by the mean cumulative distance to the target hole in cm (A) the mean latency to find the target hole
(B) and late latency to escape the maze (C). We observed no significant difference between sham and injured mice in path
length (D) or average velocity (E). During the probe trial mice exposed to r-mTBI demonstrated a significantly increased latency
to find the target hole (F) and made significantly more errors (G). No difference was seen in mean path length (H), or average
velocity (I). Acquisition trials (A-E) were analyzed using repeated measures Two-Way ANOVA followed by post-hoc Bonferroni
test (n=16-17/ group). Probe data (F-I) were analyzed using a One-Way ANOVA followed by post-hoc Bonferroni test (n=1617/ group). Asterisks denote statistical significance as follows: *p<0.05, **p<0.01, ***p<0.001. Error bars represent SEM.
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2.3.2. Experiment 2: R-mTBI induces chronic neuroinflammation and persistent gene expression
perturbations in the hippocampus
To interrogate candidate causative factors of the chronic spatial learning and memory deficits observed
during Barnes maze testing, in a separate cohort of mice, we performed RNA-sequencing (RNA-seq) of
hippocampal tissue at 3- and 6-months post-injury to generate an unbiased high-resolution transcriptomic
profile of our model of r-mTBI. We chose to focus on the hippocampus at this stage due to its central role
in memory formation. To illustrate injury-dependent changes in gene expression, we performed
hierarchical clustering of the normalized counts from sham and r-mTBI mice at three- and six-months post
Injury. Hierarchical clustering is a technique that groups genes and samples with similar transcriptional
profiles. Clustering analysis shows that exposure to r-mTBI induces widespread transcriptomic changes
with a clear separation in overall gene expression between injured and control animals at both time points
(Figure 2.5A). These observations were confirmed by principal component analysis, which showed a clear
separation between sham and injured animals at both timepoints (PCA) (Figure 2.5B).
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A

B

Figure 2.5. Exposure to r-mTBI induces persistent transcriptomic changes in hippocampal transcriptome.
A)Hierarchical clustering of top 1500 most variable genes in hippocampal RNA-seq analysis ranked by standard
deviation. Clustering was performed using Euclidean distance. Injured mice exhibit prominent alterations in
hippocampal transcriptome at 3- and 6-months post injury relative to sham animals (n=3/group). Colour density
shows Log2 normalized FPKM values. B) Principal component analysis (PCA) also shows a clear separation between
sham and injured hippocampal transcriptome profiles at 3- and 6-months post-injury (n=3/group).
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Analysis of the hippocampal transcriptome of sham and injured mice three months post-injury revealed a
profile of 1276 significantly altered genes, with 551 decreased and 725 increased in injured mice
compared to shams (Figure 2.6A). To gain mechanistic insight into the biological function of these altered
genes, we performed gene ontology (GO) enrichment. GO analysis of upregulated biological process (BP)
categories indicated the presence of a prominent inflammatory response with antigen processing
(GO:0048002) and response to interferon-gamma (GO:0034341) being amongst the most significantly
enriched categories (Figure 2.6B). In line with identifying these enriched inflammatory processes, GO
analysis revealed the enrichment of cell migration (GO:0030335) and cell locomotion ( GO:0030335),
indicating the chemotaxis of CNS immune cells towards damaged cells. Analysis of downregulated
biological process categories revealed multiple synaptic and axonal signatures, including axonogenesis
(GO:0007409), synapse organization (GO:0050808), and synaptic signaling (GO:0099536) (Figure 2.6B).
Interestingly, we also observed that the behavior (GO:0007610) BP category was significantly enriched,
supporting the presence of marked injury-induced cognitive deficits shown above. Analysis of cellular
compartment (CC) categories revealed the upregulation of multiple lysosomal (GO:0005764, GO:0000323,
GO:0005765) and major histocompatibility complex components (GO:0042611, GO:0032398,
GO:0042612) (Figure 2.6C), and the downregulation of neuronal and synaptic components, such as
glutamatergic synapse (GO:0098978), postsynaptic density (GO:0014069), and synaptic membrane
(GO:0097060). Analysis of molecular function (MF) categories indicated similar findings with the
upregulation of function categories such as transporter associated with antigen processing (TAP) binding
(GO:0046977), which is a transmembrane glycoprotein complex that mediates the transport of antigenic
peptides across the endoplasmic reticulum and is considered an essential step in MHC class I antigen
processing (Thomas & Tampé, 2017) (Figure 2.6D). Other enriched upregulated molecular function
categories include scavenger receptor activity (GO:0005044) and integrin-binding (GO:0005178).
Downregulated molecular function categories revealed similar synaptic signatures to those observed in
BP and CC categories, with postsynaptic neurotransmitter receptor activity (GO:0098960),
neurotransmitter receptor activity (GO:0030594), and structural constituent of the synapse (GO:0098918)
being amongst the most significantly enriched categories.
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^ Figure 2.6. Exposure to r-mTBI alters inflammatory and synaptic gene expression at 3-months post
injury. A) Volcano plot showing the spread of 1276 differentially expressed genes (725 upregulated and
551 downregulated) between injured and sham animals at three months post-last injury (n=3/group).
Directionality dot plot of enriched gene sets obtained through functional enrichment of significantly
altered genes in injured mice, using biological processes (BP)(B), cellular components (CC) (C), and
molecular functions (MF) (D). Node size corresponds to the number of significantly altered genes in each
ontology term. Color of each dot represents the adjusted p value for enrichment.

We repeated our RNA-seq analysis in mice at six months post-injury. Statistical analysis identified 594
significantly altered genes, with 531 upregulated and only 63 downregulated in injured compared to sham
mice (Figure 2.7A). We again used GO enrichment to gain insight into the mechanisms that might
contribute to the observed cognitive impairment seen at this time. Similar to the data seen at 3-months
post-injury, GO analysis again revealed the downregulation of multiple axonal and synaptic signatures and
the upregulation of neuroinflammatory processes amongst biological process, cellular compartment, and
molecular function categories (Figure 2.7B-D).
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^ Figure 2.7. Exposure to r-mTBI alters hippocampal transcriptomic signature at 6-months post injury. A)
Volcano plot showing the spread of 594 differentially expressed genes (531 upregulated and 63
downregulated) between injured and sham animals at six months post-last injury (n=3/group).
Directionality dot plot of enriched gene sets obtained through functional enrichment of significantly
altered genes in injured mice, using biological processes (BP)(B), cellular components (CC) (C), and
molecular functions (MF) (D). Node size corresponds to the number of significantly altered genes in each
ontology term. Color of each dot represents the adjusted p value for enrichment.

Our investigation of the hippocampal transcriptome following exposure to r-mTBI indicated that synaptic
alterations might explain the strong injury effect observed during behavioral testing. We next sought to
examine if the altered expression of genes related to synaptic integrity were also altered at the protein
level. As such, we evaluated the expression of Synapsin1 (SYN1), DLG4, which encodes for Postsynaptic
density marker 95 (PSD95), Brain-derived neurotrophic factor (BDNF), and cAMP-response elementbinding protein (CREB) in the hippocampus of control and injured mice at 3 and 6 months post last injury.
In contrast with our RNA data, no significant change in PSD95 (t-test(6) =1.700, p=0.140) or Synapsin 1 (ttest(6) =2.257, p=0.065) protein expression was seen in hippocampal lysates of injured mice at 3 months
post-injury (Figure 2.8B). However, analysis of mice at 6 months post-injury revealed a significant
decrease in both Post Synaptic Density protein 95 (PSD95) (t-test: t(6) =4.508, p =0.004) and Synapsin 1
(t-test: t(6) = 2.978, p=0.031) (Figure 2.8C) confirming observations of synaptic alterations seen in our
transcriptomic analysis. Similarly, while we found no significant change in BDNF protein expression at
three months post-injury (T(6) =1.224, P=0.267 two-tailed), we did see a significant reduction in BDNF
expression at six months post-injury (T(6) =7.479, P=<0.001 two-tailed) (Figure 2.8D). No significant
change was seen in total CREB expression at three months post-injury. However, as CREB activity is
regulated by its post-translational modification, we subsequently assessed CREB phosphorylation at
serine 133(Ser133), which revealed a significant reduction in CREB phosphorylation at three months postinjury (T(6) =3.347, p=0.015 two-tailed) (Figure 2.8E). In contrast, no significant change in CREB expression
or phosphorylation was observed at six months post-injury, driven by a reduction in CREB phosphorylation
in sham animals at the 6-month time point. These data suggest that synaptic alteration may be the
primary neurobiological substrate of cognitive deficits observed during behavioral testing at chronic
timepoints following r-mTBI.
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Figure 2.8. - Effect of r-mTBI on markers of synaptic integrity at 3- and 6-months post injury. A)
Representative western blot images from hippocampal lysates for markers of synaptic integrity.
Histograms show the hippocampal expression of Post synaptic density marker 95 (PSD95) (B), Synapsin 1
(C), Phospho -cAMP-response element binding protein (CREB) (Ser133) (D), and Brain derived neurotrophic
factor (BDNF) (E). Western blot chemiluminescent signals were quantified by densitometry and normalized
to B-actin, Phospho-CREB was also normalized to total CREB. All data were analyzed using a student’s ttest (n=4/group). Asterisks denote statistical significance as follows: * p=<0.05, ** p=< 0.01, ***p<0.001
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As neuroinflammation was identified as a significant component of our RNA-seq analysis, we subsequently
used a 10-plex MSD cytokine ELISA to assess the concentration of IFNγ, IL-1β, IL-2, IL-4, IL-5, IL-6, IL-10, IL12p70, Keratinocyte chemoattractant/ growth-regulated oncogene (KC/GO), and TNFα in hippocampal
homogenates of sham and injured mice at three and six months post last injury (Figure 2.9). While we
observed some injury dependent trends in the concentrations of cytokines such as IFNγ (Figure 2.9D) and
IL-4 (Figure 2.9E), these cytokines, along with IL-1β (Figure 2.9F), IL-2 (Figure 2.9G), IL-5 (Figure 2.9H),
IL-10 (Figure 2.9I), and IL-12p70 (Figure 2.9J) were expressed at or below the lower limit of detection
(LLOD). As these analytes were not in the quantitative range of the assay, we did not perform further
statistical analysis on these analytes. Analysis of the hippocampal cytokine date indicated that the
expression of TNFα, IL-6, and KC/GO were within the quantitative range of the assay. As such, these
cytokines were assessed for injury effects.

No significant difference in the hippocampal expression of TNFα, IL-6, or KC/GO was found between sham
and injured animals at three months post-injury. However, analysis of hippocampal cytokine expression
at 6 months post-injury revealed significant injury-dependent increases in the expression of TNFα (ttest(20) =4.647, p=<0.001, Figure 2.9A), IL-6 (t-test(19) =3.118, p=0.006, Figure 2.9B), and KC/GO (Mann
Whitney U =25, n1=11, n2=11, P=0.019 two-tailed, Figure 2.9C).
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Figure 2.9. Exposure to r-mTBI induces chronic increases in hippocampal cytokines. Quantitative analysis
(pg/mg protein) of TNFa (A), IL-6 (B), KC/GO (C), IFNy (D), IL-4 (E), IL-1b (F),IL-2 (G), IL-5 (H), IL-10(I), and IL12p70 (J) in the hippocampus of sham and injured mice at 3 (n=5-6/group), and 6 months (n=10-12/group)
post last injury. All samples were measured in duplicate and the average value for each sample was used
for further analysis. Data are presented as mean ± SEM pg/mg protein. Injured mice at each timepoint
were compared to their respective shams. Data were first assessed using Shapiro-Wilk normality test, if
data were normally distributed data were analyzed using a students T-test. For non-normally distributed
data, data were analyzed using the non-parametric Mann-Whitney U analysis. Asterisks denote statistical
significance as follows: * p=<0.05, ** p=<0.01, ***p<0.001.
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2.3.3. Repetitive mild TBI induces chronic reactive gliosis
To further develop our understanding of the chronic neuroinflammatory response that follows r-mTBI, we
assessed the number of Iba1 and CD68 immunoreactive cells in the cortex and corpus callosum of sham
and injured mice at 3- and 6- months post-injury to evaluate the degree of reactive microgliosis. At three
months post-injury, injured mice showed a significant increase in the number of Iba1+ve cells in the cortex
(t(10)=4.728, p=0.003, two-tailed (Figure 2.10A) and corpus callosum (t(8)=3.803, p=0.002, twotailed Figure 2.10B). While we observed no effect of injury on the number of CD68+ve cells in the cortex
at three months post-injury (Figure 2.10C), there was a significant increase in CD68+ve cells in the corpus
callosum of injured mice relative to shams at three months post-injury (t(10)=2.361, p=0.0399, twotailed, Figure 2.10D). At six months post-injury, we found no significant change in iba1 or CD68
immunostaining in the cortex. However, both Iba1 (t(8)=5.536, p=<0.001, two-tailed, Figure 2.10B) and
CD68 (t(10)=2.285, p=0.0454, two-tailed, Figure 2.10D) remained significantly elevated in the corpus
callosum of injured mice. Together with our analysis of inflammatory cytokines, these data suggest that
exposure to our model of r-mTBI induces chronic glial activation and a prominent neuroinflammatory
response.
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Figure 2.10. Exposure to r-mTBI induces chronic reactive microgliosis. Quantitative assessment of Iba1 (A-B) and CD68
(C-D) in the corpus callosum and cortex of sham and Injured mice at 3- and 6- months post last injury (n=6/group). Data
are presented as mean ± SEM number of cells per mm2. Injured mice at each timepoint were compared to their respective
shams. Data were first assessed using Shapiro-Wilk normality test, if data were normally distributed data were analyzed
using a student’s T-test. For non-normally distributed data, data were analyzed using the non-parametric Mann-Whitney
U analysis. Asterisks denote statistical significance as follows: * p=<0.05, ** p=< 0.01, ***p<0.001.
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2.3.4. Microglial ablation and repopulation beneficially influence r-mTBI neuropathology.
To further develop our understanding of microglial contributions to TBI pathogenesis and test our
hypothesis that microglia are the key cellular mediators driving neuroinflammation and
neurodegeneration following r- mTBI, at ten weeks post-injury, mice were treated with the high brain
penetrant CSF1R inhibitor PLX5622 to deplete the CNS of microglia. After 14 days of treatment, half of
the animals in each group were euthanized, and the remaining mice were allowed to age for a further
three months to allow microglia to repopulate throughout the CNS. Finally, at six months post-injury, the
remaining mice were euthanized, and the effect of microglial depletion and repopulation on the
hippocampal transcriptome and neuropathological outcomes was assessed. A graphical representation of
the study timeline is depicted in Figure 2.11. When compared with vehicle-treated mice, 14 days of oral
PLX5622 treatment resulted in a significant decrease in the Iba1+ve area throughout the brain (Figure
2.12A-B).
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3 months
C57BL/6J
20 r-mTBI / r-Sham
12 weeks old
1 hit /24h
(n=10-14/Group)

PLX5622
Treatment

14 Days
Euthanized at 3 months
(n=5-6/Group)

Euthanized at 6
months (n=5-8/Group)

RNA isolation from sham
and injured hippocampus
at 3-and 6-months post
last injury (n=3/Group)

Figure 2.11 Study timeline and experimental procedures of microglial depletion study. C57BL6/J background mice
at 12 weeks of age received 5 injuries per week (Monday – Friday) for one month with an inter- injury interval of 24
hours. Control mice “r-Sham” did not receive brain injuries but were exposed to anesthesia for the same length of
time as injured mice. 14 days before the three months post last timepoint sham and r-mTBI mice were randomly
assigned to either a vehicle or PLX5622 treated group. Treated mice received 165mg/kg of PLX5622 daily for 14 days.
After completion of the treatment cycle, PLX5622 was withdrawn, and half the mice were euthanized within 24 hours
of their final dose. The remaining animals were left undisturbed for a further three months to allow microglia to
repopulate the CNS. At 6-months post last injury the remaining animals were euthanized and hippocampi from all
groups (n=3/group) were processed for RNA sequencing.
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Figure 2.12 Pharmacological inhibition of CSF1R signaling depletes CNS microglia. A) Representative Immunofluorescence images
of Iba1 (green) and GFAP (Purple) in the hippocampus of vehicle and PLX5622 treated mice. Boxed insets show a zoomed in image
of microglia in the Hippocampus. B) Quantitative analysis of Iba1 reactive area demonstrates that PLX5622 treatment decreased the
number of Iba1+ve microglia following 14 days of treatment (n=5-8/group). 3 images per mouse were captured at 20x magnification.
Data are presented as mean ± SEM percent reactive area. Data were analyzed using a student’s T-test. Asterisks denote statistical
significance as follows: * p=<0.05, ** p=< 0.01, ***p<0.001. Scale bars represent 20 µm.

After 14 days, treatment was withdrawn, and mice were either euthanized to match our previous 3-month
time points or allowed to age for a further three months to investigate how repopulating microglia may
beneficially
influence
outcomes.
Transcriptomic
analysis of vehicle and PLX5622 treated mice euthanized
Mice were
euthanized
and tissue
was collected
at.
at the depletion phase showed clear separation by principal component analysis (Figure 2.13B), statistical
analysis identified 106 significantly altered genes with 90 downregulated and 16 upregulated (Figure
2.13A), several of the most significantly downregulated genes such as Hexb, Itgam, P2ry13, Selplg, Trem2,
Cx3cr1, P2ry12, Tmem119, Aif1 (encoding Iba1) are microglial specific suggesting that PLX5622 treated
did deplete microglia from the CNS. Furthermore, Gene ontology analysis of downregulated genes in mice
that had undergone PLX5622 treatment revealed the enrichment of several biological process categories,
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such as cell activation (GO:0001775), regulation of cytokine production (GO:0001817), inflammatory
response (GO:0006954), and interestingly, synapse pruning (GO:0098883) (Figure 2.13C).
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B

C

Figure 2.13 Hippocampal transcriptome signature of Vehicle and PLX5622 treated mice. A) Volcano plot showing the spread of 106

differentially expressed genes (16 upregulated and 90 downregulated) between injured mice who received either PLX5622
or vehicle treatment at 3 months post injury (n=3/group). B) Principal component analysis (PCA) also shows a clear injury and
treatment dependent separation between groups (n=3/group) V= Vehicle, T= Treated. C) Bubble plot of gene sets obtained
by functional enrichment significantly altered biological processes (BPs) shows that microglial depletion reduces the
inflammatory response to r-mTBI. Node size corresponds to the number of significantly altered genes in each ontology term.
Color of each dot represents the adjusted p value for enrichment.
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The remaining mice were left to recover and for microglia to repopulate the CNS after treatment. At six
months post-injury, the remaining animals (repopulated cohort) were euthanized, and their brains were
processed for RNA sequencing and pathological analysis. Analysis of the hippocampal transcriptome of
injured repopulated mice identified 2529 significantly altered genes, with 906 upregulated and 1624
downregulated genes relative to injured vehicle-treated animals (Figure 2.14A). Microglial depletion and
repopulation studies in mice exposed to TBI have shown that repopulating microglia present a less proinflammatory phenotype and promotes CNS repair (R. J. Henry et al., 2020), to investigate if microglial
repopulation at a chronic time point following r-mTBI beneficially influenced the r-mTBI pathogenic
cascade we again performed gene ontology analysis. GO analysis identified the downregulation of BP
categories driving neuroinflammation, such as interleukin-1 production (GO:0032612) (Figure 2.14B),
suggesting microglial depletion and repopulation may reduce microglial-mediated neuroinflammation.

A

B

Figure 2.14. Repopulating microglia in the injured CNS show reductions in phagocytosis and IL-1 production. Analysis of the
hippocampal transcriptome of injured mice who received PLX5622 or vehicle treatment, at 6 months post injury. A) Volcano plot
showing the spread of 2529 differentially expressed genes (906 upregulated and 1624 downregulated) between injured mice who
received either PLX5622 or vehicle treatment at 3 months post injury (n=3/group). B) Bubble plot of gene sets obtained by functional
enrichment significantly altered biological processes (BPs) shows that repopulating microglia show reductions in interleukin 1
production and lysosomal membrane acidification. Node size corresponds to the number of significantly altered genes in each
ontology term. Color of each dot represents the adjusted p value for enrichment.
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To further investigate the effects of microglial depletion and repopulation on neuroinflammation and
neuropathology, we performed Immunofluorescence staining of the mouse hippocampus. We identified
that injured mice who underwent microglial depletion and repopulation had significantly reduced Iba1+ve
(P=0.027) (Figure 2.15B) and GFAP+ve (P=0.045) (Figure 2.15C) reactive area at 6-months post-injury
compared to injured mice who received vehicle treatment. We also sought to investigate if the changes
in neuropathology and inflammatory signaling reflected a change in the microglial phenotype. Using a
hypothesis-driven approach, we compared the expression of disease-associated microglia (DAM) gene
signatures first identified from single-cell RNA sequencing against data from our hippocampal
transcriptome analysis (Keren-Shaul et al., 2017). We observed a reduction in several DAM stage 1 and
stage 2 markers following depletion and repopulation relative to vehicle-treated animals exposed to our
r-mTBI paradigm (Figure 2.16). Together, these data provide strong support to our hypothesis that
microglia are key drivers of neuroinflammation and neurodegeneration following exposure to r-mTBI, and
as such, they represent promising therapeutic targets in TBI.
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Figure 2.15 Microglial depletion and repopulation reduces r-mTBI neuropathology. A) Representative
Immunofluorescence images of Iba1 (green), GFAP (Purple), and DAPI (Blue) in the hippocampus of Injured
and sham mice at 6-months post injury who received either vehicle or PLX5622 treatment (n=4-6/group).
Quantitative assessment of Iba1 (B) and GFAP (C) reactive area shows that microglial depletion and
repopulation reduces reactive gliosis in Injured mice. 3 images at 20x magnification were taken for each
mouse. Scale bars represent 20µm. Data are presented as mean ± SEM percent reactive area. Data were
analyzed using a One-Way ANOVA Asterisks denote statistical significance as follows: * p=<0.05, ** p=< 0.01,
***p<0.001. Representative images of the hippocampus of mice from all groups shown at a lower
magnification to address region specific changes can be seen in figure D, scale bars represent 200µm.
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Figure 2.16 Microglial depletion and repopulation reduces DAM signature in the hippocampus of mice exposed
to r-mTBI. Heatmap comparing the expression (Z-score log normalized counts) of disease associated microglia
genes in the hippocampus of injured mice who received either vehicle of PLX5562 treatment at 6 months post
injury (n=3/group). Asterisks (*) indicate significantly altered expression in TBI treated Vs TBI Vehicle samples
(Adj.p<0.05) from DESeq2 analysis (n=3/group).

2.3.5. Development of a platform to assess microglial-specific responses to r-mTBI
Chronic non-resolving microglial activation and microglial priming have been suggested to be critical
factors influencing long-term outcomes of TBI (Loane et al., 2014; Ramlackhansingh et al., 2011; Saba et
al., 2021). In line with these studies, evidence from our hippocampal transcriptomic analysis revealed a
strong neuroinflammatory component primarily driven by microglia. However, complex issues such as the
hippocampus consist of multiple cell types, and as such, RNA sequencing of bulk tissues provides insight
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into the average expression across these different cell types, potentially masking important changes in
specific cell types. There is evidently great potential in investigating the neuroimmune responses to rmTBI using a more lineage-specific approach. However, to investigate the microglial-specific responses to
r-mTBI and potential microglial-specific therapeutic targets, we first had to generate highly enriched
microglia populations free from cellular contaminants. Microglia were isolated using immunomagnetic
separation using magnetic beads labeled with anti-mouse cluster of differentiation 11b (CD11b)
antibodies. CD11b (also known as macrophage antigen1 (Mac-1)) is the α-chain of the CD11b/CD18
integrin, which together form the complement receptor 3 (CR3) (S. Q. Khan et al., 2018). CD11b is highly
expressed on microglia and plays a central role in innate immune functions such as cell adhesion and
phagocytosis (Jurga et al., 2020). A graphical representation of the workflow we performed to isolate
microglia is summarized in Figure 2.17A. We collected samples at multiple stages throughout the isolation
procedure, including tissue homogenate following enzymatic digestion, myelinated tissue, and “mixed”
glial cells from density centrifugation and CD11b+ve (microglia), ACSA+ve (astrocyte) cells collected
following sequential magnetic isolation. We collected the remaining unseparated cells, referred to as
“double negative cells,” following immunomagnetic isolation to determine the enrichment efficiency.
Samples from these tissue fractions were subsequently probed by immunoblotting (Figure 2.17B) to
assess their expression of neuronal (Synapsin1), microglial (Iba1, Cx3cr1), astrocyte (Aldh1a1), and
oligodendrocyte (Oligo2) markers. Densitometry analysis confirmed that our isolation protocol enriched
microglial populations relative to whole brain homogenate.
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Figure 2.17. Isolation of enriched microglial populations. A) Graphical summary of the workflow performed to
isolate enriched CD11b+ve microglial populations. 1) Following euthanasia, the brain was removed from the skull
and the meninges were removed. 2) Brains were homogenized and enriched mixed glial fractions were generated
by density centrifugation. 3) Mixed glial cell populations were incubated with CD11b and ACSA2 antibodies and
sorted via immunomagnetic separation. B) Representative western blot showing the enrichment of Iba1 and
Cx3cr1 in the CD11b positive fraction.

To further investigate the identity of the isolated cells, we assessed immunophenotypes based on cell
surface marker expression using flow cytometry. Following magnetic particle isolation, CD11b+ve cells
were incubated with anti-CD11b FITC, anti-CD45-PE-CY5.5, and anti-CX3CR1-R-PE antibodies. Cells were
initially gated by forward, and side scatters for cell size and complexity. Cells positive for the fractalkine
receptor CX3CR1 were then assessed for their expression of CD11b and CD45 (Figure 2.18A-B). Flow
cytometry immunophenotyping revealed two distinct clusters, with one cluster of CX3CR1+ve cells
identified as CD11b+ve CD45Lo, representing microglia, and a second cluster noted as CD11b+ve CD45Hi,
which may represent CNS or Border associated macrophages (CAMs/BAMs) (Figure 2.18C). We
additionally performed RNA sequencing of isolated CD11b+ve cells and assessed cell-type enrichment
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using a transcriptome list of well-known cell-type-specific genes for microglia (e.g., Cx3cr1, P2ry12,
Tmem119, Aif1, Olfml3, Ccl3, Hexb, & Itgam), astrocytes (e.g., GFAP, Aldh1l1, Aqp4, Sox9, Slc4a4, Mlc1),
neurons (e.g., Stmn2, Rbfox3, Syt1, Syn1), endothelia (Endo) (e.g., Pecam1, Tie1), and oligodendroglia
(Oligo) (e.g., Pdgfra, Nfasc, Kndc1, Olig1, Olig2) relative to RNA expression obtained from bulk
hippocampal tissue (Figure 2.D). This analysis was performed in uninjured mice to avoid the potential
inclusion of any injury-specific changes in cellular composition. These data show that markers specific for
microglia are highly enriched in CD11b+ve isolated samples compared to RNA derived from hippocampi,
supporting its use as a method to investigate microglial specific effects or r-mTBI pathophysiology.
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Figure 2.18. Immunophenotyping confirms immunomagnetic separation of CD11b+ve cells enriches microglial
populations. Scatter plot diagrams represent the gating strategy used during the identification and analysis of isolated
CD11b+ve cells isolated from mouse brain tissue. A) Cellular debris was excluded by gating based on particle size (forward
scatter area FSC-A) and complexity (side scatter area SSC-A). B) Samples populations were initially gated based of Cx3cr1
expression. C) Cells positive for Cx3cr1 were measured for their expression of CD11b and CD45. D) Heatmap comparing the
expression (Log2 FPKM) of well recognized cell markers of microglia, astrocytes, neurons, endothelial cells, and
oligodendrocytes shows that CD11b positive fractions (n=8) are enriched in classic microglial markers compared to RNA
derived from Hippocampal tissues (n=3).

109

After confirming that we were able to enrich microglial cell populations, we next sought to validate that
our isolation protocol would not substantially alter the phenotype of the cells, potentially masking injuryspecific responses. To assess this, we performed a small pilot study wherein we isolated CD11b+ve cells
from mice exposed to our r-mTBI or sham paradigm three months post-last injury. Following isolation, we
assessed the phosphorylation of nuclear factor kappa β (NFkB) and signal transducer and activator of
transcription 3 (STAT3), which are both known drivers of inflammatory responses that follows brain
trauma (Nonaka et al., 1999; Oliva et al., 2012) (Figure 2.19A). Microglia isolated from TBI mice exhibited
significantly increased phosphorylation of both NFkB (p=<0.001, one-way ANOVA with correction for
multiple comparison Figure 2.19B) and STAT3 (p=<0.001, one-way ANOVA with correction for multiple
comparison Figure 2.19C) relative to sham animals, suggesting that our isolation technique is mild enough
to preserve an injury effect.

Following exposure to brain trauma, microglia are thought to remain in a “primed” state, characterized
by a heightened inflammatory status and an exaggerated response to secondary inflammatory stimuli
(Witcher et al., 2015). To investigate if microglia isolated from mice exposed to r-mTBI were primed, we
exposed isolated microglia to either control cell culture media or media containing 10ng/mL LPS. Samples
were incubated at 37oC for one hour and then assessed for NFkB and STAT3 phosphorylation. Exposure
to LPS significantly increased NFkB (Two-way ANOVA: main effect of LPS F=(1,12) =137.2, p =<0.001 with
correction for multiple comparisons Figure 2.19B) and STAT3 (Two-way ANOVA: main effect of LPS F
=(1,12) =27.63, p =<0.001 with correction for multiple comparisons Figure 2.19C) phosphorylation in
microglia from both sham and injured mice relative to vehicle-treated controls. Interestingly, we observed
a significant interaction between injury and LPS exposure in NFkB phosphorylation with microglia derived
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from injured mice appearing to demonstrate an exaggerated response to LPS exposure (Two-way ANOVA:
Interaction F =(1,12) =32.41, p =<0.001 with correction for multiple comparisons).
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Figure 2.19.Microglia isolated from injured mice display a hyper-reactive response to LPS. A) Representative western

blot images microglia derived from sham and injured mice at 3 months post injury. Isolated microglia were
exposed to control media or LPS (10ng/ml) for one hour and cell lysates were assessed for NFkB (B) and STAT3
(C) phosphorylation. Western blot chemiluminescent signals were quantified by densitometry and normalized to
B-tubulin; Phospho-signals were also normalized to total signals. Data were analyzed using a Two-way ANOVA
(n=4/group). Asterisks denote statistical significance as follows: * p=<0.05, ** p=< 0.01, ***p<0.001.
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2.3.6. Experiment 3: Transcriptome analysis of microglia reveals dynamic gene expression
changes and identifies putative therapeutic targets for TBI.
Microglia are highly responsive to changes in their microenvironment, and we have shown above that
following exposure to r-mTBI, microglia remain chronically activated. Given the substantial contributions
of microglia to TBI pathophysiology, a detailed understanding of how the microglial phenotype changes
over time in the injured CNS may provide valuable insight into the mechanisms that drive
neuroinflammation and neurodegeneration following repetitive brain trauma. Therefore, to investigate
microglial specific responses to r-mTBI, we subjected 3-month-old male C57BL6/J mice (N=5-6/group) to
our 20-hit paradigm of r-mTBI and at 14-, 90-, and 180-days post-injury microglia were isolated from sham
and injured mice using immunomagnetic separation, a graphical representation of our experimental
design is summarized in Figure 2.3.

2.3.7. Microglial gene expression at 14 days post-injury
At 14 days post-injury, we identified 210 differentially expressed genes, with 162 upregulated and 48
downregulated genes in injured microglia compared to sham (Figure 2.20A), and the top 25 differentially
expressed genes can be seen in Table 2.2. Enrichment analysis for CD11b isolated microglia was
performed using Ingenuity Pathway Analysis (IPA). Canonical pathways of differentially expressed genes
identified the upregulation of 9 pathways (Using a Z-score of 1.5 Figure 2.20B). Pathway analysis revealed
a strong inflammatory component at this stage of injury, with several pathways indicating that microglia
are actively responding to damage-associated molecular patterns (DAMPS) released from injured cells.
We also observed the upregulation of several genes associated with IL-6 signaling (CD14, IL1B, IL1RN,
NFKB2, PIK3R2) and chemokine signaling (CCL5, CCL6, CXCL16, CXCR4), suggesting that microglia in regions
of damage may try to recruit microglia from distal regions of the brain. Interestingly, while many of the
top differentially expressed genes are related to phagosome formation (C3, CD14, CLEC4D, CLEC7A, FGR,
ITGAL, ITGAX, PTGER4, RAP2B, TLR2) and toll-like receptor signaling (CD14, IL1B, IL1RN, TLR2), we
observed the upregulation of several disease-associated microglia (DAM) genes (Lgals3, Clec7a, Spp1, Lpl,
Axl, and Itgax) which are often reported in activated microglia found during neurodegeneration.
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B

Figure 2.20. Microglia isolated from injured mice show increased expression of disease associated microglial (DAM) genes at 14
days post injury. A) Volcano plot showing the spread of 210 differentially expressed genes (162 upregulated and 48

downregulated) between sham and injured mice at 14 days post last injury (n=6/group). B) Ingenuity Pathway Analysis
(IPA) of significantly altered canonical pathways based on differentially expressed genes between microglia isolated
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from sham and injured mice at 14 days post injury (n=6/group).

Table 2.2. Top 25 differentially expressed genes at 14 days post-injury
SYMBOL

GENENAME

Lpl
Spp1
Lgals3
Igf1
Cst7
Gpnmb
Clec7a
Serpina3n
Mir24-2
Itgax
C4b
Lyz2
Apoc1
Rab7b
Cox6a2
Cd72
Slc43a3
Rilpl2
Il3ra
Cd44
Apoc2
Lilrb4a
Ptger4
Cd52
Olr1

lipoprotein lipase
2.56255
secreted phosphoprotein 1
3.31626
lectin, galactose binding, soluble 3
2.54315
insulin-like growth factor 1
2.55643
cystatin F (leukocystatin)
2.94282
glycoprotein (transmembrane) nmb
4.559
C-type lectin domain family 7, member a
2.49081
serine (or cysteine) peptidase inhibitor, clade A, member 3N
2.20283
microRNA 24-2
1.24587
integrin alpha X
2.20714
complement component 4B (Chido blood group)
1.40527
lysozyme 2
1.71533
apolipoprotein C-I
2.48915
RAB7B, member RAS oncogene family
1.7709
cytochrome c oxidase subunit 6A2
2.05645
CD72 antigen
1.61827
solute carrier family 43, member 3
1.22172
Rab interacting lysosomal protein-like 2
0.83722
interleukin 3 receptor, alpha chain
1.46525
CD44 antigen
1.63178
apolipoprotein C-II
3.07875
leukocyte immunoglobulin-like receptor, subfamily B, member 4A1.72683
prostaglandin E receptor 4 (subtype EP4)
1.45124
CD52 antigen
1.36812
oxidized low density lipoprotein (lectin-like) receptor 1
3.12436

logFC

P.Value

Adj.P.Val

2.29E-14
2.81E-12
1.75E-11
3.45E-11
5.68E-11
4.15E-10
9.53E-10
4.77E-09
2.19E-08
2.30E-08
2.54E-08
6.07E-08
7.44E-08
8.12E-08
1.01E-07
3.58E-07
4.84E-07
6.21E-07
6.41E-07
6.44E-07
8.50E-07
1.13E-06
1.44E-06
1.46E-06
1.56E-06

3.53E-10
2.16E-08
8.99E-08
1.33E-07
1.75E-07
1.06E-06
2.09E-06
9.17E-06
3.54E-05
3.54E-05
3.55E-05
7.78E-05
8.80E-05
8.92E-05
0.0001
0.00034
0.00044
0.0005
0.0005
0.0005
0.00062
0.00079
0.0009
0.0009
0.0009

Throughout our analysis of the microglial-specific responses to r-mTBI, we chose to utilize IPA to analyze
these data as it enabled us to perform upstream regulator analysis and interrogate causal networks to
identify the mechanisms governing the observed phenotypes and to identify tractable targets for further
investigation. Causal network analysis identified IL-4 (activation Z-score 3.530, p-value 6.67e-13) and IFNγ
(activation Z-score 3.357, p-value 1.95e-10) as the most activated genes, acting as master regulators of 26
and 15 of the genes found to be differentially expressed, respectively. Analysis of these causal networks
revealed that IL-4 exerts its effects through 15 intermediaries, including EGFR, P38 MAPK, JAK3, ERK1/2,
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PPARγ, STAT3, SYK, STAT1, PI3K, GSK3, STAT6, MAPK1, BAX, and KDM6B (Figure 2.21A). Analysis of the
IFNγ causal network identified five intermediary transcription factors, including HOXA10, EIF2AK2, IRF8,
STAT3, JAK2, and STAT1 (Figure 2.21B). While many of the enriched canonical processes suggest a strong
pro-inflammatory response at this phase of injury, the identification of both IFNy and IL-4 as causal
regulators indicates the presence of a mixed pro and anti-inflammatory response. In support of this antiinflammatory role, we identified the upregulation of genes such as IGF-1, known to promote the transition
of M1 microglia towards an M2 phenotype (Table2.2). Similarly, the upregulation of genes such as
Lipoprotein lipase (Lpl) is believed to be indicative of alternatively activated (M2 microglia) and are
thought to have a protective function (Bruce et al., 2018).
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B

Figure 2.21.Microglia display a mixed pro- and anti-inflammatory phenotype at 14 days post injury. Mechanistic
network analysis of IL4 (A) and IFNγ (B), the top predicted causal regulators of the microglial phenotype at 14
days post injury. Upstream regulators were calculated by IPA from the differentially expressed genes between
microglia isolated from TBI and Sham mice (n=6/group).
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2.3.8. Microglial gene expression at three months post-injury
At three months post-injury, we observed a dramatic shift in microglial gene expression with 3647 genes
significantly altered, including 2542 upregulated and 1105 downregulated compared to sham animals. In
addition, principal component analysis of microglial derived from sham and TBI animals showed a clear
separation between the two groups, supporting our hypothesis that r-mTBI induces chronic microglial
activation (Figure 2.22).

Figure 2.22. Microglia isolated from injured mice display a distinct transcriptomic profile that persists chronically. Principal
component analysis of microglia isolated from sham and TBI mice show a clear separation at 3months post last injury
(n=6/group).
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Pathway analysis identified the enrichment of 60 upregulated and 5 downregulated canonical pathways.
The top 15 pathways can be seen in (Figure 2.23A). Similar to findings at the sub-chronic phase pathway
analysis identified a mixed pro- and anti-inflammatory phenotype, with the upregulation of several genes
involved in both pro-inflammatory (IRF2, IRF3, IRF5, IRF8, IL-6, JAK3, NLRP3, CD14, CD74, JUN, NFKB1,
NFKB2, CXCL12, TREM2) and anti-inflammatory (IL4R, IL10R, SOCS1, STAT6) responses. Interestingly,
analysis of upstream regulators predicted LPS, TNFα, and IFNγ (Figure 2.23B) as the most likely upstream
regulators at this time point, suggesting that the anti-inflammatory response and potential for a transition
from pro-inflammation to pro-repair may diminish over time. LPS was predicted as a master regulator of
168 genes, with causal network analysis indicating it acts through 19 intermediary regulators (Figure
2.23C).
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Predicted upstream regulators
Name
P-Value Predicted Activation
Lipopolysaccharide (LPS)
1.60x10E-29 Activated
Tumor Necrosis factor alpha (TNFa) 2.28x10E-24 Activated
Interferon gamma (IFNγ)
1.25x10E-20 Activated

C

Figure 2.23 Chronically activated microglia show a strong pro-inflammatory phenotype at 3 months post injury. A) Top
15 altered biological pathways by significance identified by IPA analysis, based on differentially expressed genes between
injured and sham mice (n=6/group). B) Table of top predicted causal regulators of microglial gene expression at three
months post injury. C) Mechanistic network analysis of LPS as a causal regulator of gene expression seen in microglia
isolated from injured mice showing the activation of pro-inflammatory transcription factors. Upstream regulators were
calculated from the differentially expressed genes between microglia isolated from TBI and Sham mice (n=6/group).
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At three months post-injury, pathway analysis identified peroxisome proliferator-activated receptor
(PPAR) signaling as the most significantly downregulated pathway (Z-score: -2.402, p-value 3.06e06, Figure 2.24), with PPARγ being indicated as a significantly downregulated gene. PPARs are a family of
ligand-dependent nuclear hormone receptors highly expressed by microglia and act as critical regulators
of lipid metabolism, energy homeostasis, and immune and inflammatory responses. In line with these
findings, other downregulated pathways were also related to cholesterol and lipid metabolism. Chronic
exposure to pro-inflammatory stimuli has been known to induce defects in microglial metabolism,
promoting further pro-inflammatory signaling and propagating tissue damage (Baik et al., 2019; Lauro &
Limatola, 2020; Rodríguez-Gómez et al., 2020). In recent years, there has been growing awareness of the
intricate connection between metabolic activity and immune function and that targeting metabolic
activity can reduce inflammation without needing to broadly suppress immune function (PålssonMcDermott & O’Neill, 2020). A recent study examining the roles of PPARγ following TBI reported that
PPARγ activation improved functional outcomes and reduced neuronal damage suggesting a role for
PPARγ in mediating recovery following brain trauma (Deng et al., 2020). Together, these findings suggest
that chronic microglial activation and pro-inflammatory signaling may be mediated by immunometabolic
dysfunction. The close link between PPARγ signaling, metabolic health, and inflammation may represent
an effective therapeutic target to ameliorate r-mTBI neuropathology.
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Figure 2.24. PPARγ signaling is implicated in dysregulated microglial activation at 3 months post injury. The
PPAR signaling pathway was identified as one of the most significantly altered canonical pathways between
microglia isolated from sham and TBI mice (n=6/group) by IPA at 3 months post injury. Significantly altered
pathways were calculated using the right-tailed Fisher’s exact test. Differentially expressed genes found in dataset
were overlaid onto pathway diagram. Upregulated genes are shown in orange and downregulated genes are
shown in blue.
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2.3.9. Microglial gene expression at six months post-injury
At six months post-injury, we identified 2949 significantly altered genes with 573 upregulated and 2376
downregulated. Similar to data from 3 months post-injury, pathway analysis identified a persistent proinflammatory response (IL6, IL1B, IRF3, JAK3, JUN) and the marked downregulation of several metabolic
pathways, including glycolysis (ALDOA, ALDOC, BPGM, ENO1, ENO2, PFKM, PGK1, PKM), oxidative
phosphorylation (MT-ND3, MT-C03, MT-ATP6, CYC1, VYB5B, COX8A), and cholesterol metabolism
(CYP51A1, MSMO1, NSDHL, SC5D, SQLE). The upstream analysis identified the downregulation of PPARγ
as a leading predicted causal regulator (Z-score:-3.063, p= 3.28e-4). Analysis of the causal network
identified that PPARγ was an upstream regulator of 384 altered genes in our dataset, acting through 18
intermediary regulators (Figure 2.25).

Figure 2.25. PPARγ identified as a leading causal regulator of microglial dysfunction at 6 months post injury.
Network analysis of causal regulators identifies the downregulation of PPARγ as a key regulator of microglial
dysfunction in injured mice at 6 months post injury. Upstream regulators were calculated from the differentially
expressed genes between microglia isolated from TBI and Sham mice (n=6/group) and analyzed using the righttailed Fisher’s exact test.

To better understand the interaction between the dysregulated metabolic and inflammatory pathways,
we generated mechanistic subnetworks to see how PPARy (Figure 2.26A) and PGC1a (Figure 2.26B) are
implicated in the transcriptomic changes seen at these chronic time points. These sub-networks revealed
that downregulated PPAR signaling was linked to several upregulated pro-inflammatory genes, including
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NFkB, RELA, STAT1, and STAT3. Both NFkB and STAT3 are well-acknowledged pro-inflammatory mediators
and have been heavily implicated in neurodegenerative disorders. Furthermore, NFkB and STAT3 are
activated through interaction with the adaptor protein MYD88, which is also identified as a differentially
expressed gene. Another transcription factor predicted to be regulated by PPAR signaling was CEBPB, a
regulator of cytokine and inflammatory gene expression, which has been heavily implicated in the acute
phase response. Together these data suggest that PPARy and PGC1a play a critical role in regulating
immune responses. By suppressing several pro-inflammatory transcription factors and regulating
processes such as mitochondrial biogenesis, the activation of PPARγ signaling is thought to have potent
anti-inflammatory effects. As such, the downregulation of PPARγ and PGC1α are shown here to be critical
drivers of the dysregulated pro-inflammatory microglial phenotype and represent promising therapeutic
targets to ameliorate the deleterious consequences of r-mTBI exposure.
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Figure 2.26. Mechanistic network analysis implicates PPARγ and PGC1α in the regulation of chronic microglia-mediated inflammation at 6months post injury. Analysis of the PPARγ (A) and PGC1α (B) mechanistic networks identifies them as key regulators of several pro-

inflammatory mediators. Mechanistic networks were calculated by IPA from the differentially expressed genes between microglia
isolated from TBI and Sham mice at 6 months post injury (n=6/group).

2.4 Discussion
Chronic non-resolving microglial activation following r-mTBI and its association with the Development of
neurodegenerative diseases such as CTE are well recognized (Cherry et al., 2016, 2018, 2020; Makinde et
al., 2017). However, the underlying mechanisms driving microglial pathobiology in the chronic aftermath
of r-mTBI remain unclear (Mira et al., 2021). Identifying and developing effective pharmacotherapeutics
for TBI requires a detailed understanding of the molecular drivers of TBI pathology and how they may
evolve over time (Kochanek et al., 2020; Poloyac et al., 2020). We believe that while evaluating the
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behavioral and neuropathological consequences of r-mTBI can help develop our understanding of overt
injury phenotypes, the identification of much needed druggable molecular targets will require more
detailed cell-specific approaches to reveal the dynamic events of the neuroinflammatory cascade that
follows r-mTBI. In the present study, we established and characterized the cognitive and pathological
consequences of a rodent model of r-mTBI and performed a comprehensive transcriptomic analysis of
acutely isolated microglia from injured and control animals at sub-chronic and chronic time points. We
demonstrated that r-mTBI induces the sustained transcriptional activation of microglia and the adoption
of a transcriptomic phenotype that shows some overlap with DAM previously seen in models of
neurodegeneration. Furthermore, through bioinformatic analysis, we identified dysregulated PPARy
signaling as a critical mechanism driving microglial dysfunction following r-mTBI. These findings provide
novel data of the neuroinflammatory and neuroimmune response to r-mTBI across a longitudinal time
course, and they highlight the importance of lineage-specific approaches to identify potential therapeutic
targets.

The consequences of exposure to repetitive mTBI include a constellation of chronic cognitive and
emotional impairments, with studies of former athletes who participated in contact sports demonstrating
marked cognitive impairments when compared to age-matched controls (de Beaumont et al., 2009;
Didehbani et al., 2020; Guskiewicz et al., 2005; Y. Zhang et al., 2019). Cognitive dysfunction following rmTBI is commonly reported in both clinical and preclinical studies (Rabinowitz & Levin, 2014). In the
present study, we established and characterized a novel r-mTBI paradigm and observed prominent
learning and memory deficits reminiscent of those seen clinically. Our laboratory has previously
developed several preclinical models of repetitive brain trauma using closed head mid-line impact model
of r-mTBI using the same impact parameters but varying the quantity and chronicity of impacts (Morin et
al., 2021; Mouzon et al., 2012, 2014, 2018, 2019; J. O. Ojo, et al., 2013, 2015, 2016, 2018). While
comparisons between these in-house models have identified modest differences in the behavioral and
pathological outcomes, the cognitive deficits induced following exposure to the r-mTBI paradigm utilized
in this study are in line with those observed in response to other models of repetitive brain trauma
previously developed by our laboratory (Morin et al., 2021; Mouzon et al., 2018; Ojo et al., 2015, 2013).

Interestingly, our prior work has previously shown that exposure to a milder model of r-mTBI induces
spatial learning and memory deficits that persist from 24 hours to 6 months post-injury and then show a
progressive deterioration at 12-, 18-, and 24-months post-injury (Mouzon et al., 2012, 2014, 2018). To
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investigate the dynamic nature of cognitive impairment following r-mTBI, during the characterization of
this model, we performed a similar behavioral analysis at an earlier time point (3 months post-injury)
(Data not shown). While we recorded similar trends of injury-dependent deficits during both the
acquisition and probe trials, this preliminary investigation was limited by low animal numbers and, as
such, will require further investigation to determine if this r-mTBI induces similar progressive cognitive
decline. We chose to use the Barnes maze in this study as it is considered less stressful when compared
to behavioral tests such as the Morris water maze which require the mice to swim towards a hidden
platform (Shultz et al., 2020). However, it is important to acknowledge that cognitive testing using the
Barnes maze only evaluates spatial learning and memory performance. As such, the behavioral data
presented in this study provide only a small insight into the effect of r-mTBI cognitive function. The
analyses performed in this study could be further developed by using additional cognitive tests such as
the Y-maze which can be used to investigate working memory (Dellu et al., 1992), or the novel object
recognition test which evaluates recognition memory (Ennaceur & Delacour, 1988). Additionally, the
inclusion of cognitive tests such as the 5-choice serial reaction time task (5-CSRTT) which assesses
attention and impulsivity would provide a more holistic view of cognitive function when combined with
Barnes maze testing (Asinof & Paine, 2014; Shultz et al., 2020). Developed based on the principles of the
human continuous performance task (Riccio et al., 2002), the use of the 5-CSRTT would have additionally
strengthened the translational relevance of this study as attention deficits and executive dysfunction are
commonly reported cognitive symptoms of TBI patients (Arciniegas et al., 2002; Mychasiuk et al., 2015;
Rabinowitz & Levin, 2014; Robbins, 2002; Vonder Haar et al., 2016). An additional caveat of cognitive
analysis using the Barnes maze is that it relies heavily on the use of visual cues to direct the mice to the
target hole (Shultz et al., 2020). The use of behavioural test that require good visual acuity may limit our
ability to assess cognitive function in mice subjected to r-mTBI which has been shown to induce damage
to the retina and optic nerve resulting in reduced optomotor function (J. W. Chan et al., 2019; Evanson et
al., 2018; Tzekov et al., 2014, 2016).

Hippocampal damage following TBI is highly correlated with performance in cognitive tests such as the
Barnes maze (Harrison et al., 2006). However, many of these studies have relied on open skull injury
models such as CCI, which induce substantial axonal injury and tissue loss, representing a more moderatesevere injury (Y. Chen et al., 2014). Unlike these more severe injury models, the 20-hit paradigm reported
presented here, and our similar r-mTBI models consistently report chronic reactive gliosis, persistent
white matter damage, and neuroinflammation without inducing skull fracture or major neuropathological
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abnormalities such as overt cell death and amyloid or tau pathology (Ferguson et al., 2017; Morin et al.,
2021; B. Mouzon et al., 2012, 2018; J. O. Ojo et al., 2015).

The presence of persistent cognitive dysfunction in the absence of major pathological changes shown by
our in-house models of r-mTBI suggests that the anatomical correlates driving these neurobehavioral
changes may be independent of pathological changes or are perhaps too subtle to be detected by
traditional histopathological analyses. However, these underlying mechanisms have yet to be fully
elucidated in the literature. In this study, we performed transcriptomic analyses of hippocampal tissues
from mice exposed to r-mTBI at two chronic post-injury timepoints to interrogate the mechanisms which
may drive cognitive impairment following repeated brain trauma. Gene ontology analysis revealed a
prominent dysregulation of axonal and synaptic structures, with synapse organization and axonogenesis
being amongst the most enriched downregulated biological processes at three- and six months postinjury. Furthermore, analysis of synaptic markers at the protein level indicated that synaptic integrity
might progressively deteriorate long after the initial injury. The findings of synaptic damage presented in
this study are consistent with analyses reported from other preclinical models of TBI (Arneson et al., 2018;
Sloley et al., 2021), and importantly, they show overlap with analyses derived from autopsy tissue of CTE
cases (H. Cho et al., 2020; Seo et al., 2017). Several studies have shown a strong association between
reduced synaptic density and synaptic integrity with the cognitive deficits seen at the early stages of
neurodegeneration (Cantero et al., 2009; Henstridge et al., 2018; Petersen & Jack, 2009; Scheff et al.,
2006, 2007, 2016; Sze et al., 1997). Together these findings support previous evidence that synapses are
a major target of head injury (Almeida et al., 2021; Aungst et al., 2014), and the resulting alterations in
synaptic organization and neurotransmission may explain the cognitive impairment seen in this study.
While the decreases in markers of synaptic integrity shown in this study are indicative of synaptic
degeneration, it should be noted that changes in the expression of these markers at RNA or protein level
are not conclusive evidence of neurodegeneration following exposure to r-mTBI and should be
interpreted with caution. To investigate the effects of r-mTBI on synaptic and neuronal integrity more
comprehensively, future studies could use histological approaches to assess the expression of markers of
apoptosis such as terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL), or the
phosphorylation of the minor histone H2A variant (γH2AX), both of which indicate the presence of double
stranded DNA breaks, a key stage in several cell death mechanisms (Mah et al., 2010; Mirzayans & Murray,
2020; J. A. Smith et al., 2013). Additionally, the use of electrophysiological assessment would provide
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greater insight into the connectivity of neuronal networks and neuronal activity enabling us to assess
synaptic function (Sloley et al., 2021).

To further investigate this synaptic pathology, we performed pathway analysis of the injured hippocampal
transcriptome and identified the transcription factor cAMP-responsive element-binding protein (CREB)
and reductions in CREB signaling as an upstream regulator of these synaptic alterations. Immunoblotting
of hippocampal homogenates revealed a decrease in CREB phosphorylation at serine 133 at three months
post-injury. As a transcription factor, CREB activity regulates several diverse cellular functions (A. Y. Wen
et al., 2010), including memory formation and the transcription of neurotrophic factors such as brainderived neurotrophic factor (BDNF) (Esvald et al., 2020; Kandel, 2012), which we observed was reduced
following exposure to r-mTBI. In line with our data, reduced CREB phosphorylation at the Serine 133 site
has been associated with reduced synaptic plasticity, the induction of long-term synaptic depression, and
memory impairment (Ortega-Martínez, 2015; Sen, 2019). However, while these findings contribute to our
understanding of behavioral deficits seen in our model, we observed an unexpected decrease in CREB
phosphorylation in sham animals at 6-months post-last injury. This inconsistency may suggest that the
control of CREB activity is multifaceted and regulated by multiple post-translational modifications (Kaleem
et al., 2011), and therefore, the analysis of a single phosphorylation site may not fully describe CREB
activity following injury. The regulation of CREB signaling and its interaction with synaptic integrity
following r-mTBI require further investigation.

Reactive microgliosis and neuroinflammation have been shown to persist for decades following TBI
(Cherry et al., 2016; Coughlin et al., 2015, 2017; V. E. Johnson et al., 2013; Ramlackhansingh et al., 2011).
While acute inflammation following exposure to r-mTBI is largely considered neuroprotective,
experimental evidence suggests that the chronic release of pro-inflammatory cytokines, reactive oxygen
species, and neurotoxic compounds from microglia may contribute to further neuronal injury and the
cognitive deficits seen in TBI related neurodegenerative diseases (Guzman-Martinez et al., 2019; Hong et
al., 2016; Kwon & Koh, 2020; Ramesh et al., 2013; J. A. Smith et al., 2012; W.-Y. Wang et al., 2015). In this
study, we identified chronic non-resolving microglia activation and neuroinflammation as a key
component of the r-mTBI secondary injury cascade, a component that may contribute to the observed
cognitive deficits. Histopathological analysis revealed chronically increased Iba1 and CD68
immunolabeling in the corpus callosum of injured mice. CD68 (also known as macrosialin) is a
transmembrane glycoprotein that facilitates phagocytosis and lysosomal degradation and is routinely
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used as a marker of microglial activation (Jurga et al., 2020). Microglial CD68 expression is rapidly
upregulated following injury and has been shown to persist for decades following injury (Johnson et al.,
2013). Our pathological analysis observed that microglia in the injured CNS exhibited a more hypertrophic
morphology relative to sham animals. Hypertrophic microglia are characterized by their reduced process
length complexity and are believed to indicate activated microglia (Streit et al., 2014). Together, these
data support our hypothesis that exposure to our r-mTBI paradigm induces chronic microglial activation.

Further evidence of persistent microglial activation is shown by the chronic elevation of pro-inflammatory
cytokines and the increased expression of pro-inflammatory genes in the injured hippocampus. Through
gene ontology analysis, we identified the upregulation of several immune response pathways, including
interferon signaling and MHC class I antigen presentation following exposure to r-mTBI. Similarly, in our
analysis of ex vivo microglia isolated from injured and sham mice at three months post-injury, we
identified the increased phosphorylation of NFkB (Ser536) and STAT3 (Tyr705). These two prominent
transcription factors regulate the expression of multiple pro-inflammatory genes and have been heavily
implicated in the inflammatory response to TBI (Lawrence, 2009; Nonaka et al., 1999; Oliva et al., 2012).
Furthermore, we observed that microglia isolated from injured mice demonstrated an exaggerated
response to LPS stimulation, resembling the hyper-reactive response to a secondary inflammatory
stimulus described in primed microglia in the aged brain and neurodegenerative diseases (Hoeijmakers et
al., 2016; Niraula et al., 2017; Perry & Holmes, 2014). This “priming” effect is thought to be an essential
component behind the exaggerated inflammatory response seen in cases of r-mTBI (Muccigrosso et al.,
2016; Norden et al., 2015; Norden & Godbout, 2013; Weil et al., 2014; Witcher et al., 2015), and priming
is thought to limit the ability of microglia to resolve inflammation, potentially leading to further neuronal
injury and subsequent neurodegeneration (Perry & Teeling, 2013).

The strong evidence of chronic neuroinflammation in our model prompted us to look closer at the
contributions of microglia to r-mTBI pathophysiology. In this study, we utilized the potent and highly CNS
penetrant CSF1R inhibitor PLX5562 to deplete microglia at a chronic post-injury timepoint. Following 14
days of treatment with PLX5562, we recorded a substantial decrease in Iba1 reactivity and marked
reductions in hippocampal cytokine levels in treated mice compared to TBI vehicle-treated animals.
Treatment was then withdrawn from the remaining mice to enable microglia to repopulate the CNS. At 6months post-injury, we observed significantly reduced Iba1 and immunoreactivity in the repopulated CNS,
and through transcriptomic analysis, we identified prominent reductions in the expression of several
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DAM-like markers genes following repopulation. In recent years, several studies have demonstrated the
therapeutic benefit of microglia following experimental brain injury (R. Henry & Loane, 2021; C. Wang et
al., 2020; Witcher et al., 2021). However, these studies have primarily used a controlled cortical impact
(CCI) or fluid percussion injury (FPI) paradigms and have focused on more moderate to severe injuries. To
our knowledge, this is the first study to evaluate the therapeutic potential of microglial depletion in a
closed head injury model of experimental r-mTBI. While we did not investigate the effect of microglial
depletion and repopulation on behavioral outcomes, our data are in line with other studies which have
demonstrated substantial improvements in pathological outcomes following repopulation (R. Henry &
Loane, 2021; C. Wang et al., 2020; Witcher et al., 2021). Notably, in this study, we identified that mice
who received PLX5622 treatment exhibited reduced reactive astrogliosis at six months post-injury relative
to injured controls. As CSF1R inhibition is not known to affect astrocytes directly, we hypothesized that
astroglial pathology in our model is possibly driven by microglia-mediated inflammation, and microglial
depletion following brain injury may beneficially influence the CNS microenvironment, thereby
influencing other cell types. Together, these data support our hypothesis that chronic microglial activation
is a crucial driver of TBI-mediated neuroinflammation and neurodegeneration, and as such, microglia
represent valuable therapeutic targets.

To further develop our understanding of microglial pathobiology, we assessed the transcriptome profile
of isolated primary microglia at 14-, 90-, and 180-days post-injury. In the sub-chronic stages of injury, we
identified both LPS and IL-4 as the top predicted upstream regulators. While many of the enriched
biological processes identified through gene ontology analysis would suggest the presence of a strong
pro-inflammatory response, we also identified the upregulation of genes such as Insulin-like growth factor
1 (IGF-1), which has been shown to promote the transition of M1 microglia towards an M2 phenotype
(Sun et al., 2020). Similarly, we identified the increased expression of genes such as CD22 and CD200r4,
transmembrane proteins known to initiate immunosuppressive signaling to prevent unwanted immunemediated damage (Poczobutt et al., 2016). However, we observed that the anti-inflammatory signature
diminished as time progressed. Similar findings were observed by Loane and colleagues (2014) over a 12month period following a single moderate-severe TBI.

We identified that microglia in the injured CNS appeared to adopt a transcriptomic signature that shows
some overlap with DAM seen in models of neurodegeneration. DAM are shown by the downregulation of
homeostatic microglial genes (P2RY12 & P2RY13) and the upregulation of several TREM2-dependent
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genes that regulate phagocytic activity, lysosomal processing, and lipid metabolism (LPL, APOE, AXL,
Clec7a, Cst7) (Deczkowska et al., 2018; Keren-Shaul et al., 2017). Initially identified through the analysis
of microglia acutely isolated from transgenic models of neurodegenerative diseases (Ellwanger et al.,
2021; Grubman et al., 2021; Keren-Shaul et al., 2017; Zhou et al., 2020), the DAM phenotype is thought
to represent a common activation signature in response to CNS pathology (Deczkowska et al., 2018).
However, the full contribution of the adoption of a DAM state in CNS pathology is unclear, with some
studies suggesting that they may have a neuroprotective function (Deczkowska et al., 2018; Keren-Shaul
et al., 2017) and others reporting strong correlations between the downregulation of homeostatic genes
and neurodegeneration (Sobue et al., 2021). Evidence suggests there is considerable overlap in the
transcriptome profiles of beneficial and deleterious DAM (sometimes referred to as neurodegenerative
microglia (MGnD)), with their functions believed to be dependent on the process and staging of disease
pathogenesis (Butovsky & Weiner, 2018; Deczkowska et al., 2018; Krasemann et al., 2017). The harmful
neurodegenerative phenotype of DAM (MGnD) is thought to be induced following the phagocytosis of
dying neurons but has also been shown to be induced following LPS and IFN-γ exposure (Dubbelaar et al.,
2018; Espinosa-Oliva et al., 2021), two factors predicted as upstream regulators during our transcriptome
analysis of microglia in the injured brain at 3-months post-injury.

It is important to note that while the comparison of microglial transcriptomic signatures from models of
TBI against those from models of neurodegeneration such as DAM may provide some insight into
biological functions, the use of these terms to describe a common microglial activation state under
multiple pathological conditions fails to account for the remarkable heterogeneity of these cells and may
result in crucial and potentially targetable mechanisms being excluded from further analysis. Additionally,
despite the tremendous advances in scRNA-sequencing, the many microglial phenotypes identified by
these techniques have not yet been characterized functionally. As such, while we acknowledge that the
data presented in this study show similarities with transcriptomic signatures previously identified in
models of neurodegeneration, we propose the use of the term repetitive-injury associated microglia
(RIAM) to indicate that while the microglial transcriptomic signatures identified in this study show some
overlapping features with DAM, RIAM are likely distinct from those seen in other neurological diseases.
Furthermore, a crucial finding of this study is that while the RIAM signature seen following experimental
brain injury microglia was linked to a chronic pro-inflammatory response and the development of
behavioral deficits, these microglia may simultaneously express both pro and anti-inflammatory genes. As
such, in figure 2.27, we present an updated representation of the microglial phenotypes shown previously
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(Figure 1.4) to illustrate that microglial phenotypes are highly specific to the signals from their microenvironment. These findings provide further evidence to support that the M1/M2 paradigm is a
reductionist view and cannot accurately represent the in vivo phenotype of microglia in the injured CNS.
However, using the M1/M2 paradigm may be helpful as it provides a framework to describe the two
extremes of the spectrum of microglial phenotypes. Microglia are highly sensitive to changes in their
microenvironment (Hickman et al., 2013). As such, microglial phenotypes are likely highly dynamic under
pathological conditions and may move between multiple phenotypes as the inflammatory response
progresses (Beaino et al., 2021).
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M1 Microglia

M2 Microglia

Repetitive-Injury associated Microglia (RIAM)
Figure 2.27. Updated figure showing that repetitive injury associated microglia can express both pro and anti-inflammatory
markers and likely change their phenotype in a dynamic manner following brain injury.

Interestingly, throughout our analysis, we identified the increased expression of genes such as Spp1,
Gpnmb, Igf1, Lgals3, Fabp5, Lpl, Lgals1, Ctsl, and Anxa5. Hammond and colleagues (2019) showed a similar
expression signature in microglia localized to white matter tracts during early postnatal brain
development. This cluster of cells, called axon tract associated microglia (ATM), is believed to be involved
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in synapse pruning and circuit refinement, a critical part of CNS development (Hammond et al., 2019;
Schafer et al., 2012). Similar microglial gene signatures were found to support oligodendrocyte
development and myelinogenesis, suggesting that the expression of these genes may be beneficial
(Hagemeyer et al., 2017). However, it is thought that under pathological conditions, this mechanism is
aberrantly re-activated, resulting in the dysregulated phagocytosis of synapses, thereby driving cognitive
impairment (W.-S. Chung et al., 2015; Hong et al., 2016). Further evidence of inappropriate synapse
phagocytosis following exposure to r-mTBI was seen during our microglial depletion study, wherein
following PLX5622 treatment, gene ontology analysis identified that synapse pruning was inhibited. While
further investigation is needed to evaluate if microglia depletion prevents the progressive deterioration
of synaptic integrity seen following exposure to r-mTBI, these data offer a possible mechanism to explain
the cognitive improvements shown in other models of microglial ablation (R. Henry & Loane, 2021; C.
Wang et al., 2020; Witcher et al., 2021). Together, these microglial signatures and their association with
cognitive impairment emphasize the importance of identifying the drivers of TBI-mediated
neurodegeneration.

Our analysis of chronically dysregulated gene networks identified a prominent downregulation of several
metabolic and energy production pathways. We further developed these findings through analysis of
upstream transcriptional regulators, wherein we identified the downregulation of peroxisome
proliferator-activated receptor-gamma (PPARy) and its co-activating factor PGC1a as master regulators of
the observed transcriptomic signature. Through mechanistic network analysis, we demonstrated that
PPARy is at the center of multiple gene subnetworks suggesting these targets may play a critical role in
microglial pathophysiology in the aftermath of r-mTBI. Initially identified as a regulator of lipid
metabolism, PPARγ is a ligand-dependent transcription factor that is well expressed by immune cells such
as microglia that has since been acknowledged to play critical roles in regulating immune responses
(Agarwal et al., 2017; Drew et al., 2006; Saunders et al., 2021). At the acute phase of injury, PPARγ
activation has been shown to limit tissue damage by inhibiting NFkB, STAT, nuclear factor of activated T
cells (NF-AT), and activator protein 1 (AP-1) dependent gene expression. In the chronic phases of injury,
the activation of PPARγ signaling has been shown to promote the resolution of inflammation and the
repair of damaged white matter leading to improved functional outcomes (Cai et al., 2018). However, in
line with our findings, PPARγ has been shown to be dysregulated in several CNS pathologies, and we have
previously observed the chronic downregulation of hippocampal PPARγ signaling in animal models of rmTBI, tauopathy, and amyloidosis (Cai et al., 2018; Hernandez-Quiles et al., 2021; Moosecker et al., 2019;
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J. O. Ojo et al., 2020; Sagheddu et al., 2021; Thulasi Raman et al., 2020; Xiao et al., 2020). PPARγ signaling
has been implicated as a pivotal mechanism in regulating microglial phenotypes and the synthesis of
inflammatory mediators. As such, targeting microglial PPARγ dysregulation may therefore represent a
promising therapeutic target to beneficially influence TBI pathophysiology (Barish et al., 2005; Saijo et al.,
2013). PPARγ agonists such as the thiazolidinediones (TZD) Rosiglitazone and Pioglitazone have shown
strong evidence of therapeutic benefits in multiple CNS disorders, including animal models of
experimental brain injury (Abyadeh et al., 2021; M. Liu et al., 2017; Masciopinto et al., 2012; B. W. Miller
et al., 2011; Pilipović et al., 2015; Pinto et al., 2016; Sato et al., 2011; Sauerbeck et al., 2011; Searcy et al.,
2012). However, no studies have investigated the potential therapeutic efficacy of treatment starting at
the chronic stages of the r-mTBI pathogenic cascade where we observed PPARγ signaling dysregulation
become apparent.

While the data shown in this study demonstrate that this model of r-mTBI is a valid platform to interrogate
the molecular mechanisms of microglial pathobiology and evaluate the efficacy of pharmacotherapeutic
strategies, there are several limitations to this study that should be noted. Firstly, in the present study,
we demonstrated that the depletion and subsequent repopulation of microglia at the chronic phases of
the TBI pathogenic cascade showed beneficial effects on neuropathological outcomes. While several
methods have been developed to allow researchers to deplete microglia from the CNS these methods all
present advantages and limitations. Small-molecule CSF1R inhibitors such as the PLX5622 used in this
study have received increasing attention in recent years to investigate the functional roles of microglia
under both physiological and pathological conditions (Easley-Neal et al., 2019; Gerber et al., 2018; K. N.
Green et al., 2020; Han et al., 2020; Olmos-Alonso et al., 2016). These CSF1R inhibitors are highly
bioavailable and demonstrate high BBB penetrance, resulting in widespread depletion of microglia
without initiating pro-inflammatory immune responses or affecting BBB integrity. However, these
inhibitors lack specificity for the CSF1 receptor, with studies showing they act as inhibitors of C-KIT, a
receptor tyrosine kinase which plays a role in tissue regeneration. Additionally, these molecules lack a
specificity for microglia, with studies showing they also deplete perivascular macrophages and peripheral
myeloid cells, which may potentially influence the immune response to TBI (K. N. Green et al., 2020).
Alternative pharmacological approaches to deplete microglial have implemented the use of clodronate
liposomes. The use of liposomes is advantageous because they require the phagocytosis and lysosomal
processing of the liposomal carrier by microglia and macrophages to release the clodronate toxin and
induce apoptosis, thereby limiting its off-target effects (van Rooijen & Hendrikx, 2010). However, these
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liposomes cannot cross the BBB and would therefore require surgical intervention to administer them
directly in the CNS.

Alternative models of microglial depletion have utilized myeloid cell-specific transgenic mice, such as the
CD11b- HSVTK or inducible diphtheria toxin (DT)-based approaches (Han et al., 2017). These models show
a rapid depletion of microglia following treatment with ganciclovir or tamoxifen and are at lower risk from
the potential off-target effects when compared to pharmacological approaches such as CSF1r inhibitors
(K. N. Green et al., 2020). However, prolonged treatment with ganciclovir needed to induce HSVTK
expression results in fatal anemia as it also targets peripheral cells necessary for hematopoiesis, and the
induction of the DT and its receptor (DTR) have been shown to induce a cytokine storm (Bruttger et al.,
2015; Han et al., 2017; Vichaya et al., 2020), an artefact that may confound our analysis of the
contributions of microglia to the regulation of the inflammatory response following brain trauma.
Advances in the development of transgenic mice have led to the development of mouse lines that lack
the expression of CSF1R (Erblich et al., 2011). These mice are devoid of microglia in the brain and show
reductions in peripheral myeloid cell populations. While these mice can survive to adulthood, concerns
have been raised regarding the lack of microglia in the developing brain with noted deficits in the
myelination of axons, likely related to the importance of microglia in the differentiation and maturation
of oligodendrocytes (Dai et al., 2002; Erblich et al., 2011). However, a recently developed transgenic
model which relies on the deletion of a small but highly conserved region of the CSF1R gene known as the
FMS intronic regulatory element (FIRE) has presented evidence suggesting that these mice show normal
CNS development despite the lack of microglia (Rojo et al., 2019). While this model represents a promising
advancement in the development of tools and models to investigate the roles of microglia, further
research will be needed to fully characterize if their phenotype accurately recapitulates normal “healthy”
brain development and if these effects are consistent across different species and in the presence of other
genetic mutations. The recent generation of inducible knockouts wherein the expression of CSF1r is placed
under the control of microglial specific promoters such as Sall1, Tmem119, or P2ry12 offers improved
spatial and temporal control over microglial depletion in comparison to constitutive knockout models (J.S. Kim et al., 2021). However, there is still much debate in the literature regarding the specificity of these
tamoxifen-inducible transgenic models, with studies suggesting that the recombination efficacy varies
across brain regions and that CNS and perivascular macrophages may also be affected (J.-S. Kim et al.,
2021; X.-F. Zhao et al., 2019). Furthermore, the use of such models would not allow for the analysis of
repopulating microglia, as CSF1r signaling would remain permanently disrupted, preventing microglial
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proliferation and maturation. Despite the limitations of these models, they are valuable tools to
interrogate the contributions of microglia to the TBI pathogenic cascade and should be explored further.

Secondly, in the present study, we observed a clear separation in NFkB and STAT3 activation between
microglia isolated from sham and injured mice suggesting that our isolation technique is mild enough to
preserve the critical inflammatory aspects of the r-mTBI pathogenic cascade. However, it is important that
we acknowledge that the homogenization and digestion of brain tissue required to isolate microglia may
induce some level of ex vivo activation. In a recent comparison of experimental methodologies performed
by Marsh and colleagues (Marsh et al., 2022), it was found that the enzymatic digestion of brain tissues
at 37oC without the presence of the transcriptional and translational inhibitors actinomycin D and
Anisomycin resulted in the increased expression of several markers of microglial activation. These findings
emphasize the need for researchers to optimize their protocols to preserve the in vivo phenotype of
isolated cells. Additionally, it should be acknowledged that in this study we performed RNA sequencing
on microglia isolated from the whole brain including regions such as the olfactory bulbs and the
cerebellum. Our rationale to isolate microglia from the whole brain was to ensure we were able to isolate
a sufficient quantity of RNA to perform sequencing. However, pathological analysis of the injured mouse
brain does not show an equal distribution of microglial activation across different brain regions, with
cortical tissues directly below the impact site, the hippocampus, and white matter tracts such as the
corpus callosum exhibiting the most prominent responses to injury while regions such as the thalamus
and cerebellum show limited pathological findings (B. Mouzon et al., 2012, 2019; J. O. Ojo et al., 2015). As
such, the inclusion of these regions may mask important transcriptional changes in isolated microglia.
Together, the presence of these isolation artefacts and region-specific effects provides strong evidence to
support the need for in situ analysis through techniques such as fluorescence in situ hybridization (FISH)
to validate RNA sequencing data obtained from isolated populations of cells. While we were unable to
perform this experimental validation in time for the preparation of this thesis, this is an aspect of this
study we fully intend to address in our future work. However, in our subsequent studies (Chapter 4), we
observed similar changes in the expression of PPARγ, PGC1α and TNFα at the protein level in microglia
derived from sham and injured mice at six months post-injury. While further work is needed to confirm
the change in expression in other key genes identified in this study, the strong similarity between these
changes at the gene and protein level strengthen the validity of our results.
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In summary, we performed a comprehensive analysis of both the tissue-wide and cell lineage-specific
transcriptomic responses of exposure to r-mTBI at multiple time points. We identified that exposure to rmTBI induces chronic neuroinflammation and prominent cognitive deficits. Furthermore, through analysis
of master regulators and subnetworks, we identified the downregulation of PPARy and PGC1a as key
drivers of chronic microglial pathology and as promising potential therapeutic candidates, which we will
investigate at both the in vitro and in vivo level in the subsequent chapters of this thesis.
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CHAPTER 3: IN VITRO INVESTIGATION OF THE THERAPEUTIC POTENTIAL OF
THE PPARΓ AGONIST PIOGLITAZONE

In this chapter, I build upon the knowledge gained from my transcriptomic analysis of isolated
microglia to develop an in vitro model of microglial inflammation that recapitulates a similar
phenotype to those seen in vivo and use this as a platform to examine the anti-inflammatory
potential of therapeutic compounds.

3.1 Introduction
In the previous chapter, we reported that microglia, the resident innate immune cells of the CNS, are key
cellular mediators of the neuroinflammatory cascade that follows with TBI, and therefore, a detailed
understanding of their cellular biology and responses to injurious stimuli are of pivotal importance to the
identification of therapeutic targets. Therefore, to develop our understanding of microglial pathobiology,
we subjected mice to our novel 20-hit paradigm of r-mTBI and identified that r-mTBI exposure induced
chronic cognitive impairment and microglia activation. We subsequently performed whole transcriptome
analysis of isolated microglia at 14-days, 3-months, and 6 -months post-injury, which revealed a mixed
pro- and anti-inflammatory phenotype at the sub-chronic phase that transitioned towards a
predominantly pro-inflammatory state at more chronic time points. This pro-inflammatory phenotype
was associated with the dysregulation of several energy production and lipid metabolism pathways.
Through the use of Qiagen’s IPA knowledgebase, we identified the downregulation of peroxisome
proliferator-activated receptor-gamma (PPARγ) activation and its coactivator 1-alpha (PGC1a) as critical
regulators of chronic microglial dysfunction following exposure to r-mTBI.

PPARγ was initially identified as a critical regulator of lipid metabolism, since its discovery, evidence
suggesting the role of PPARγ in regulating glucose homeostasis has become well established, and more
recently, the potential of PPARγ agonists to ameliorate inflammation and promote a shift of microglia
towards an anti-inflammatory or pro-repair phenotype has gained much research attention (Devchand et
al., 2018; Geric et al., 2019; Kalsbeek et al., 2016; Sakamoto et al., 2000; Semple, 2006; Willson et al.,
2000). With increasing recognition of the therapeutic benefits of PPARγ agonism, multiple studies have
investigated the therapeutic potential of multiple natural and synthetic PPARγ ligands (Harmon et al.,
2011; Lathion et al., 2006; Marion-Letellier et al., 2008; Rizzo & Fiorrucci, 2006). To facilitate a rapid
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transition to further preclinical and clinical testing, in this thesis, we focused on compounds that have
been used in humans and are already FDA approved. Furthermore, we preferentially selected those with
established maximum tolerated dose information, available pharmacokinetic (PK)/ pharmacodynamic
(PD) data, administration paradigms, and a lack of adverse side effects. To date, only three PPARγ agonists
have been approved for clinical use, Pioglitazone, Rosiglitazone, ciglitazone, and Troglitazone. These
compounds are part of the thiazolidinedione family and are commonly referred to as “glitazones” (Arnold
et al., 2019). As PPARγ regulates the transcription of multiple genes related to glucose and lipid
metabolism, these compounds have shown strong efficacy in treating type II diabetes mellitus (Desouza
& Shivaswamy, 2010). Pioglitazone may represent an ideal therapeutic candidate for the treatment of rmTBI as it has a proven blood-brain barrier (BBB) penetrance and a favorable safety profile compared to
other glitazones (Betteridge et al., 2008; Dormandy et al., 2009; Nesti et al., 2021).

Despite much research attention, the molecular mechanisms underlying the anti-inflammatory potential
of PPARγ and Pioglitazone are unclear, and the complex and multifaceted secondary injury cascades that
follow r-mTBI in vivo can complicate the identification of cell-specific molecular pathways that are
essential to influencing outcomes. While in vivo animal studies are currently considered the gold standard
for preclinical drug development and evaluation, the lack of standardization across injury models may
complicate effective clinical translation. To address the limitations of in vivo studies, many preclinical
studies supplement their research using in vitro models. In vitro models provide several advantages over
animal models, such as; 1) they are subject to fewer ethical concerns, 2) their reduced costs offer the
potential for high throughput screening, and 3) they allow for far greater control of experimental
conditions and therefore represent an ideal platform for preclinical drug research. In addition, in
vitro models can play a primary role in identifying these molecular drivers at the single-cell level and
testing individual hypotheses in isolation so that candidate compounds can be later investigated in
vivo with greater confidence. It is important to note that in vitro models are limited in the sense that they
cannot model brain injury and recovery in its entirety, and simply provide a snapshot of the situation
under controlled conditions. As such, the utility of in vitro models is largely dependent on their ability to
recapitulate aspects of the in vivo TBI pathogenic cascade. In the present study, we will attempt to
recreate the prominent pro-inflammatory phenotype identified by our transcriptomic analysis and
investigate how activation of PPARγ activity can influence the response of microglia following
injury/stress.
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3.1.1 Hypothesis
1. Exposure of microglial cells to upstream regulators identified from our transcriptomic analyses of injuryassociated microglia will induce a pro-inflammatory response and recapitulate the dysregulated PPARy
signaling seen in vivo.
2. Activation of PPARy activity by Pioglitazone will reduce microglial mediated inflammation in injured
microglia.
3. Comprehensive, unbiased proteomic analysis of activated microglia in the absence or presence of a
PPARγ agonist will reveal beneficial therapeutic mechanisms.

3.2 Materials and Methods
3.2.1 Maintenance of cell lines
Adult mouse-derived immortalized microglia cells (IMG) were obtained from (EF4001; Kerafast, Boston,
MA, USA), and were maintained in DMEM/F12 (1:1 ratio) (Sigma-Aldrich) culture medium supplemented
with 10% Fetal bovine serum (FBS001-HI Neuromics), 2mM L-glutamine and 1% anti-biotic/anti-mycotic.
All cells were maintained at 37°C in a humidified 5% CO2 incubator.

3.2.2 Reagents
IFNγ and TNF-α were purchased from Peprotech (Rocky Hill, NJ). Lipopolysaccharide (LPS) derived from E.
coli K-235 bacteria was purchased from (Sigma, St. Louis, MO, #L6529). IFNγ, TNF-α, and LPS were
dissolved in sterile phosphate buffered saline (PBS) (Thermo, #10010023) at a concentration of 1mg/mL.
Stock solutions were aliquoted and stored at -80oC until use to avoid potential artifacts from multiple
freeze-thaw cycles. Pioglitazone hydrochloride (#P1901) was purchased from TCI America and was
dissolved in Dimethyl sulfoxide at a concentration of 100 mM.
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3.2.3 Treatments and experimental procedures
IMG cells of comparable passage number were maintained in a 75cm2 flask (Thermo Fisher, #159920) until
they reached 70% confluency, at which point 1mL/25cm2 of the trypsin-free cell dissociation reagent
TrypLE (Thermo Fisher, 12604013) was added to the culture flask and the flasks were rotated briefly to
ensure the dissociation reagent fully covered the culture surface. Cells were incubated with TrypLE for 5
minutes and the base of the flask was gently tapped by hand to encourage the dissociation of cells from
the culture surface. After 5 minutes, an excess (2mL/cm2) of DMEM/F12 culture media was added to
neutralize the enzymatic cleavage of extracellular matrix proteins. Cells were aspirated from the flask and
transferred to a 15mL conical centrifuge tube (Fisher Scientific, #14-959-53A) and centrifuged at 300xG
for 5 minutes to pellet the cells. Following centrifugation, the supernatant was removed, and cells were
resuspended in 1mL DMEM/F12 to quantify cell number. Cells were then seeded into either a 24 well
tissue culture plate (Sigma Aldrich, #CLS3527) at a density of 0.20x106 cells per well for immunoblotting,
an 8-well cell culture slide (Thermo Fisher, #154534PK) at 0.20x105 cells per well for
Immunocytochemistry, or a fresh T75 culture flask at a density of 2.0x10 6 cells per flask for proteomic
analysis. 500 μL, 100 μL, or 15mL of DMEM/F12 culture medium was added to each well or flask,
respectively. Cells cultured in 24 well plates or chamber slides were allowed to adhere to the culture
surface overnight before treatment, cells seeded into T75 flasks for proteomic experiments were
maintained until they reached 70% confluency before use.
IMG cells were exposed to either control media, or media containing LPS (10ng/mL), IFNγ (20ng/mL), TNFα
(50ng/mL), or Pioglitazone (1nM, 10nM, 100nM, 1µM, 5µM, 10µM, 50µM) or a combination of LPS and
Pioglitazone (LPS 10ng/mL, Pio 10µM) for 2 or 24 hours as shown in their respective figure legends.
Following treatment, cells were either processed for the isolation of nuclear proteins (3.2.4), fixed with
4% paraformaldehyde for immunocytochemistry (3.2.8), or lyzed in MPER for immunoblotting (3.2.6) and
proteomic analysis (3.2.9).

3.2.4 Nuclear protein isolation
Nuclear protein isolation was performed using the NE-PER nuclear and cytoplasmic extraction reagent kit
(Thermo Scientific) according to manufacturer instructions. For the isolation of nuclear protein from in
vitro cell lines, following treatment, cells were harvested using TrypLE, transferred to a fresh Eppendorph
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tube and centrifuged for 5 minutes at 500 x G to pellet cells. Cells were then resuspended in 500 µL of PBS
to remove dissociation reagent and again centrifuged at 500x G. 200µL of ice-cold cytoplasmic extraction
reagent 1 (CER1) supplemented with proteinase and phosphatase inhibitors (Thermo Scientific) was
added to all samples. Samples were then mixed vigorously and incubated on ice for 10 minutes. 11 µL
cytoplasmic extraction reagent 2 (CER2) was added to all samples, which were subsequently vortexed and
centrifuged at 16,000 x G for 5 minutes at 4 ˚C to separate nuclear and cytoplasmic proteins. The
supernatant (cytoplasmic fraction) was transferred to a fresh tube and stored at -80 ˚C. The pellet (nuclear
fraction) was re-suspended in 100 µL of chilled nuclear extraction reagent (NER) and incubated on ice for
40 minutes with intermittent mixing (15 seconds every 10 minutes). The nuclear fraction was then
centrifuged at 16,000 x G for 10 minutes at 4 ˚C to remove insoluble material and the supernatant was
transferred to a fresh tube and stored at -80 ˚C.

3.2.5 PPARγ Transcriptional activity assay
Analysis of PPARγ transcriptional activity was assessed using PPAR gamma Transcription Factor Assay Kit
(ab133101, Abcam) and nuclear extracts of immortalised microglia, primary CD11b+ve cells, and
hippocampi as described above. Assay was performed according to manufacturer instructions. 90 µL of
complete transcription factor binding assay buffer (CTFB) and 10 µL of sample nuclear extracts was added
to each well (90 µL of CTFB and 10 µL of manufacturer supplied positive control sample was added to
control wells). Samples were incubated overnight at 4 ˚C, the following morning wells were washed five
times with 200 µL of 1X wash buffer and 100 µL of PPARγ primary antibody was added to appropriate
wells. Samples were incubated with primary antibody for one hour at room temperature without
agitation, then washed five times with 200 µL of 1X wash buffer. 100 µL of secondary was then added to
appropriate wells, followed by a one-hour incubation at room temperature. Samples were again washed
five times with 200 µL of 1X wash buffer and 100 µL of developing solution was added to all wells. Samples
were incubated in the dark for 45 minutes at room temperature and 100 µL of stop solution was added
to all wells and were immediately read at 450nm using a Cytation 3 (Biotek, Winooski, VT) plate reader.
Following quantification, all data were normalised to protein content of sample lysates, determined by
Bicinchoninic acid (BCA) protein assay (ThermoFisher, Waltham, MA). All samples we run in triplicate and
the average value for each sample was calculated. All data were further processed for statistical analysis
using GraphPad Prism Version 8.0 (GraphPad Software, Inc., CA, USA). Data were first assessed for
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Gaussian distribution using the Shapiro-Wilk normality test and then analyzed using a one-way ANOVA
followed by a post-hoc Bonferroni test with correction for multiple comparisons.

3.2.6 Immunoblotting

For immunoblotting analysis, hippocampi or isolated CD11b cells were homogenized in 250µL of MPER
supplemented with protease and phosphatase inhibitors (ThermoFisher) using a probe sonicator.
Homogenized samples were centrifuged at 21,000xG for 20 minutes at 4˚C, and the supernatants were
transferred to a fresh Eppendorf tube. Supernatant fractions were denatured by boiling at 95 ˚C for 10
minutes in Laemmli buffer (Bio-Rad) containing β-mercaptoethanol. Samples were then resolved on a 415% gradient polyacrylamide criterion gel (Bio-Rad). Proteins were the transferred to a Polyvinylidene
Fluoride (PVDF) membrane (BioRad) overnight at 90mAh. Transferred membranes were blocked in a 5%
non-fat milk buffer in Tris-buffered saline (TBS) containing 0.05% sodium azide (NaN3) for one hour at
room temperature and then incubated with different target specific primary antibodies overnight (Table
2.1). Membranes were washed three times in TBS and subsequently incubated with horseradish
peroxidase-linked secondary antibodies for 1 hour at room temperature (Table 2.1). Membranes were
briefly incubated in SuperSignal West Femto (ThermoFisher), or Pierce ECL (ThermoFisher)
chemiluminescence substrate. Immunoblots were visualized using a ChemiDoc XRS (BioRad Laboratories,
CA, USA).
Quantification of immunoblot densitometry was performed using the band analysis tools of Image Lab
(BioRad Laboratories, CA, USA) image analysis software (Version 6.0.1). All western blot images were
assessed for signal saturation before analysis, and a non-saturated image with minimal background was
selected for analysis from all groups. Briefly, regions of interest of equal size were drawn around each
sample lane across the band. The global background tool was used to determine the backgroundsubtracted density (referred to as adjusted value) of each region of interest in all blots. The adjusted value
was used for further analysis. While equal concentrations of protein were loaded to each well, following
probing of target proteins, anti-actin or anti-tubulin were used as “house-keeping” proteins to normalise
data and signal intensity ratio. To calculate the ratio of phosphorylated to total target protein, the
normalized phosphorylated protein values were then divided by their respective total protein values. The
normalized values for each target protein were used for further analysis. All data were further processed
for statistical analysis using GraphPad Prism Version 8.0 (GraphPad Software, Inc., CA, USA). Data were
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first assessed for Gaussian distribution using the Shapiro-Wilk normality test. Data were then analysed
statistically using a one-way ANOVA followed by a post-hoc Bonferroni test with correction for multiple
comparisons. Data are presented as mean ± SEM ratio of normalized protein expression.

3.2.7 Lactate Dehydrogenase (LDH) assay
Cytotoxicity was assessed using cell culture media supernatant supplemented with 1% FBS and 1%
antibiotic- antimycotic (Gibco) by LDH assay (Roche). Culture media was removed from cells and briefly
centrifuged at 250 x G. 100 µL of cell culture media supernatant and 100 µL of freshly prepared reaction
mixture was added to each well and samples were incubated in the dark for 15 minutes at room
temperature and read at 492nm using a Cytation 3 (Biotek, Winooski, VT) plate reader. All samples we
run in triplicate and the average value for each sample was calculated and used for further analysis. 0 and
100% cytotoxicity were calculated from control media and cells treated with 1% Triton X-100
(ThermoFisher) respectively. Data were first assessed for Gaussian distribution using the Shapiro-Wilk
normality test and then analyzed using a one-way ANOVA followed by a post-hoc Bonferroni test with
correction for multiple comparisons.

3.2.8 Immunocytochemistry
IMG cells were grown on chamber slides and treated as described in the figure legend. Following
treatment, cells were rinsed with PBS and fixed for 15 min with 4% paraformaldehyde (PFA) at room
temperature. After fixation, cells were rinsed twice with PBS and then permeabilized for 30 minutes at
room temperature in 0.1% Triton X-100 and subsequently blocked in PBS containing 5% normal goat
serum and 0.1% Triton X-100 for one hour. Cells were then incubated overnight with rabbit anti- PPARγ
primary antibody (Cell Signaling Technology) diluted to 1:500 in PBS containing 1% normal goat serum.
The next morning, slides were washed in PBS and incubated with Alexa Fluor 488-conjugated anti-rabbit
antibody (Invitrogen, Cat. #32731; 1: 500) for 1 h at room temperature. Cells were again washed in PBS
and glass coverslips were mounted with ProLong Gold antifade 4′,6-diamidino-2-phenylindole (DAPI)
mount.
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Imaging was performed using a Zeiss LSM 800 confocal microscope at 20X magnification for the analysis
of PPARγ expression under physiological and pathological conditions. Ten non-overlapping images were
taken for each experimental condition and expression of PPARγ was calculated as mean fluorescence
intensity normalized to cell number for each image. As a negative control, primary and secondary
antibodies were omitted for each stain to determine background and autofluorescence staining values
that were then subtracted from all images for quantitation. The acquisition settings were kept the same
for all images within the same experiment. Z-stacks were recorded for all images and orthogonal
projections were obtained to enable a 3D representation of the image; quantitation was performed on
Zeiss ZEN image analysis software. Data are presented as the mean ± SEM of fluorescence intensity.
Investigation of PPARγ sub-cellular localisation was performed using a Zeiss LSM 800 confocal microscope
at 63X magnification. 10 cells per condition were analyzed per condition and nuclear localisation was
calculated as the number of PPARy positive pixels colocalizing with DAPI (nuclear marker) normalized to
total positive PPAR pixels per cell. Data are presented as the mean ± SEM % nuclear localization.
All data were further processed for statistical analysis using GraphPad Prism Version 8.0 (GraphPad
Software, Inc., CA, USA). Data were first assessed for Gaussian distribution using the Shapiro-Wilk
normality test. All immunocytochemistry data were then analysed statistically using a One-Way ANOVA
followed by a post-hoc Bonferroni test with correction for multiple comparisons.

3.2.9 Proteomic analysis of cell lines
IMG immortalised microglia were exposed to either control media, media containing LPS (10ng/ml), or
media containing LPS (10ng/ml) and Pioglitazone (10µM) for 24 Hours (n=3/condition). Following
treatment Microglia were lysed in mammalian Protein Extraction Reagent (MPER) supplemented with 1%
EDTA and 1% protease and phosphatase inhibitors (ThermoFisher). Samples were then centrifuged at
21,000 x G for 20 minutes and supernatants were transferred to a fresh tube.
Protein concentration of cell supernatant was quantified using Bicinchoninic acid (BCA) protein assay
(ThermoFisher, Waltham, MA). A control sample was created by combining 60µg of protein from each
sample. The control sample was subsequently split into three aliquots of equal volume, 10uL of a protein
standard mixture was added to each control replicate and 100 mM triethylammonium bicarbonate buffer
(TEAB) to adjust the final volume to 100 µL. Samples were then given a unique randomized identifier and
146

divided into three batches with one overlapping repeat sample per batch for between batch quality
control validation. At this stage all batches were frozen at -20oC. Protein reduction and alkylation were
accomplished via the addition of 5µL of 200 mM tris(2-carboxyethil) phosphine (TCEP) per sample
followed by 1 hour incubation at 55°C. Five microliters of 375 mM iodoacetamide was subsequently
added to each sample and incubated for 30 minutes at room temperature. Protein precipitation was
performed via the addition of 600 µL of ice-cold acetone, followed by overnight incubation at -20°C. The
following morning, samples were pelleted by centrifugation at 8000 x g for 15 min at 4°C, the supernatant
was removed, and samples were allowed to air-dry. The protein pellet was then resuspended in 100 µL of
50mM TEAB and incubated at 37°C to improve solubilization of samples. Sample proteins were then
subjected to proteolytic digestion with the addition of Lys-C protease (0.25µg/µL) for one-hour at 37°C,
followed by overnight trypsin (0.5 µg/µL) digestion at 37°C.
Samples were then labelled using the TMT 10-plex Mass Tag Labeling Kit (ThermoFisher) following
manufacturer protocols minor changes. Briefly, TMT 10-plex labeling reagents were brought to room
temperature and reconstituted in anhydrous isopropanol. One combined sample was labelled with TMT126 and each repeat sample was labeled with TMT-131. Labelling of experimental samples was
randomized with each sample being labelled with one mass-tagging reagent. All reaction mixtures were
incubated at room temperature for one hour. Next, 8 µL of 5% hydroxylamine was added to each sample
to quench excess labelling reagent. All samples per batch were then combined, concentrated on a
SpeedVac to remove the organic component, and desalted using Pierce C18 spin columns according to
manufacturer instructions. Samples were subsequently dried under vacuum and then reconstituted in 100
µL of water/acetonitrile (98:2) with 0.1% formic acid. For LC/MS analysis, an aliquot of each sample was
diluted fivefold with the same solvent.
Liquid chromatography / mass spectrometry (LC/MS) analysis were performed on a LC/MS system
comprised of an Easy nLC 1000 (Thermo) mated with a Q Exactive hybrid quadrupole-Orbitrap mass
spectrometer with a NanoFlex source (Thermo Scientific). Sample aliquots were loaded onto an Acclaim
PepMap (75 µm X 20 mm) peptide trap for concentration and desalting. Peptide separation was
performed on an analytical column (75 µm X 150 mm, Thermo Scientific) packed with C18, 2 µm particles
using a water/acetonitrile reversed-phase gradient method. Full scan MS spectra (m/z 400-1800) were
acquired in the orbitrap analyzer with a resolving power of 70000 (at m/z 200). The fifteen most intense
charged ions (z ≥ 2) were sequentially isolated with a 1.0 Da isolation width and subsequently fragmented
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in the collision cell using higher-energy collisional dissociation (HCD). Fragment ions were mass analyzed
with a resolving power of 35000 (at m/z 200).
Raw data were pre-processed using Proteome Discoverer software (version 2.1, Thermo Scientific). The
MS/MS spectra were searched against a Uniprot mouse protein database (downloaded Feb. 13, 2020)
and reporter ion intensities were extracted from nonredundant peptide spectral matches (PSMs) relative
to combined control samples.

3.2.10 Data and pathway analysis
Statistical analysis was performed using JMP software comparing the abundance of matching proteins for
each group normalized to experimental control samples. Data are presented as the abundance ratio (fold
change) of protein expression. Changes in protein expression with an adjusted p-value>0.05 were
considered significant and used for pathway analysis.
Data from all experiments were uploaded to Ingenuity pathway analysis (IPA, QIAGEN) and Enrichr (E. Y.
Chen et al., 2013) for functional enrichment. The ingenuity knowledge base was used as a reference set
to identify significantly enriched pathways following analysis by Fisher’s exact test and the activation or
inhibition of enriched pathways was determined with the use of a Z-score. The IPA knowledge base was
also used as a reference set to derive relationship information with experimentally observed confidence
and identify upstream and master regulators including transcription factors, causal networks, cytokines,
exogenous compounds, and chemical drugs. For Enrichr analyses, all proteins identified by MS analysis
were used as a background list.

3.3 Results
3.3.1.Generation of an in vitro model of microglial-mediated inflammation
Microglia are key drivers of the prolonged neuroinflammatory response that follows r-mTBI. To establish
a relevant model of microglial-mediated inflammation, we referred to evidence from our transcriptomic
investigation of isolated microglia at three months post-injury, a critical chronic time point where we
initially observed the downregulation of PPARγ. Through upstream regulator analysis, we identified LPS,
TNFα, and IFNγ as possible drivers of the dysregulated microglial activation seen following experimental
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brain injury (Figure 2.23B). Furthermore, in the present study, we will utilize an immortalized microglial
(IMG) cell line first characterized by McCarthy (2016). We chose to establish our model using this cell line
as it has been suggested that they recapitulate the in vivo microglial phenotype with greater fidelity
(Guergues et al., 2019; S. M. Kim et al., 2018; McCarthy et al., 2016, 2018).

We have previously shown that microglia isolated from the brain of the injured exhibit increased NFB and
STAT3 inflammatory pathway activation. Therefore, after identifying relevant stimulants, we first sought
to examine whether exposure to these compounds was sufficient to induce inflammatory pathway
activation. As such, IMG cells were exposed to either LPS (10ng/mL), IFNγ (20ng/mL), or TNFα (50ng/mL)
for 2 or 24 hours which we believe to represent acute and chronic activation, respectively. Following
exposure, cell lysates were assessed for NFB and STAT3 phosphorylation by immunoblotting (Figure
3.1). After 2 hours of exposure to the pro-inflammatory stimulants, we observed that exposure to LPS or
TNFα, but not IFNγ, induced a significant increase in NFkB (Ser536) phosphorylation relative to vehicletreated cells (one-way ANOVA, F(3,8)=69.01, Figure 3.1B). Analysis of STAT3 activation revealed a similar
effect with exposure to LPS or TNFα, but not IFNγ increasing the ratio of phosphorylated STAT3 to total
STAT3 relative to vehicle-treated cells (one-way ANOVA, F(3,8)=206.1, p=<0.001 Figure 3.1C).
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Figure 3.1. Effect of exposure to LPS,TNFα, and IFNγ for 2 hours on inflammatory pathway activation in IMG microglia. IMG
cells were treated with either LPS (10ng/mL), IFNγ (20ng/mL), or TNFα (50ng/mL) for 2 hours, following exposure the expression
and phosphorylation of NFkB and STAT3 were then assessed by western blotting. A) Representative western blot images
depicting P-STAT3 (Tyr705), STAT3, P-NFkB (Ser536), NFkB, and B-Tubulin are shown. Histograms show the expression of P-NFkB
(Ser536)(B), and P-STAT3 (Tyr705)(C).Western blot chemiluminescent signals were quantified by densitometry and normalized
to B-Tubulin, Phospho markers were additionally normalized to their respective total protein (e.g., P-STAT3/STAT3, PNFkB/NFkB). All data were analyzed using a One-Way ANOVA followed by Bonferroni multiple comparisons test (n=3/condition).
Asterisks denote statistical significance as follows: * p=<0.05, ** p=< 0.01, ***p<0.001. Values are expressed as arbitrary units
as mean ± SEM of the ratio of Phospho-protein/Total-protein. Asterisks denote statistical significance as follows: * p=<0.05, **
p=< 0.01, ***p<0.001.
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Microglia possess an impressive momentum of pathogen and cytokine receptors and, as such, will rapidly
respond to the presence of these signals. Therefore, to evaluate if chronic exposure to these stimulants
induced different effects on inflammatory pathway activation, we exposed microglia to these same
stimulants for 24 hours and again assessed the activation of NFkB and STAT3 pathway activation (Figure
3.2). Analysis of NFkB phosphorylation revealed similar results to those seen at 2 hours, with exposure to
LPS or TNFα, but not IFNγ increasing the ratio of phosphorylated NFkB total NFkB relative to vehicletreated controls (one-way ANOVA, F(3,8)=44.68, p=<0.001, Figure 3.2B). Interestingly, post-hoc analysis
indicated that LPS exposure induced a greater level of NFkB phosphorylation compared to TNFα (p=0.001)
IFNγ (p<0.001). Furthermore, after 24 hours of exposure, we observed that LPS increased STAT3
phosphorylation relative to all other groups (one-way ANOVA, (F(3, 8) = 127.4, p=<0.001, Figure 3.2C).
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Figure 3.2. Effect of exposure to LPS,TNFα, and IFNγ for 24 hours on inflammatory pathway activation in IMG microglia. IMG cells were treated
with either LPS (10ng/mL), IFNγ (20ng/mL), or TNFα (50ng/mL) for 24 hours, following exposure the expression and phosphorylation of NFkB and
STAT3 were then assessed by western blotting. A) Representative western blot images depicting P-STAT3 (Tyr705), STAT3, P-NFkB (Ser536), NFkB,
and B-Tubulin are shown. Histograms show the expression of P-NFkB (Ser536)(B), and P-STAT3 (Tyr705)(C).Western blot chemiluminescent
signals were quantified by densitometry and normalized to B-Tubulin, Phospho markers were additionally normalized to their respective total
protein (e.g., P-STAT3/STAT3, P-NFkB/NFkB). All data were analyzed using a One-Way ANOVA followed by Bonferroni multiple comparisons test
(n=3/condition). Asterisks denote statistical significance as follows: * p=<0.05, ** p=< 0.01, ***p<0.001. Values are expressed as arbitrary units
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***p<0.001.
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To confirm that the presence or absence of an effect on NFkB or STAT3 phosphorylation from these
stimulants was not due to cell death, we evaluated LDH release to determine if exposure to the proinflammatory stimulants was cytotoxic. To assess the cytotoxicity of these stimulants, we exposed IMG
cells to 1, 10, 50, 100, 250, or 500ng/mL of LPS, IFNγ, or TNFα for 2 or 24 hours, and toxicity was assessed
using lactate dehydrogenase (LDH) release into the culture media. LDH is a dehydrogenase enzyme that
is highly expressed in the cytosol of nearly all living cells, where it catalyzes the conversion of lactate to
pyruvate in glycolytic metabolism (Ghosh et al., 2018). However, if the cell membrane becomes damaged
as a result of apoptosis of necrosis, LDH is rapidly released in the cell culture supernatant Due to its high
expression and ease of quantitation, LDH is a commonly used indicator of cell death (P. Kumar et al., 2018).
Baseline LDH release at each time point was calculated using media from untreated cells, and 100%
cytotoxicity was calculated using media from cells treated with 1% Triton-X 100, as this detergent can
permeabilize all cell membranes inducing maximal LDH release (S. M. Smith et al., 2011).

We observed no treatment effect on LDH release following 2 hours of exposure to LPS. However, we
observed that exposure to LPS for 24 hours increased LDH release relative to vehicle-treated controls
(one-way ANOVA, F(6,14)=25.64, p=<0.001 Figure 3.3A). Post-hoc analysis revealed that exposure to 100
(p=0.028), 250 (p=0.001), or 500ng/mL (p=<0.001) for 24 hours significantly increased LDH release relative
to vehicle-treated controls. While statistical analysis of LDH release following 2 hours of exposure to TNFα
found a significant effect of treatment on LDH release relative to controls (one-way ANOVA,
F(6,14)=10.02, p=<0.001 Figure 3.3B), post-hoc analysis found no significant difference between any
concentration of TNFα and control cells. At 24 hours, exposure to TNFα had a significant effect on LDH
release (one-way ANOVA, F(6,14)=14.57, p=<0.001 Figure 3.3B). However, we only observed cytotoxic
effects at the higher doses with only 250 (p=0.005), and 500ng/ml (p=0.004) showing increased LDH
release relative to control cells. IFNγ did not affect LDH release following 2 hours of exposure. We
observed that 24 hours exposure to IFNγ did significantly affect LDH release (one-way ANOVA,
F(6,14)=5.764, p=0.003 Figure 3.3C). However, post-hoc analysis indicated that only exposure to the
highest concentration (500ng/ml) of IFNγ demonstrated significant cytotoxicity compared to untreated
controls (p=0.013). While these data indicate dose-dependent cytotoxic effects, at the concentrations of
stimulants used in this study (LPS (10ng/mL), IFNγ (20ng/mL), or TNFα (50ng/mL), the observed effects on
inflammatory pathway activation are not likely a result of cell death.
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Figure 3.3. Effect of exposure to LPS,TNFα, and IFNγ for 24 hours on LDH release in IMG microglia. IMG cells were
exposed to either 1, 10, 50, 100, 250, and 500ng/mL of LPS A), IFNγ B), or TNFα C) for 2 (Red circle) or 24 hours (Blue
square) and LDH release into the cell culture supernatant was quantified (n=3/condition). All data were analyzed using a
One-Way ANOVA followed by Bonferroni multiple comparisons test. Values are expressed as arbitrary units as mean ±
SEM of % cytotoxicity calculated from untreated controls (0% cytotoxicity) and cells treated with 1% Triton X 100 (100%
cytotoxicity. Asterisks denote statistical significance of stimulant treated cells after 24 hours compared to vehicle treated
controls * p=<0.05, ** p=< 0.01, ***p<0.001.

3.3.2 Exposure to pro-inflammatory stimulants decreases PPARy transcriptional activity and
PGC1a expression
After confirming that we were able to initiate a marked pro-inflammatory response in IMG cells that was
reminiscent of primary isolated cells, our next aim was to determine if exposure to LPS, IFNγ, or TNFα was
able to recapitulate the dysregulated PPARγ signaling seen in our transcriptomic analysis. To understand
better the role of microglial PPARγ under pro-inflammatory conditions, we again exposed IMG cells to
either LPS (10ng/mL), IFNγ (20ng/mL), or TNFα (50ng/mL), for 2 hours. Following exposure, cells were
lysed and immunoprobed to examine the protein level expression of PPARγ and PGC1a. There was no
significant difference in PGC1a expression between IMG cells treated with either LPS, IFNγ, or TNFα and
controls following 2 hours of exposure (Figure 3.4B). In parallel with these findings, our analysis of PPARγ
expression found no significant effect of 2 hours of exposure to pro-inflammatory stimulants (Figure
3.4C). As PPAR signaling is dependent not only on expression level but also on transcriptional activity. We
next assessed if exposure to pro-inflammatory stimulants may dysregulate PPAR signaling by altering its
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transcriptional activity. We extracted and enriched nuclear proteins from control and treated cells
following 2 and 24 hours of exposure assessed PPARγ activity. In line with our immuno-blotting data, after
2 hours of exposure to pro-inflammatory stimulants, no significant difference was observed in treated
cells compared to controls (one-way ANOVA, F (3, 8) = 6.780, p=0.114, Figure 3.4D). Furthermore, in
contrast with our expectations, following 2 hours of exposure to LPS, we observed a trend towards
increased transcriptional activity in LPS and TNFα exposed cells compared to controls.
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Figure 3.4. Effect of exposure to LPS,TNFα, and IFNγ for 2 hours on PPAR signaling. IMG cells were treated with either
LPS (10ng/mL), IFNγ (20ng/mL), or TNFα (50ng/mL) for 2 hours, following exposure the expression of PPARγ and PGC1a
were then assessed by western blotting. A) Representative western blot images depicting PGC1a, PPARy, and B-Tubulin
are shown. Histograms show the expression of PGC1a (B), and PPARy (C). Western blot chemiluminescent signals were
quantified by densitometry and normalized to B-Tubulin. Values are expressed as arbitrary units as mean ± SEM of the
ratio of protein/B-Tubulin. D) Relative PPARγ transcriptional activity, shown as % of control cells. All data were analyzed
using a One-Way ANOVA followed by Bonferroni multiple comparisons test (n=3/condition). Asterisks denote statistical
significance as follows: * p=<0.05, ** p=< 0.01, ***p<0.001. Asterisks denote statistical significance as follows: * p=<0.05,
** p=< 0.01, ***p<0.001.
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These findings led us to hypothesize that as we only observed the downregulation of PPARγ signaling
beginning to appear at three months post-injury, then perhaps exposure to a chronic pro-inflammatory
environment is needed to induce these signaling deficits. To test this hypothesis, IMG cells were exposed
to LPS (10ng/mL), IFNγ (20ng/mL), or TNFα (50ng/mL) for 24 hours, and lysates were again probed for
expression of PPARγ and PGC1a. In support of this hypothesis, we observed that exposure to proinflammatory stimulants significantly affected PGC1a expression (one-way ANOVA, F (3, 8) = 29.87,
p=<0.001 Figure 3.5B). Interestingly, post-hoc analysis indicated that LPS (p=0.004) and IFNγ (p<0.001)
but not TNFα were able to downregulate PGC1a expression. We observed a similar effect of stimulant
exposure on PPARγ expression (one-way ANOVA, F (3, 8) = 71.36, p=<0.001), with both LPS (<0.001) and
TNFα (p=0.001) treated cells demonstrating a marked decrease in total PPARγ expression (Figure 3.5C). In
line with these findings, we observed a significant effect of stimulant exposure for 24 hours on PPARγ
transcriptional activity (one-way ANOVA, F (3, 8) = 7.518, p=0.010, Figure 3.5D). Post-hoc analysis
revealed that exposure to either LPS (0.010) or TNFα (p=0.027) for 24 hours inhibited PPARγ
transcriptional activity. Furthermore, we observed a decreasing trend in transcriptional activity following
IFNγ exposure. However, this did not reach statistical significance (P=0.056).
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Figure 3.5. Effect of exposure to LPS,TNFα, and IFNγ for 24 hours on PPAR signaling. IMG cells were treated with either
LPS (10ng/mL), IFNγ (20ng/mL), or TNFα (50ng/mL) for 24 hours, following exposure following exposure the expression of
PPARγ and PGC1a were then assessed by western blotting. A) Representative western blot images depicting PGC1a, PPARy,
and B-Tubulin are shown. Histograms show the expression of PGC1a (B), and PPARy(C). Western blot chemiluminescent
signals were quantified by densitometry and normalized to B-Tubulin. Values are expressed as arbitrary units as mean ±
SEM of the ratio of protein/B-Tubulin. D) Relative PPARγ transcriptional activity, shown as % of control cells. All data were
analyzed using a One-Way ANOVA followed by Bonferroni multiple comparisons test (n=3/condition). Asterisks denote
statistical significance as follows: * p=<0.05, ** p=< 0.01, ***p<0.001. Asterisks denote statistical significance as follows:
* p=<0.05, ** p=< 0.01, ***p<0.001.

3.3.3 Pioglitazone treatment increases PPARy activity in IMG microglia in vitro
PPARγ transcriptional activity is regulated by several cytokines, cellular metabolic state, and the
availability of co-activating factors. After we had established that exposure to pro-inflammatory
stimulants reduced both PPARγ expression and activity in a time-dependent manner, we next sought to
identify an optimal dose of Pioglitazone to increase PPARγ activity. As we identified the most prominent
effects of LPS on PPARγ activity and expression after 24 hours, we exposed IMG cells to increasing
concentrations of Pioglitazone for 24 hours and assessed their effect on PPARγ activity and expression.
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Immunoblotting analysis revealed that exposure to increasing concentrations of Pioglitazone had no
effect on total PPARγ protein expression (one-way ANOVA, F (7, 24) = 1.055, p=0.421, Figure 3.6B).
However, we did identify a treatment-dependent increase in PGC1a expression compared to vehicletreated controls (one-way ANOVA, F (7, 24) = 102.5, p=<0.001, Figure 3.6C). Multiple comparison testing
that exposure to 5 (p=0.004), 10 (p=<0.001), and 50µM(p=<0.001) of Pioglitazone for 24 hours was
sufficient to increase PGC1a expression. Analysis of PPARγ transcriptional activity revealed a significant
effect of Pioglitazone treatment (one-way ANOVA, F (7, 16) = 15.24, p=<0.001, Figure 3.6D), with posthoc analysis indicating that only 10µM (p=0.003), and 50µM (p=0.001) were able to significantly increase
PPARγ activity relative to controls. The reported EC50 value of Pioglitazone is approximately 500-600nM
for both human and mouse PPARγ (Sakamoto et al., 2000; Willson et al., 2000). As our transcriptional
activity assay data indicated that we needed to greatly exceed this value to increase PPARγ activity. We
next sought to confirm that exposure to these higher doses of Pioglitazone is not cytotoxic Pioglitazoneinduced cytotoxicity after was assessed by LDH assay following 2 and 2 hours of exposure to
concentrations ranging from 1nM to 50µM Exposure to Pioglitazone for 2 hours had no effect on LDH
release in IMG relative to untreated controls. However, we observed a significant dose-dependent effect
of treatment following 24 hours of exposure (one-way ANOVA, F (7, 16) = 9.129, p=<0.001, Figure 3.6E).
Post- hoc analysis indicated that LDH release was only significantly increased following exposure to 50 µM
pioglitazone (p=<0.001). As such, for our subsequent in vitro experiments, we selected to use ten µM as
it significantly increased PPARγ activity while maintaining minimal cytotoxicity.
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Figure 3.6. Pioglitazone increases PPARy activity and PGC1a expression. IMG cells were treated with Pioglitazone concentrations
ranging from 1nM to 50µM for 24 hours, following exposure the expression of PPARγ and PGC1a were then assessed by western
blotting. A) Representative western blot images depicting PGC1a, PPARy, and B-Tubulin are shown. Histograms show the
expression of PGC1a (B), and PPARy(C). Western blot chemiluminescent signals were quantified by densitometry and normalized
to B-Tubulin. Values are expressed as arbitrary units as mean ± SEM of the ratio of protein/B-Tubulin. D) Relative PPARγ
transcriptional activity, shown as % of control cells. E) Cytotoxicity was assessed by LDH release into the media over 2 or 24 hours,
data are presented as % cytotoxicity. All data were analyzed using a One-Way ANOVA followed by Bonferroni multiple comparisons
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To function as a transcription factor, upon ligand binding, PPARγ has been shown to translocate to the
nucleus (Devchand et al., 2018). However, the factors regulating the nuclear transport of PPARγ are
unclear Building from our previous findings, we hypothesized that prolonged exposure to proinflammatory stimuli might impair PPARγ transcriptional activity by preventing its nuclear translocation.
To test this hypothesis, we again exposed IMG cells to either LPS (10ng/mL) or a co-administration
LPS(10ng/mL) and Pioglitazone (10 µM) for 24 hours and examined the subcellular distribution of PPARy.
In concordance with our previous results, we found that exposure to LPS alone significantly reduced PPARγ
expression, as shown by mean fluorescence intensity in comparison to vehicle-treated cells (One-Way
ANOVA, F (2,27) = 46.28, p=<0.001, Figure 3.7B). Interestingly, post-hoc analysis indicated that not only
was Pioglitazone treatment able to prevent this LPS-induced downregulation of PPARy expression, but it
also significantly increased mean fluorescence intensity relative to vehicle-treated cells (p<0.002).
Similarly, we found that LPS exposure reduced the colocalization of PPARγ with DAPI, with cells appearing
to show PPARγ being sequestered in the cytosol (One-Way ANOVA, F (2,27) = 14.69, p=<0.001, Figure
3.7C) However, cells treated with a co-administration of Pioglitazone and LPS demonstrated significantly
increased PPARγ nuclear colocalization (p=0.001) compared to untreated controls or cells treated with
LPS alone.

To further develop these findings, we also assessed if exposure to Pioglitazone was able to ameliorate the
LPS-induced inhibition of PPARγ activity. IMG cells were exposed to either LPS (10ng/mL) or LPS and
Pioglitazone (10 µM) for 24 hours, and following treatment, IMG cell lysates were enriched for nuclear
proteins, and PPARγ transcriptional activity was assessed. In line with our previous findings, we observed
that exposure to LPS alone significantly reduced PPARγ activity compared to control cells and cells treated
with both LPS and Pioglitazone (one-way ANOVA, F (2,6) = 9.172, p=0.015, Figure 3.7D).
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Figure 3.7. Pioglitazone increases PPARy nuclear translocation. Analysis of Immunofluorescence of microglia treated
with either LPS alone or in combination with 10uM Pioglitazone for 24 hours. B. Mean fluorescence intensity was
normalized to cell number, 10 images per condition were assessed at 20X magnification. Ctrl Vs LPS P=0.002. LPS Vs
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was able to restore PPARγ transcriptional activity following LPS treatment. All data were analyzed using a One-Way
ANOVA followed by Bonferroni multiple comparisons test (n=3/condition). Values are expressed as mean ± SEM.
Asterisks denote statistical significance as follows: * p=<0.05, ** p=< 0.01, ***p<0.001. Scale bars represent 10µM.
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3.3.4 Pioglitazone reduces LPS induced inflammation
PPARγ activation has been suggested to exert anti-inflammatory effects on microglia and macrophages.
As such, we hypothesized that prolonged PPARγ activation induced by Pioglitazone would inhibit NFkB
and STAT3 pro-inflammatory responses following exposure to LPS. To test our hypothesis, we exposed
IMG cells to either LPS (10ng/mL), Pioglitazone (10 µM), or both for 24 hours and assessed the effects on
NFkB and STAT3 activation. We found that Pioglitazone treatment was able to significantly reduce the
LPS-induced NFkB phosphorylation (One-Way ANOVA: F(2,6,)=24.07, P=0.001, P=0.025 with correction for
multiple comparisons Figure 3.8A). Furthermore, while we did observe an LPS-induced increase in STAT3
phosphorylation, Pioglitazone treatment had no effect on STAT3 phosphorylation relative to cells treated
with LPS alone (One-Way ANOVA: F(2,6,)=9.851, P=0.013, P=0.999 with correction for multiple
comparisons Figure 3.8B).

162

B

2.0

✱✱

P-PSTAT3 (Tyr705)/ STAT3

P-NFkB (Ser536)/ Total NfkB

A
✱

1.5
1.0
0.5
0.0
o
C

C

r
nt

ol

S
i
LP + P
S
LP

✱

1.0
0.8
0.6
0.4
0.2
0.0

o

Control

o
C

LPS

ro
nt

l

S
i
LP + P
S
LP

o

LPS + Pio

P-STAT3

STAT3
P-NFkB
NFkB
B-Tubulin

Figure 3.8. Pioglitazone inhibits NFkB activation. IMG cells were treated with either LPS (10ng/mL), or LPS(10ng/mL) and
Pioglitazone (10µM) for 24 hours, following exposure the expression and phosphorylation of NFkB and STAT3 were then
assessed by western blotting. A) Histograms show the expression of P-NFkB (Ser536), P-STAT3 (Tyr705) (B). Representative
western blot images depicting PGC1a, PPARy, and B-Tubulin are shown in (C). Western blot chemiluminescent signals were
quantified by densitometry and normalized to B-Tubulin, Phospho markers were additionally normalized to their
respective total protein (e.g., P-STAT3/STAT3, P-NFkB/NFkB). All data were analyzed using a One-Way ANOVA followed by
Bonferroni multiple comparisons test (n=3/condition). Asterisks denote statistical significance as follows: * p=<0.05, **
p=< 0.01, ***p<0.001. Values are expressed as arbitrary units as mean ± SEM of the ratio of Phospho-protein/Totalprotein. Asterisks denote statistical significance as follows: * p=<0.05, ** p=< 0.01, ***p<0.001.
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3.3.5 Pioglitazone treatment influences the microglial proteome
To further develop our understanding of the underlying molecular drivers of the anti-inflammatory activity
of Pioglitazone, we utilized a 10-plex TMT isobaric tag approach to study the protein profiles of untreated
(control) or cells treated with either LPS (10ng/mL) or both LPS and Pioglitazone (10µM) for 24 hours.
Differentially expressed proteins resulting from LPS exposure were analyzed via pairwise comparison of
LPS treated cells compared to controls (referred to as LPS Vs. Ctrl). Additionally, the effects of Pioglitazone
were analyzed via pairwise comparison of cells treated with LPS and Pioglitazone compared to cells
treated with LPS alone (referred to as LPS-Pio Vs. LPS). Following Benjamini-Hochberg correction, we
identified 69 differentially expressed proteins, with 48 downregulated and 21 upregulated, a list of the
top 25 altered proteins by adjusted p-value for LPS Vs. Ctrl can be seen in Table.3.1. Due to the low
number of significantly altered proteins, no canonical pathways were considered significantly activated
or inhibited (absolute Z-score >1.5). As such, we evaluated the directionality of genes in altered pathways
to infer direction LPS exposure resulted in the downregulation of proteins involved in AMP-activated
protein kinase (AMPK) signaling (AK2, CAB39, PFKL), protein kinase A (PKA) signaling (H1-0, MAPK3, MYL6,
PYGM), and glutathione biosynthesis (GCLM). To better understand the causative factors driving this
phenotype, we evaluated predicted upstream and causal regulators of the observed phenotype. However,
no significantly enriched upstream regulators were identified due to the low number of significantly
altered proteins.
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LPS Vs Ctrl
Gene symbol
Anp32b
Ptma
Ahnak2
Rps13
Gstp1
Gclm
Septin9
Snx6
Snrpa1
Nono
Idi1
Cct3
Ranbp2
Myl6
Anxa3
Blvrb
Snd1
Hist2h2ab
Pygm
Lman2
Agps
Ehd1
Adss
Abcf1
Mapk3

Gene name
Log FC
Adj.p.Val
Acidic leucine-rich nuclear phosphoprotein 32 family -0.4206536
member
0.0002
Uncharacterized protein (Fragment)
-0.5238631
0.0008
AHNAK nucleoprotein 2
-0.3852924
0.0009
40S ribosomal protein S13
-0.5061588
0.001
Glutathione S-transferase P
-0.2206004
0.0017
Glutamate--cysteine ligase regulatory subunit
-0.4276168
0.0019
Septin-9
-0.3251181
0.0026
Sorting nexin-6
-0.4205354
0.0034
U2 small nuclear ribonucleoprotein A
0.7742805
0.0062
Uncharacterized protein (Fragment)
-0.2555721
0.0065
Isopentenyl-diphosphate Delta-isomerase 1
-0.2386007
0.0073
T-complex protein 1 subunit gamma
-0.4155493
0.0076
E3 SUMO-protein ligase RanBP2
-0.6417126
0.0077
Myosin light polypeptide 6
-0.4505232
0.0077
Annexin A3
-0.3480478
0.0081
Flavin reductase (NADPH)
-0.4523708
0.0082
Staphylococcal nuclease domain-containing protein -0.2285326
0.0084
Histone H2A type 2-B
-0.6405061
0.0107
Glycogen phosphorylase, muscle form
-0.2734043
0.0108
Vesicular integral-membrane protein VIP36
0.4053039
0.0109
Alkylglycerone-phosphate synthase
-0.6981483
0.0112
EH-domain containing 1 (Fragment)
0.242018
0.0114
Adenylosuccinate synthetase isozyme 2
-0.4636975
0.0121
ATP-binding cassette sub-family F member 1
-0.6278943
0.0125
Mitogen-activated protein kinase
-0.3199483
0.0128

Table 3.1 Significantly altered proteins between LPS treated and Control cells (n=3/group)

Analysis of LPS-Pio Vs. LPS samples identified 51 upregulated and 20 downregulated proteins with an
adjusted p-value of p=<0.05, a list of the top 25 altered proteins by adjusted p-value for and LPS-Pio Vs.
LPS can be seen in Table.3.2. Analysis of significantly enriched pathways identified the activation of sirtuin
signaling (H1-0, MAPK3, SLC25A4, XRCC6), integrin-linked kinase signaling (FN1, MAPK3, MYL6) signaling,
and a prominent downregulation of hypoxia-induced factor 1 alpha (HIF1α) signaling (Figure3.9A). In
addition, causal network analysis predicted the activation of complement factor binding protein C1QBP
as a critical regulator of the anti-inflammatory effects of Pioglitazone on IMG cells (Figure.3.9B).
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LPS-Pio Vs LPS
Gene symbol
Septin9
Adss
Idi1
HSPA1A
Tpp2
Ide
Blvrb P
Farsb
Hnrnph3
Capza1
Ldha
Mapk3
Baz1b
H1-0
Anxa3
Capn2
Sgta
Raly
Api5
Ptma
Xrcc6
Sec31a
Rps6ka3
Aldh18a1
Myl6

Gene name
LogFC
Adj.p.Val
Septin-9
0.44591
0.0003
Adenylosuccinate synthetase isozyme 2
0.73473
0.0007
Isopentenyl-diphosphate Delta-isomerase 1
0.316221
0.0012
Heat shock protein 1-like protein
0.331999
0.0016
Tripeptidyl-peptidase 2
-0.38894
0.0019
Insulin degrading enzyme
0.633559
0.0024
Flavin reductase (NADPH)
0.530336
0.0031
B5 domain-containing protein
-0.59571
0.0035
Heterogeneous nuclear ribonucleoprotein H3
0.408912
0.0037
F-actin-capping protein subunit alpha
0.457739
0.0038
L-lactate dehydrogenase
-0.47026
0.0039
Mitogen-activated protein kinase
0.380441
0.0047
Tyrosine-protein kinase BAZ1B
0.572895
0.0049
Histone H1.0
0.823047
0.0049
Annexin A3
0.378043
0.005
Calpain-2 catalytic subunit
0.315996
0.0058
Small glutamine-rich tetratricopeptide repeat-containing protein -1.38503
0.006
RNA-binding protein Raly
1.224595
0.006
Uncharacterized protein
-0.70256
0.0061
Uncharacterized protein (Fragment)
0.371322
0.0068
X-ray repair cross-complementing protein 6
0.266896
0.0071
Protein transport protein Sec31A
-1.41174
0.0079
Rps6ka3 protein (Fragment)
-0.94735
0.0091
Delta-1-pyrroline-5-carboxylate synthase
0.485632
0.0093
Myosin light polypeptide 6
0.430046
0.0101

Table 3.2 Significantly altered proteins between LPS + Pio and LPS alone treated cells
(n=3/group).
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A

B

Figure 3.9. Pioglitazone treatment activates C1qBP signaling. A) Top 5 altered biological pathways by significance

identified by IPA analysis, based on differentially expressed proteins between LPS and LPS +Pio treated samples
(n=3/group) . B) Mechanistic network analysis of C1qBP as a causal regulator of changes in protein expression
seen in microglia treated with LPS + Pioglitazone. Upstream regulators were calculated by IPA from the
differentially expressed proteins between microglia treated with LPS +Pio or LPS alone (n=3/group).
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3.4 Discussion
As the resident immune cells of the CNS, microglia are critical drivers of neuroinflammation (Ní Chasaide
& Lynch, 2020). In recent years, their roles in the development of neurological diseases, and their potential
as therapeutic targets has received much research attention (Bachiller et al., 2018; Ng & Lee, 2019; M. C.
Scott et al., 2021). In Chapter 2, we identified dysregulated PPARγ and PGC1a signaling as predicted
master regulators of the chronic microglial activation and neuroinflammation that follow exposure to rmTBI. In the present study, we developed on these previous findings and generated an in vitro model of
microglial mediated neuroinflammation through which we could validate the previously identified targets
and evaluate the therapeutic potential of the potent PPARγ agonist pioglitazone. While several studies
have described the anti-inflammatory potential of Pioglitazone (Heneka et al., 2005; H. Ji et al., 2010), a
novel aspect of this study is that we utilized the recently developed immortalized microglial (IMG) cell line
initially developed and characterized by McCarthy and colleagues (2016). Akin to BV-2 and N9 microglial
cell lines, IMG microglia were immortalized through retroviral transduction of the same v-RAF and vmyc oncogenes. However, unlike the BV-2 and N9 cell lines which were derived from brain mononuclear
cells of embryonic mice (Blasi et al., 1990; Righi et al., 1989), IMG cells are derived from the brain of 8week-old C57BL6/J mice (McCarthy et al., 2016). IMG cells are reported to express markers such as CD11b
and F4/80, which are commonly used to identify primary adult microglia in vivo (Jurga et al., 2020;
McCarthy et al., 2016). Furthermore, while exhibiting comparable phagocytic capabilities to other
microglial cell lines, IMG cells have been shown to demonstrate a greater sensitivity to inflammatory
stimuli and have been suggested to model the in vivo microglial phenotype with greater fidelity (Guergues
et al., 2019; S. M. Kim et al., 2018; McCarthy et al., 2016, 2018). We believe that as the adult and
adolescent populations are at far greater risk of sustaining brain trauma, the use of in vitro models that
better recapitulate the in vivo phenotype of adult microglia will improve the translation relevance of these
preclinical studies (Dewan et al., 2019; Stansley et al., 2012; Timmerman et al., 2018).

To address the lack of available treatment options for those currently living with TBI-associated disability,
throughout this thesis, we focus on the efficacy of therapeutic intervention at the chronic stages of the rmTBI pathogenic cascade. During our transcriptomic analysis of microglia at chronic post-injury time
points, IPA upstream regulator analysis predicted that LPS, IFNγ, and TNFα were responsible for the
observed transcriptomic signature. As such, in the present study, we initially assessed the level of nuclear
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factor kappa B (NFκB) and signal transducers and activators of transcription 3 (STAT3) activation in
response to these pro-inflammatory stimulants. The NFκB family of molecules consists of five inducible
transcription factors, which together regulate the expression of several inflammatory and immune
response genes (Lawrence, 2009). Notably, NFκB is a key transcription factor regulating the adoption of
M1-like polarization state and the production of pro-inflammatory cytokines such as TNFα, IL1β, and IL-6
(Dorrington & Fraser, 2019; Parisi et al., 2016; N. Wang et al., 2014). Like NFκB, the activation of the STAT
family of transcription factors has also been heavily implicated in regulating pro-inflammatory microglial
responses in both acute brain injury and neurodegenerative disorders (Barrett et al., 2017; Eufemi et al.,
2015; Oliva et al., 2012; Zheng et al., 2021).

In our previous work (Chapter 2), we observed that microglia acutely isolated from the brains of mice
exposed to r-mTBI exhibited increased NFκB and STAT3 phosphorylation relative to sham animals. As such,
we believe these markers serve as a valid and efficient method to infer microglial inflammatory activation.
(Dorrington & Fraser, 2019; Parisi et al., 2016; N. Wang et al., 2014). In this study, we found that only LPS
was able to significantly increase NFκB and STAT3 activation at both 2 and 24 hours. While all these stimuli
have been shown to activate NFκB and STAT3, a potential explanation for the differences observed
between these stimulants is the use of fixed time points in this study. In preliminary work for this study,
we examined the inflammatory response of IMG cells to these stimulants from minutes to hours. As
microglia are highly responsive to their environment, they rapidly react to the presence of inflammatory
stimuli. Notably, in response to LPS exposure, we found a peak in NFκB activation within minutes of
exposure (Data not shown), while TNFα and IFNγ exposure took 1 and 4 hours to induce peak NFκB
activation, respectively, with STAT3 activation following at a later timepoint for each stimulant.
Furthermore, during preliminary work for this study, we identified a bi-phasic pattern of NFκB and STAT3
activation (Data not shown), with a prominent secondary peak occurring between 18-24 hours of
exposure. This biphasic response of inflammatory pathway activation has been observed in several in vitro
models following LPS exposure and is suggested to be induced following the production of inflammatory
mediators which propagate a secondary activation cascade (Connelly et al., 2001; Kitamura, 2009; Lajqi
et al., 2021; Shi et al., 2019; You et al., 2012; W.-J. Zhang et al., 2007). Due to the different temporal
responses of microglia to these stimulants, our rationale for selecting 2 and 24 hours was to avoid bias
towards anyone stimulant and to identify the potential effects of pioglitazone treatment on this secondary
activation phase. As such, it should be noted that the data shown in this study provide only a snapshot of
the microglial response to inflammatory stimulants. To address this limitation and provide a more
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comprehensive understanding of the temporal responses to pro-inflammatory stimuli, future studies
could implement the use of an NFκB-dependent luciferase reporter cell line (Zeuner et al., 2017).

As previously stated, PPARγ is a nuclear transcription factor that is well expressed in immune cells such as
microglia. As a nuclear transcription factor, PPARγ signaling has been implicated in several cellular
functions, including lipid and glucose metabolism, cell proliferation, and inflammation (Bright et al., 2008;
Gervois et al., 2000; Moraes et al., 2006; Semple, 2006; Shie et al., 2009; Y.-X. Wang, 2010). Our previous
investigation of microglial pathobiology following r-mTBI identified the downregulation of PPARγ and its
coactivator PGC1a as key mechanistic drivers of chronic microglial activation in the injured CNS.

To develop an in vitro model that recapitulates the impaired PPARγ signaling seen in vivo, we assessed
the effects of pro-inflammatory stimulants on PPARγ activity and expression. In agreement with our
transcriptomic analysis, we found that both PPARγ and PGC1a expression were decreased following
treatment with LPS and TNFa for 24 hours. Additionally, we also observed that exposure to proinflammatory stimuli prevented the nuclear translocation of PPARγ, which correlates with our findings of
reduced PPARγ transcriptional activity. In a systematic analysis of nuclear receptors in primary mouse
macrophages, Barish and colleagues (2005), reported comparable reductions in PPARγ expression
following LPS exposure, and a similar decrease in PPARγ expression and activity has been observed in
several studies of CNS and peripheral inflammation (Cai et al., 2018; Heming et al., 2018; HernandezQuiles et al., 2021; Moosecker et al., 2019; J. O. Ojo et al., 2020; Sagheddu et al., 2021; Thulasi Raman et
al., 2020; L. Wen et al., 2018; Xiao et al., 2020). While the exact mechanism driving the downregulation of
PPARγ expression and activity is still unclear, Shibuya and colleagues (2002) proposed that the increased
production of superoxide and Nitric oxide (NO) radicals in response to LPS, TNFα, or peroxynitrite
exposure results in the nitration of PPARγ tyrosine residues, preventing ligand interaction and subsequent
nuclear translocation. Furthermore, the authors noted that due to the central roles of PPARγ in
inflammation and immune responses, the suppression of PPARγ activity by ROS might promote chronic or
recurrent inflammation. Together these data support our hypothesis that impaired PPARγ signaling in
microglia is a critical driver of chronic dysregulated microglial activation and therefore represents a
promising therapeutic target to ameliorate CNS inflammation and improver-mTBI outcomes.
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After establishing a suitable platform to model microglia PPARγ dysregulation, we assessed the
therapeutic potential of Pioglitazone (a well-known PPARγ agonist) to ameliorate LPS-induced proinflammatory responses. We observed that pioglitazone treatment prominently inhibited NFκB activation.
With increasing awareness of the anti-inflammatory potential of PPARγ agonists such as Pioglitazone,
much importance has been placed on better understanding the mechanisms underlying their
neuroprotective properties. As a transcription factor, PPARγ activation has been shown to directly
influence gene expression (Viswakarma et al., 2010), with studies showing that PPARγ agonists increase
the expression of several anti-inflammatory genes such as IL-4, IL-10, and TGF-β (J.-H. Yeh et al., 2021; Q.
Zhao et al., 2016). In addition to their direct influence on gene expression, several reports have suggested
that PPARy activation may reduce inflammation through the inhibition of NFκB signaling, and several
mechanisms detailing this interference have been described in the literature (S. W. Chung et al., 2000;
Hou et al., 2012; Subbaramaiah et al., 2001; J. Zhang et al., 2016).

While Pioglitazone was effective in reducing NFκB activation, we observed no effect of pioglitazone
treatment on STAT3 activation following LPS exposure. The lack of a treatment effect on STAT3 activation
shown in this study contrasts with the findings of others who have demonstrated that studies have shown
that PPARγ activation has inhibitory effects on STAT3 signaling. These studies have suggested that
Pioglitazone may inhibit STAT3 signaling by regulating the expression of the suppressor of cytokine
signaling 3 (SOCS3) (H.-G. Ji et al., 2016; J. H. Yu et al., 2008). However, the complete mechanisms
underlying this interaction have not been well investigated. Pathway analysis of our proteomic data
identified IL-10, a cytokine with potent anti-inflammatory properties, as a top predicted upstream
regulator following Pioglitazone treatment. While studies have shown that PPARγ agonism increases IL10 expression (Ferreira et al., 2014; Q. Zhao et al., 2016), the binding of IL-10 to its receptor has been
shown to activate Janus kinase 1 (JAK1) and induce downstream STAT3 phosphorylation (Lang et al.,
2002). Interestingly, some studies have even suggested that STAT3 activation in response to IL-10 may be
a critical step in initiating anti-inflammatory response pathways (Cevey et al., 2019; Hutchins et al., 2013;
Iyer & Cheng, 2012; Kempuraj et al., 2016; L. Williams et al., 2004). While these data suggest that the
functions of STAT3 activation are context-dependent, its activation following pioglitazone treatment may
represent a transition towards an anti-inflammatory state. However, an investigation into antiinflammatory gene expression would be needed to confirm this hypothesis. In the present study we
investigated the effects of Pioglitazone treatment on the intracellular proteomic profile of microglia using
an unbiased TMT labeling approach. While the use of TMT labels has been shown to reduce variability
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between experiments (Casey et al., 2017), the untargeted approach used in this study may bias data
analysis towards proteins expressed at higher levels, potentially masking important changes in the
proteomic profile of these cells. To address this limitation, subsequent studies could implement the use
of more targeted approaches to identify specific changes, such as the production of cytokines (Flowers et
al., 2017). Additionally, future studies should incorporate analyses of the culture media to investigate the
effects of inflammatory stimuli and drug treatments on the microglial secretome as this may provide
critical insights into how drug treatments affect the secretion of factors (e.g., cytokines and growth
factors) which may influence the TBI pathogenic cascade (He et al., 2021; Tüshaus et al., 2020).

PPARγ regulates a vast array of genes (Costa et al., 2010), and while the potential of PPARγ agonism to
beneficially influence multiple aspects of the pathogenic cascades that mediate secondary injury supports
its therapeutic use in r-mTBI, dissecting the microglial specific effects of PPARγ agonism has thus far been
difficult to achieve in vivo. Therefore, to develop our understanding of how PPARγ agonism may
beneficially alter microglial pathobiology, we assessed changes to the microglial proteome following
Pioglitazone treatment under normal and inflammatory conditions. We observed that inflammation
markedly affected the expression of several proteins implicated in metabolic function and bio-energetic
homeostasis. Microglial metabolic activity is intricately linked with their function (Bernier et al., 2020;
Chausse et al., 2021), and it is well recognized that immunometabolic reprogramming is a hallmark of
microglial activation (Geric et al., 2019). In the healthy CNS, quiescent microglia are believed to rely
primarily on oxidative phosphorylation for ATP production (Kalsbeek et al., 2016; Lauro & Limatola, 2020).
However, under neuroinflammatory conditions, microglial activation by DAMPs has been shown to
upregulate the expression of GLUT1, increasing glucose uptake and promoting a shift towards glycolytic
metabolism (Lauro & Limatola, 2020). While glycolysis is less efficient at energy generation, producing
only two molecules of ATP per molecule of glucose compared to 36 generated by oxidative
phosphorylation (Z. Wang et al., 2020), glycolysis is approximately 100 times faster. This faster rate of ATP
production is thought to enable cells to rapidly generate the ATP needed to fuel the increased energy
demands associated with migration, phagocytosis, and cytokine production in response to brain trauma
or pathogen infiltration (Lauro & Limatola, 2020; Takeda et al., 2021). While research into the microglialspecific effects of r-mTBI on metabolic function is still in its infancy, mounting evidence suggests that
prolonged exposure to pro-inflammatory stimuli induces metabolic deficits in microglia (Baik et al., 2019;
Shippy & Ulland, 2020). Interestingly, bioenergetic deficits may not only be a consequence of
inflammation but may also contribute to chronic pro-inflammatory responses, with studies of in
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vitro microglia and peripheral macrophages showing that glucose availability and cellular glycolytic
activity influence pro-inflammatory gene and protein expression (Soto‐Heredero et al., 2020; Ulland et
al., 2017). Our proteomic analysis of LPS treated microglia supports the presence of a shift towards
glycolytic metabolism through the downregulation of AMP-activated protein kinase (AMPK) signaling.
AMPK is a key regulator of energy homeostasis (Jeon, 2016), and its downregulation has been shown to
occur under pro-inflammatory conditions as cells undergo metabolic reprogramming towards a glycolytic
state (C.-C. Chen et al., 2014; Fan et al., 2018; W. H. Lee & Kim, 2010; T. Xu et al., 2021).

Targeting immunometabolic deficits has been suggested as a promising therapeutic mechanism to target
microglia and promote their transition from pro-inflammatory towards an anti-inflammatory state (Afridi
et al., 2020; Devanney et al., 2020; Fairley et al., 2021). Interestingly, PPARγ agonism has been shown to
activate AMPK and restore energy homeostasis through the activation of catabolic pathways such as fatty
acid oxidation, mitochondrial oxidative phosphorylation, and the inhibition of anabolic pathways such as
HIF1α-mTOR signaling (W. H. Lee & Kim, 2010; Osman & Segar, 2016; Toobian et al., 2021; K. Yang et al.,
2015). In line with these studies, our proteomic analysis revealed a comparable downregulation in HIF1α
signaling following treatment with Pioglitazone (Figure.3.9A).Together these findings suggest suggesting
Pioglitazone treatment may metabolically reprogram microglia towards oxidative metabolism. Further
evidence of this metabolic shift in response to Pioglitazone treatment was observed through the
downregulation of proteins such as lactate dehydrogenase (LDHA), an enzyme that catalyzes the proglycolytic conversion of pyruvate to lactate (S. Sheppard et al., 2021; Yetkin-Arik et al., 2019). The
downregulation of LDHA is thought to inhibit glycolysis by shunting pyruvate into the mitochondrion
(Geric et al., 2019; A. Le et al., 2010), and interestingly, LDHA knockdown has been shown to suppress the
generation of LPS-induced expression of TNF-α, IL-6, and IL-1β supporting our hypothesis that PPARγ
activation will reduce microglial inflammation (J. Cheng et al., 2021).

Further evidence of the beneficial effects of PPARγ agonism on microglial immunometabolism can be seen
by the identification of mitochondrial complement 1q binding protein (C1qBP) as a predicted causal
regulator of the observed microglial phenotype. C1qBP is a multifunctional, multicompartmental protein
being implicated in inflammation and immune responses (Anders et al., 2018; Färber et al., 2009;
Ghebrehiwet et al., 2006), ribosomal biogenesis (Y. Li et al., 2011), apoptosis (Itahana & Zhang, 2008),
transcriptional regulation (Y. Wang et al., 2015), and mitochondrial health (Barna et al., 2019). While the
effects of mitochondrial C1qBP expression on microglial function have not yet been well investigated,
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evidence indicates that C1qBP expression is increased in microglia following activation, suggesting its
expression can be tailored to meet cellular energy demands (Fedorovich et al., 2017; Kalsbeek et al.,
2016). It has been hypothesized that C1qBP expression supports cellular metabolic health by protecting
mitochondria from damage by reactive oxygen species and increasing the rate of oxidative
phosphorylation through interactions with the pyruvate dehydrogenase complex (McGee & Baines, 2011;
Y. Wang et al., 2015). Together these results provide strong support to the idea Pioglitazone beneficially
influences microglial metabolic function, which may promote their transition towards an antiinflammatory state. However, it should be noted that while Pioglitazone treatment exhibits promising
effects on markers of inflammation and metabolic function, these data do not conclusively confirm that
Pioglitazone treatment can alter the immunometabolic phenotype of microglia. To address this caveat,
future studies could utilize more sophisticated techniques to assess microglial metabolic function. In
recent years, advances in metabolomics and the implementation of stable radio-isotope labeled glucose
has enabled researchers to monitor metabolic flux with high levels of sensitivity and specificity (Allen &
Young, 2020; Ragavan et al., 2021). Alternatively, the assessment of oxygen consumption rate (OCR),
extracellular acidification rate (ECAR), and ATP production would provide valuable information on
microglial metabolic activity (Montilla et al., 2020). Additionally, future studies could develop on the
findings presented in this study by implementing a multi-omic approach, pairing transcriptomic analysis
with metabolomics or proteomics to better investigate the interactions between microglial phenotypes
and their metabolic activity (di Filippo et al., 2022).

Another critical function of C1qBP is that it acts as a regulator of the complement system. The
complement system is a critical component of the innate immune response, enabling microglia to perform
diverse functions such as debris or pathogen phagocytosis and synaptic pruning. Furthermore, the
activation of the complement cascade has been implicated in several aspects of TBI pathogenesis and the
development of neurodegenerative disorders (Borucki et al., 2020; Hammad et al., 2018; Hong et al.,
2016; Mallah et al., 2021; Morgan, 2018; Schafer et al., 2012; Schartz & Tenner, 2020; Tenner, 2020;
Verboon et al., 2021; Zabel & Kirsch, 2013). The cognate ligand for C1qBP is complement component 1q
(C1q) which is well recognized as an initiating protein of the classical complement cascade (Hong et al.,
2016). C1q expression is dramatically increased following traumatic brain injury, with studies showing its
expression is predominantly localized to synapses where it acts to induce microglia to phagocytose the
synapse (Krukowski et al., 2018; Stevens et al., 2007). In our previous work (Chapter 2), we observed the
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progressive deterioration in markers of synaptic integrity following exposure to r-mTBI. While we did not
specifically evaluate C1q expression in the injured hippocampus, our transcriptome analysis indicated that
microglia in the injured brain show an increased expression of genes such as Gpnmb, Igf1, Lgals3, Fabp5,
and Lpl. These genes are highly expressed by a cluster of microglia in the developing brain and are thought
to mediate synapse elimination and circuit refinement (Hammond et al., 2019). However, as previously
described, it is thought that the dysregulated expression of these genes in DAM and MGnD may drive
cognitive impairment through aberrant synapse elimination (Butovsky & Weiner, 2018; Deczkowska et al.,
2018; Krasemann et al., 2017). C1qBP is known to bind to the globular head of C1q, thereby preventing
the activation of the complement cascade and preventing synapse elimination (Tahtouh et al., 2012).
Interestingly, using the JASPAR knowledge base, which uses known transcription factor binding sites to
predict gene targets, we found that C1qBP expression is regulated by PPARγ (Mathelier et al., 2014). This
finding suggests that C1qBP upregulation following Pioglitazone treatment may prevent microglialmediated synapse elimination following r-mTBI, preventing the development of cognitive impairment.

Together these data provide strong support for the therapeutic use of Pioglitazone in r-mTBI. However,
while these data offer valuable insights into the beneficial effects of Pioglitazone on microglial
immunometabolism, there are limitations to this study that we must acknowledge. Firstly, as previously
stated, we chose to establish our in vitro model using LPS, IFNγ, and TNFα as they were identified as
upstream regulators of the dysregulated microglial phenotype observed following r-mTBI. However, the
use of other well-established models of in vitro neurotrauma, such as those using barotrauma may further
increase the translational potential of this research. Additionally, In the present study, we opted to
implement the use of the IMG immortalized microglial cell line. Our rationale for using this cell line was
to support our aim of generating a high throughput platform through which we could screen candidate
therapeutic compounds. Immortalized cell lines are commonly implemented in preclinical research for
this task due to their relative low cost, ease of maintenance, and resilience to damage from repeated
passaging and freeze-thaw cycles during long-term storage. However, while microglial cell lines such as
the BV2 cell line have been shown to accurately recapitulate multiple microglial characteristics and
functions, immortalization has been shown to alter gene expression patterns that may alter the
immunological response to stimuli (Fridman et al., 2006). While a comparative analysis of gene expression
profiles between IMG microglia and primary microglia has not yet been performed, a comparison of the
commonly implemented BV2 microglial cell line and primary microglia performed by He and colleagues
(2018) identified that immortalized BV2 cells exhibited prominent alterations in genes related to
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transforming growth factor-beta (TGFβ) signaling and chemotaxis. Furthermore, the authors noted that
in response to LPS stimulation, BV2 cells exhibited a distinct profile of secreted pro and anti-inflammatory
mediators in comparison with primary microglia (He et al., 2018). We observed considerable similarity in
the activation of inflammatory response pathways such as NFκB and STAT3 presented in this study, and
those seen previously in primary microglia derived from injured mice (Chapter 2). However, the potential
influence of immortalization on immunological and inflammatory responses should not be ignored. As
such, data from all in vitro studies implementing the use of immortalized cell lines should be interpreted
with caution.

An additional caveat that should be acknowledged is that these experiments were performed using cell
culture medium containing fetal bovine serum (FBS). Serum is a crucial component of cell culture medium
providing a source of growth factors, hormones, and proteins. Cells grown under serum-free conditions
exhibit a reduced proliferative capacity and lower survival rates (Bohlen et al., 2017). However, several
disadvantages of the use of serum have been identified (Timmerman et al., 2018). Firstly, under normal
conditions, microglia are not exposed to serum, and cerebrospinal fluid (CSF) typically contains low
protein levels. Therefore, the use of serum-free culture conditions has been suggested to better
recapitulate the in vivo extracellular milieu compared to media containing serum (Montilla et al., 2020).
Furthermore, exposure to serum has been shown to alter microglial gene expression, with a study of
cultured primary microglia demonstrating that exposure to serum-containing media results in the
upregulation of genes related to cell-cycle progression and amino acid metabolism and the
downregulation of genes related to cytokine production and lipid metabolism (Bohlen et al., 2017).
Additionally, concerns have been raised regarding the consistency of serum constituents with the
potential of batch-to-batch variability thought to negatively affect experimental reproducibility
(Timmerman et al., 2018). Together, these findings suggest that the use of serum may affect the microglial
response to stimulants, and the results of studies using serum-containing media should additionally
confirm experimental results under serum-free conditions.

To improve the translational potential of this research, future studies should consider the use of cell
models that may more accurately recapitulate the in vivo phenotype. During our development of this in
vitro model, we did consider the use of primary microglia isolated from adult mice who had previously
been exposed to our r-mTBI paradigm (described in chapter 2). While the use of this methodology would
have added to the translational value of these data, our preliminary investigations observed that primary
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microglial cultures derived from adult animals showed a low proliferative capacity and were unable to
generate sufficient cell numbers needed to perform these studies. To address this limitation, future
studies should consider the use of microglia derived from embryonic (ESC) or induced pluripotent stem
cells (iPSCs). Microglia derived from iPSCs have been suggested as a viable means to study microglia in a
way that both preserves the in vivo microglial signature while offering the potential to generate a nearunlimited supply of cells, thereby enabling their use in high-throughput platforms such as the one
developed in this study (Haenseler & Rajendran, 2019; R. Xu et al., 2020). Additionally, reprogramming
terminally differentiated somatic cells from cells such as dermal fibroblasts would enable the comparison
of cells from both healthy human donors and individuals who express risk variant genes (Haenseler &
Rajendran, 2019; Hasselmann & Blurton‐Jones, 2020; McQuade et al., 2018; Piers et al., 2020; Takahashi
& Yamanaka, 2006). While it is clear that the use of iPSCs has tremendous potential to advance the
development of effective therapeutics for TBI and neurodegenerative diseases, stem cell technologies are
still in their infancy, and several caveats will need to be addressed to improve the translational relevance
of these models. Firstly, as the development of iPSCs is a relatively new technology, there is still much
debate on the optimal methodology to generate iPSC-derived microglia. The use of variable culture
conditions complicates the comparison of results across studies as they potentially generate cells that
display a distinct transcriptomic signature and functional characteristics (Timmerman et al., 2018).
Additionally, the use of iPSC models is limited in that although they may resemble microglia, it is essential
to remember that these cells have never been exposed to the CNS microenvironment (Hasselmann &
Blurton‐Jones, 2020). As such, this lack of exposure to environmental cues during differentiation and
development may affect the functional characteristics of microglia and their responses to stimuli (Baxter
et al., 2021; Hasselmann & Blurton‐Jones, 2020; Timmerman et al., 2018).

In conclusion, the work presented in this chapter supports our previous findings that dysregulated PPARy
signaling is a critical driver of microglial pathobiology. Additionally, these data support our hypothesis that
the activation of PPARy is a valid and potentially effective therapeutic target to ameliorate the chronic
neuropathological sequelae of r-mTBI. As such, in the next chapter, we will further develop the findings
of this study and investigate the potential of Pioglitazone to beneficially alter chronic microglial-specific
and whole-brain r-mTBI outcomes.
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CHAPTER 4: IN VIVO EVALUATION OF THE THERAPEUTIC EFFICACY OF
PIOGLITAZONE TO AMELIORATE DYSREGULATED MICROGLIAL ACTIVATION
IN THE CHRONIC AFTERMATH OF R -MTBI.

4.1 Introduction
Despite intensive research efforts, there are currently no safe and effective pharmacotherapeutic
interventions available to individuals living with TBI-related morbidities. As both military and civilian
populations are increasingly exposed to repetitive mTBIs, the need to identify effective therapeutic
targets with the potential to ameliorate the long-term neurodegenerative sequelae of r-mTBI is of great
importance. In chapter 2, we demonstrated that exposure to our novel 20-hit model of r-mTBI induces
chronic neuroinflammation and chronic cognitive impairment. Through comprehensive transcriptomic
analysis, we identified microglia as key cellular drivers of chronic TBI pathology. Furthermore, we
identified the peroxisome proliferator-activated receptor-gamma (PPARγ) as a master regulator of the
chronic metabolic deficits and pro-inflammatory responses of microglia in the injured brain. PPARγ and
its coactivator 1-alpha (PGC1a) are key regulators of lipid and glucose metabolism (Gervois et al., 2000;
Wang, 2010). More recently, the anti-inflammatory activity of PPARγ activation has received much
research interest. While the complete mechanisms underlying the anti-inflammatory activity of PPARγ
agonism has not yet been fully elucidated in the literature, several potential mechanisms have been
suggested, such as the PPARγ-mediated transrepression of the pro-inflammatory transcription factors
nuclear factor-kappa B (NFκB) (Ricote & Glass, 2007; Schnegg et al., 2012), the signal transducer and
activator of transcription (STAT) (Hoon Lee et al., 2005; Shipley, 2004; J. H. Yu et al., 2008), and the
recovery of cellular bioenergetic function (Semple, 2006).

In chapter 3, we further developed on these findings. We investigated the potential of the potent PPARγ
agonist pioglitazone to ameliorate PPARγ dysregulation in an in vitro model of microglial inflammation.
We found that activation of PPARγ by Pioglitazone could inhibit pro-inflammatory signaling cascades and
ostensibly promote the recovery of microglial glucose metabolism towards a quiescent state. Discovered
more than 40 years ago, Pioglitazone and other members of the thiazolidinedione (TZD) class act to
enhance insulin sensitivity in muscle and adipose tissue, inhibit gluconeogenesis in the liver and recover
glucose homeostasis (Colca, 2015). The activation of the PPARγ induces the transcription of several insulin
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sensitivity genes involved in controlling glucose and lipid production, transport, and utilization. As such,
they are commonly utilized to treat hyperglycemia, hyperinsulinemia, and hypertriglyceridemia
associated with type 2 diabetes mellitus.

While alternative agonists such as Rosiglitazone demonstrate a higher affinity for PPARγ, Pioglitazone has
a favorable pharmacokinetic profile in several respects. Firstly, Pioglitazone has a high absolute
bioavailability of 83% and is almost completely absorbed from the stomach and small bowel (96%)
(Maeshiba et al., 1997). Furthermore, Pioglitazone is rapidly absorbed in the GI tract (absorption rate (Ka)
constant of 0.04 to 1.17hr-1) and is detectable in serum at 30 minutes post-administration with maximal
serum concentrations (Cmax) reached in a median time of 1.5 hours. Data from single oral administration
studies have shown that Cmax and area under the curve (AUC) increase linearly with increasing dose, with
doses of 2 and 60 mg of Pioglitazone giving Cmax values of 101 to 3500ng/ml, respectively (Eckland &
Danhof, 2000). Pioglitazone has been reported to demonstrate far superior CNS penetrance compared to
other TZDs, such as Rosiglitazone which have almost no ability to enter the CNS (Saunders et al., 2021).
Preclinical evidence from studies performed in adult rhesus monkeys have reported that treatment with
5mg/kg/day pioglitazone for seven days resulted in CSF concentrations reaching 50.53 ± 23.92 ng/ml (C.
R. Swanson et al., 2011). Lastly, while Pioglitazone has a mean serum half-life of 3-7 hours, multiple
hydroxy and keto-derived metabolites have been shown to remain pharmacologically active as antidiabetic agents with an extended serum half-life of approximately 16-24 hours.

Through proteomic analysis, we identified that in addition to PPARγ, Pioglitazone activated several PPARγindependent pathways implicated in bioenergetic function. As the secondary injury cascade that follows
r-mTBI is multifaceted, the potential of Pioglitazone to beneficially alter multiple pathways may represent
an effective approach to improve TBI outcomes (Somayaji et al., 2018). The therapeutic potential of both
natural and synthetic PPARγ agonists has been suggested in several models of CNS injury (G. Luo et al.,
2021; Mandrekar-Colucci et al., 2013; Tureyen et al., 2006; Y. Zhao et al., 2005), and neurodegeneration
(Cippitelli et al., 2017; Combs et al., 2000; Hanyu et al., 2009; Heneka et al., 2005; M. A. Khan et al., 2019;
J. Liu et al., 2015; Sato et al., 2011; Sundararajan et al., 2006). However, the vast majority of studies
investigating Pioglitazone in TBI have been performed using more severe injury models such as CCI or FPI
which do not accurately model mild TBI neuropathology (Bodnar et al., 2019; Das et al., 2019; Hubbard et
al., 2021; Thal et al., 2011). Very few studies have investigated the therapeutic potential of Pioglitazone
in models of repetitive mTBI or with treatment beginning at the chronic stages of injury (McGuire et al.,
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2019; S. P. Patel et al., 2017; Sauerbeck et al., 2011). We believe this focus on delayed treatment has high
translational potential to benefit the ever-increasing number of people currently living with TBI-related
morbidity.

In this chapter, we examine if targeting PPARγ is effective in ameliorating the chronic cognitive
impairment and neuroinflammation in animals exposed to r-mTBI. Herein, we explore two treatment
paradigms to investigate the therapeutic potential of Pioglitazone. As we identified PPARγ signaling
deficits at three months post-injury, we first evaluated the potential of a low dose short-term (14-day)
treatment of Pioglitazone in ameliorating TBI- induced PPARγ dysregulation and neuropathology in this
time-window. We also noted that the deficiencies in PPARγ signaling persisted from 3 to 6 months postinjury. Therefore, we next investigated a daily chronic treatment paradigm beginning at three months
post-injury and lasting until six months post-injury. Following our previous transcriptomic analysis of
isolated microglia derived from injured mice, we hypothesized that chronically dysregulated PPARγ
signaling in microglia promotes chronic neuroinflammation and cognitive impairment. Therefore,
Pioglitazone treatment would restore PPARγ signaling in microglia in the injured brain. Additionally, we
hypothesized that Pioglitazone treatment would ameliorate microglial pathology by restoring metabolic
deficiencies and reversing the pro-inflammatory repetitive injury-associated phenotype, thereby
preventing progressive cognitive impairment in injured mice.

4.2 Methods
4.2.1 Animals
Male C57BL6J mice at 12 weeks of age were obtained from Jackson laboratories (Bar Harbor, ME). Mice
were housed in groups of three to four per cage under standard laboratory conditions (23˚C ± 1˚C, 50±5%
humidity, 14-hour light/ 10- hour dark cycle) with ad libitum access to food and water throughout the
study. All procedures involving mice were carried out under Institutional Animal Care and Use Committee
approval and in accordance with the National Institute of Health Guide for the Care and Use of Laboratory
Animals.

4.2.2.Experimental design
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In experiment 1, a total of 24, 12-week-old C57BL/6J mice were randomly assigned to one of four groups
(n=6/group): repetitive sham/vehicle, repetitive sham/Pioglitazone, repetitive TBI/vehicle, and repetitive
TBI/Pioglitazone. The r-mTBI paradigm, consisting of 20 r-mTBI exposures with a 24-hour inter-injury
interval was administered as previously described in chapter 2. To control for the effects of repeated
anaesthesia, mice assigned to the sham group underwent the same anaesthesia protocol but did not
receive injury. Following completion of the injury phase, mice were left to age for 10 weeks at which point
mice in the pioglitazone treated groups had their standard laboratory mouse chow exchanged for food
containing 12.5ppm Pioglitazone hydrochloride. Mice were treated with Pioglitazone or vehicle chow for
14 days and were subsequently euthanized for pathological and biochemical analyses. All mice were
euthanized within 24 hours of the final day of treatment, a graphical representation of the study timeline
is depicted in Figure 4.1.

1 month
C57BL/6J
12 weeks old
(n=6/group)

20 r-mTBI/ r-Sham
1 hit /24h

3 months

Euthanasia
Pioglitazone
treatment
14 days

Figure 4.1 Experimental timeline of Experiment 1. C57BL/6J background mice at 12 weeks of age received 5 injuries per
week (Monday – Friday) for one month with an inter- injury interval of 24 hours. Control mice “r-Sham” did not receive
brain injuries but were exposed to anesthesia for the same length of time as injured mice. At 10 weeks post last injury,
mice in the treated groups had their standard laboratory mouse chow exchanged for chow containing Pioglitazone at
12.5ppm for 14 days.
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Experiment 2 was performed on an independent cohort of mice as depicted in Figure 4.2. Briefly, a total
of 72, 12-week-old C57BL/6J mice were randomly assigned to one of six groups (n=12/group): repetitive
sham/vehicle, repetitive sham/Pioglitazone low dose, repetitive sham/Pioglitazone high dose, repetitive
TBI/vehicle, repetitive TBI/Pioglitazone low dose, repetitive TBI/Pioglitazone high dose. The r-mTBI
paradigm, consisting of 20 r-mTBI exposures with a 24-hour inter-injury interval was administered as
previously described in experiment 1 and chapter 2. After exposure to r-mTBI, mice were left to age for 3
months at which point mice in the pioglitazone treated groups had their standard laboratory mouse chow
exchanged for food containing 12.5ppm (Low dose) or 50ppm (High dose) Pioglitazone hydrochloride.
Mice were treated with Pioglitazone or vehicle chow for 3 months, 7 days before the completion of
treatment (6 months post last injury) all mice were assessed for spatial learning and memory function
using the Barnes Maze as described in chapter 2. Following euthanasia, animals were processed for use
in neuropathological and biochemical analysis (6-8/group) or processed for microglial isolation (4/group)
as described in chapter 2 to interrogate microglial specific effects of treatment.

6 months

1 month

C57BL/6J
12 weeks old
(n=12/Group)

Euthanasia
7 Days

20 r-mTBI / r-Sham
1 hit /24h

Barnes
Maze
3 months

3 months Pioglitazone Treatment

Figure 4.2 Study timeline and experimental procedures in Experiment 2. C57BL6/J background mice at 12 weeks of age received 5
injuries per week (Monday – Friday) for one month with an inter- injury interval of 24 hours. Control mice “r-Sham” did not receive
brain injuries but were exposed to anesthesia for the same length of time as injured mice. At three months post last injury, treated
mice received Pioglitazone treated chow at either 12.5 or 50ppm for three months. 7 days before the completion of treatment, mice
were assessed for spatial learning and memory function using Barnes maze.
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4.2.3 Injury protocol
R-mTBI was performed similar to that previously described by (Mouzon et al. 2012, 2014; Tzekov et al.
2014, 2016; Ojo et al. 2015). Briefly, all mice were anesthetised with 1.5L/min of oxygen and 3% isoflurane
prior to r-mTBI or sham injury. Following confirmation of the appropriate plane of anaesthesia mice had
their head shaved but no incisions were made. Mice were subsequently placed in a stereotaxic frame (Just
for Mice™ Stereotaxic, Stoelting, Wood Dale, IL) mounted with an electromagnetic controlled impact
device (Impact OneTM Stereotaxic Impactor, Richmond, IL). The stereotaxic frame was fitted with a
heating pad to maintain body temperature at 37˚C and non-invasive rubber pads were fixed in place either
side of the head to prevent lateral movement during impact. A 5mm blunt metal impactor tip was
positioned above the sagittal suture before each impact, injury was delivered to the closed skull with an
impact velocity of 5m/s, strike depth of 1.0mm, with a dwell time of 200ms; the force applied to the
mouse head at the time of impact is approximately 72N under these conditions. All mice experienced
short-term apnoea (<20 sec) and showed no presence of skull fractures. All mice were then allowed to
recover on a heating pad until the mouse became ambulatory, and subsequently returned to their cages
with access to soft food and water. Throughout the injury protocol and following injury, mice were
monitored daily for any health concerns or behavioral abnormalities.

4.2.3 Drug Treatments
Pioglitazone hydrochloride (#P1901) was purchased from TCI America and processed into standard soy
protein free rodent chow (#TD190035) (Teklad, Envigo) at 12.5 and 50ppm. Following treatment, all
animals were euthanized 24 h after the final administration.

4.2.4 Assessment of cognitive function
Barnes maze (BM) was performed to assess spatial learning and short-term memory. Beginning 7 days
before the start of the BM trials, mice were handled daily to reduce the potential effect of novel stressors
on mouse behavior. BM was initiated 8 days before euthanasia and lasted for 7 consecutive days. During
each day of Barnes maze testing all mice were carefully transferred from the vivarium to the behavioural
analysis suite, at which point the cages were left undisturbed for 30 minutes to allow the animals time to
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recover from stress. As mice are nocturnal animals behavioural testing was started in the early morning
(Before 8am) to reduce any effect of fatigue on behaviour. Additionally, behavioural testing began at the
same every morning throughout the study. The walls of the BM room were equipped with visual spatial
cues which were kept constant for all 7 days, room lighting, and motivation to escape the maze was
provided by high intensity LED floodlights and again were kept constant across all 7 days of testing. For
the first 6 days (Acquisition phase), animals were trained to locate a target hole with a black escape box
securely fixed underneath. The BM table was a white polymer table 1.2 meters in diameter with 18 equally
spaced holes around its perimeter. Before beginning behavioural analysis, a still image of the BM table
was taken and stored in the Noldus Ethovision XT visual tracking software. A mask was generated defining
the target hole and all incorrect holes. This mask was overlayed onto live camera image to enable the
quantification of number of errors. To enable reliable quantification of the distance travelled and
cumulative distance, before starting behavioral analysis a pixel to cm ratio was calculated and stored in
the Noldus Ethovision XT visual tracking software. Pixel to cm scale calibration was performed by taking
still images of a 1 meter measuring stick and calculating the length of the measuring stick in pixels. To
confirm the accuracy of this ratio, the measuring stick was rotated 90o and the scale calibration was
performed again. The magnification, focus, and scale calibration were kept constant for all tests. Mice
performed 4 trials per day during the acquisition phase, each lasting 90 seconds. The starting position of
each trial was rotated, beginning at one of four cardinal positions (North, East, South, West) of the maze
rotating clockwise. If an animal was unsuccessful in locating or escaping the maze, animals were gently
guided to the target hole by hand. Regardless of success, all mice spent 30 seconds in the escape box
before returning to their cage. On day 7 (Probe phase), the escape box was removed, mice were placed
in the middle of the maze and had 60 seconds to locate the correct hole. The table and escape box were
cleaned thoroughly using a quatricide disinfectant and deodorant between every trial to prevent
inference from the odor of urine or pheromones from other mice. After disinfecting, the table was dried
using paper towels.
The cumulative distance from the target hole, total distance travelled, time to find the target hole, time
to escape the maze, number of errors, and mouse velocity were all recorded using an overhead camera
and calculated using the video assisted tracking software, Noldus Ethovision XT. All behavioral data was
quantified using Noldus Ethovision XT software. Cumulative distance is measured as the sum of the
distance between the center point of the mouse and the center of the target hole over each trial,
measurements were conducted 30 times per second. This distance stops accumulating either when the
90 second time limit was reached or when the mouse entered the target box (escaping the maze). Time
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to find the target hole is measured as the time taken for the nose of the animal to enter the masked area
of the target hole, images were taken 30 times per second for the entirety of the 90 second trial. Number
of errors was defined as the number of times the nose of the mouse enters the masked area of any
incorrect hole. All data were further processed for statistical analysis using GraphPad Prism Version 8.0
(GraphPad Software, Inc., CA, USA).
Data obtained from the acquisition phase were assessed for normal distribution using the Shapiro-Wilk
normality test. Data were then analyzed statistically using a repeated measures (RM) Three-Way ANOVA.
If significant effects (p=<0.05) were observed, post-hoc analysis was performed using a Bonferroni test
with correction for multiple comparisons. Data from probe testing were again assessed for Gaussian
distribution and were then compared statistically using a Two-Way ANOVA and a post-hoc Bonferroni test
with correction for multiple comparisons.

4.2.5 Euthanasia
All mice receiving treatment were euthanized within 24 hours of the final day of treatment. Mice were
anesthetised with 1.5L/min of oxygen and 3% isoflurane, following confirmation of the appropriate plane
of anaesthesia mice were then perfused transcardially with chilled (4 ˚C) phosphate-buffered saline (PBS),
pH 7.4. Following perfusion, brains were either placed in a sterile petri dish on ice for glial isolation, postfixed in a solution of 4% paraformaldehyde (PFA) at 4˚C for 48 hours and paraffin-embedded for
immunohistochemistry, or flash frozen in liquid nitrogen for biochemical analysis.

4.2.6 Tissue processing and immunohistochemistry

Brain samples fixed in PFA were paraffinized using the Tissue-Tek VIP (Sakura, USA). Sagittal sections were
cut at 6µm using a Leica RM2235 microtome and mounted on positively charged glass slides. Prior to
staining, sections were deparaffinized in xylene and rehydrated in sequential ethanol solutions of
decreasing concentration.
Immunohistochemical staining for Iba1 and GFAP: Reactive microglia and astrocytes were stained using
anti-Iba1 (WAKO) and anti-GFAP (DAKO) antibodies respectively. Following tissue rehydration, slides were
submerged in hydrogen peroxide for 15 minutes to remove endogenous peroxidases, followed by antigen
retrieval in citric acid buffer (pH 6.0). Slides were then blocked with normal serum raised in the species
appropriate to the secondary antibody at room temperature for 1 hour and subsequently incubated with
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primary antibody (Iba1 -1:1000, GFAP- 1:5000) at 4˚C overnight. The next day, slides were washed three
times in PBS and incubated with their respective secondary antibody (VectaSTAIN ABC Kit) and developed
using 3,3′-Diaminobenzidine (DAB).

4.2.7 Imaging
Imaging of non-fluorescent samples stained for Iba1 and GFAP was performed on an Olympus DP72
microscope at 20X magnification for the cortex and hippocampus, and 40X magnification for the corpus
callosum. Three non-overlapping regions of interest (ROI) per section (4 non-consecutive sections
/animal) were selected for the hippocampus, the body of the corpus callosum, and the cortex (under the
injury site). ROI were selected in identical regions of the brains regardless of the presence or absence of
any pathological signs. Image analysis and quantitation of Immunoreactivity DAB-stained sections was
performed using ImageJ (NIH, Bethesda, MD, USA). Briefly, red, green, blue (RGB) images were analysed
using the optical segmentation tool in ImageJ whereby images were separated into individual colour
channels (haematoxylin counterstain and DAB chromogen) using a colour deconvolution algorithm
(Ruifrok & Johnston, 2001). A semi-automated RGB histogram-based protocol was used to determine the
segmentation (threshold settings) for immunoreactivity for each antibody. Once set, the threshold
settings were kept the same to analyse the % immunoreactive area of each image and the mean value for
each animal was used for further statistical analysis.
All data were further processed for statistical analysis using GraphPad Prism Version 8.0 (GraphPad
Software, Inc., CA, USA). All immunoblotting data were assessed for Gaussian distribution using the
Shapiro-Wilk normality test. Data were then analyzed statistically using a Two-Way ANOVA. If significant
effects (p=<0.05) were observed, post-hoc analysis was performed using a Bonferroni test with correction
for multiple comparisons.

4.2.8 Microglial Isolation
Following transcardial perfusion with chilled (4˚C) PBS during euthanasia, mice were decapitated, the
brain was removed, rinsed in 4˚C PBS, and placed into a petri dish on ice. Enzymatic tissue digestion was
performed using the Adult Brain Dissociation Kit (130-107-677, Miltenyi Biotec). Briefly, after removing
186

the meninges, the brain was cut into small pieces using a sterile scalpel blade, and samples were
transferred to a 15ml falcon tube where 1950 μL of enzyme mix 1 (enzyme P and buffer Z), and then 30 μL
of enzyme mix 2 (enzyme A and buffer Y) were added, brains were incubated in the enzyme mix for 30
minutes. Brains were then further digested using repeated trituration. Samples were briefly centrifuged
and filtered through a 70µm cell strainer to achieve a single cell suspension. Single cells were resuspended
in 900µL of Debris removal solution and mixed with 3.1mL of PBS containing 0.5% fetal bovine serum (FBS)
(PB-buffer), samples were then transferred to a fresh 15mL falcon tube and 4ml of PB buffer was carefully
overlayed. Samples were then centrifuged at 3000XG for 10 minutes. Cells were rinsed with PB buffer to
remove any remaining debris removal solution and centrifuged for a further 10 minutes. The supernatant
was aspirated, and cells were labelled with anti-CD11b magnetic particles for 10 minutes at 4˚C, the
sample was then loaded onto a pre-conditioned LS separation column and rinsed three times to remove
unlabelled cells. To elute CD11b +ve cells, the LS column was removed from the magnet and PB buffer was
used to elute the sample. Enriched CD11b+ve cells were briefly centrifuged and either directly
homogenised in mammalian protein extraction reagent (MPER) (ThermoFisher) supplemented with
proteinase and phosphatase inhibitors for immunoblotting and cytokine quantification, or further
processed to extract nuclear proteins for PPARy transcriptional activity.

4.2.9 Immunoblotting
For immunoblotting analysis, hippocampi (n=5-6/condition) or isolated CD11b cells (n=4/condition) were
homogenized in 250µL of MPER supplemented with protease and phosphatase inhibitors (ThermoFisher)
using a probe sonicator.
Homogenized samples were centrifuged at 21,000xG for 20 minutes at 4˚C, and the supernatants were
transferred to a fresh Eppendorf tube. Supernatant fractions were denatured by boiling at 95 ˚C for 10
minutes in Laemmli buffer (Bio-Rad) containing β-mercaptoethanol. Samples were then resolved on a 415% gradient polyacrylamide criterion gel (Bio-Rad). Proteins were the transferred to a Polyvinylidene
Fluoride (PVDF) membrane (BioRad) overnight at 90mAh. Transferred membranes were blocked in a 5%
non-fat milk buffer in Tris-buffered saline (TBS) containing 0.05% sodium azide (NaN3) for one hour at
room temperature and then incubated with different target specific primary antibodies overnight (Table
2.1). Membranes were washed three times in TBS and probed with horseradish peroxidase-linked
secondary antibodies . Membranes were briefly incubated in SuperSignal West Femto (ThermoFisher), or
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Pierce ECL western blotting substrate (ThermoFisher) and quantified by chemiluminescence imaging using
a ChemiDoc XRS (BioRad Laboratories, CA, USA).
Quantification of immunoblot densitometry was performed using the band analysis tools of Image Lab
(BioRad Laboratories, CA, USA) image analysis software (Version 6.0.1). All western blot images were
assessed for signal saturation before analysis, and a non-saturated image with minimal background was
selected for analysis from all groups. Briefly, regions of interest of equal size were drawn around each
sample lane across the band. The global background tool was used to determine the backgroundsubtracted density (referred to as adjusted value) of each region of interest in all blots. The adjusted value
was used for further analysis. While equal concentrations of protein were loaded to each well, following
probing of target proteins, anti-actin or anti-tubulin were used as “house-keeping” proteins to normalise
data and signal intensity ratio. To calculate the ratio of phosphorylated to total target protein, the
normalized phosphorylated values were divided by their respective total protein values. The normalized
values for each target protein were used for further statistical analysis. All data were further processed
for statistical analysis using GraphPad Prism Version 8.0 (GraphPad Software, Inc., CA, USA). All
immunoblotting data were assessed for Gaussian distribution using the Shapiro-Wilk normality test. Data
were then analysed statistically using a Two-Way ANOVA. If significant effects (p=<0.05) were observed,
post-hoc analysis was performed using a Bonferroni test with correction for multiple comparisons.

4.2.10 Cytokine quantification ELISA
Cytokine levels from isolated CD11b+ve cells (N=4/group) (Experiment 2) were analysed using the V-PLEX
proinflammatory Panel 1 mouse cytokine kit (MSD, Rockville, MD) according to manufacturer’s
instructions. While this technique has been used to quantify cytokine concentrations in protein
supernatants derived from brain tissues in models of experimental brain trauma (Giarratana et al., 2020),it
should be noted that this technique was initially designed to evaluate cytokine biomarkers in cell culture
supernatants, serum, plasma, and urine. As such, some concerns have been raised regarding the potential
interference of the experimental data by matrix effects resulting from the use of tissue supernatant. To
account for these potential confounding matrix effects the samples were diluted 2-fold in the
manufacturer supplied diluent buffer prior to use in the MSD, the same diluent buffer used to generate
the standard curve. Diluted samples were added to the plate and incubated at room temperature for 2
hours. Wells were washed to remove unbound analyte; secondary antibody was then added, and the
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samples left to incubate at room temperature for one hour and quantified using the MESO QuickPlex
SQ120 plate reader. Following quantification, all data were normalised to protein content of sample
lysates, determined by Bicinchoninic acid protein assay (ThermoFisher, Waltham, MA).
All data were further processed for statistical analysis using GraphPad Prism Version 8.0 (GraphPad
Software, Inc., CA, USA). Data were first assessed for Gaussian distribution using the Shapiro-Wilk
normality test. Data were then analysed statistically using a Two-Way ANOVA. If significant effects
(p=<0.05) were observed, post-hoc analysis was performed using a Bonferroni test with correction for
multiple comparisons. Cytokine data are presented as mean ± SEM pg/mg protein.

4.2.11 Nuclear protein isolation
Nuclear protein isolation was performed using the NE-PER nuclear and cytoplasmic extraction reagent kit
(Thermo Scientific) according to manufacturer instructions. Hippocampi and isolated CD11b+ve cells were
homogenised in 800 and 200 µL of ice-cold cytoplasmic extraction reagent 1 (CER1) respectively, CER1
was supplemented with proteinase and phosphatase inhibitors (Thermo Scientific). Ratios of CER1:CER2:
NER were kept constant at 200:11:100 µL for different tissue types. Samples were then mixed vigorously
and incubated on ice for 10 minutes. 11 µL cytoplasmic extraction reagent 2 (CER2) per 200 µL CER1 was
added to all samples and were subsequently vortexed and centrifuged at 16,000 x G for 5 minutes at 4 ˚C
to separate nuclear and cytoplasmic proteins. The supernatant (cytoplasmic fraction) was transferred to
a fresh tube and stored at -80 ˚C. The pellet (nuclear fraction) was re-suspended in 100 µL of chilled
nuclear extraction reagent (NER) per 200 µL CER1 and incubated on ice for 40 minutes with intermittent
mixing (15 seconds every 10 minutes). The nuclear fraction was then centrifuged at 16,000 x G for 10
minutes at 4 ˚C to remove insoluble material, the supernatant was transferred to a fresh tube and stored
at -80 ˚C until use. Both nuclear and cytoplasmic fractions were quantified for protein content using
Bicinchoninic acid (BCA) protein assay kit (ThermoFisher, Waltham, MA).

4.2.12 PPARγ Transcriptional activity assay
Analysis of PPARγ transcriptional activity was assessed using PPAR gamma Transcription Factor Assay Kit
(ab133101, Abcam) and nuclear extracts of primary CD11b+ve cells, and hippocampi as described above.
Assay was performed according to manufacturer instructions. 90 µL of complete transcription factor
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binding assay buffer (CTFB) and 10 µL of sample nuclear extracts was added to each well (90 µL of CTFB
and 10 µL of manufacturer supplied positive control sample was added to control wells). Samples were
incubated overnight at 4 ˚C, the following morning wells were washed five times with 200 µL of 1X wash
buffer and 100 µL of PPARγ primary antibody was added to appropriate wells. Samples were incubated
with primary antibody for one hour at room temperature without agitation, then washed five times with
200 µL of 1X wash buffer. 100 µL of secondary was then added to appropriate wells, followed by a onehour incubation at room temperature. Samples were again washed five times with 200 µL of 1X wash
buffer and 100 µL of developing solution was added to all wells. Samples were incubated in the dark for
45 minutes at room temperature and 100 µL of stop solution was added to all wells and were immediately
read at 450nm using a Cytation 3 (Biotek, Winooski, VT) plate reader. Following quantification, all data
were normalised to protein content of sample lysates, determined by Bicinchoninic acid (BCA) protein
assay (ThermoFisher, Waltham, MA). Samples were then further normalized to sham vehicle treated
controls to calculate transcriptional activity as a % of control.
All data were further processed for statistical analysis using GraphPad Prism Version 8.0 (GraphPad
Software, Inc., CA, USA). Data were first assessed for Gaussian distribution using the Shapiro-Wilk
normality test. Data were then analysed statistically using a Two-Way ANOVA. If significant effects
(p=<0.05) were observed, post-hoc analysis was performed using a Bonferroni test with correction for
multiple comparisons. PPARγ transcriptional activity data are presented as mean % of control ± SEM.

4.3 Results
4.3.1 Dose calculation
Pioglitazone is currently licensed to treat type 2 diabetes mellitus (T2DM) and is prescribed at doses
ranging between 15mg and 45mg per day (Aronoff et al., 2000). In the present study, we modeled the
selected doses based on those used clinically by converting the human dose to a mouse equivalent dose
(Nair & Jacob, 2016). In experiment 1 (Figure 4.4-4.8), mice were treated with 12.5ppm pioglitazone/kg
rodent chow, and in experiment 2 (Figure 4.9-4.14), mice were treated with either 12.5mg or 50mg
pioglitazone/kg rodent chow, estimating an average food intake of 4g/mouse/day (Bachmanov et al.,
2002). We calculated that mice received a dose of 2mg/kg/day or 8mg/kg/day, equivalent to a human
dose of 9.72 and 38.88 mg/day, respectively (Figure 4.3).
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Formula for human equivalent dose translation based on BSA

HED (mg/kg) = Animal dose (mg/kg) x (

Animal Km
Human Km

)

Figure 4.3 Calculation of Pioglitazone human equivalent dosage. Human equivalent dosage of Pioglitazone was
calculated based on body surface area (BSA), as described by Nair (2016). The correction factor (Km) is calculated by
2

dividing the average body weight of each species by its body surface area (m ). 60 kg was used as the reference human
bodyweight and 30 grams (0.030kg) for mouse reference body weight.

4.3.2 Experiment 1- Short term treatment with pioglitazone treatment reduces Iba1 but not
GFAP immunoreactivity in the corpus callosum
While the primary aim of this study was to evaluate the efficacy of Pioglitazone to ameliorate microglial
dysfunction at six months post-injury, we first investigated a short-term treatment strategy to determine
if Pioglitazone treatment could reduce r-mTBI neuropathology. At ten weeks post the last injury, mice
were treated with 2mg/kg/day pioglitazone for 14 days. Following euthanasia, brain tissue from all groups
was processed and stained with the reactive microglia (Iba1) and astrocyte (GFAP) markers to assess the
effect of r-mTBI and Pioglitazone on inflammatory glial markers associated with exposure to r-mTBI.
In the corpus callosum (CC), r-mTBI induced a prominent increase in Iba1 reactive area relative to sham
vehicle treated controls (Percent area: r-mTBI Vehicle 6.45% ±2.43 Vs Sham Vehicle 2.92% ±1.10, Twoway ANOVA: main effect of injury F(1,20) =52.14, p =<0.001, main effect of treatment F(1,20) =7.510, p
=0.013, injury treatment interaction F(1,20) =6.984, p =0.017, p=<0.001 with correction for multiple
comparisons (Figure 4.4B). Post hoc analysis indicates that Pioglitazone successfully mitigated this injury
induced reactive microgliosis (r-mTBI Pioglitazone 4.74% ±1.79 Vs r-mTBI vehicle 6.45% ±2.43, p=0.006
with correction for multiple comparisons).

Iba1+ve cells in the CC of sham animals were characterized by a small soma with several highly ramified
processes, suggesting a resting morphology. In contrast, qualitative analysis of Iba1+ve cells in the CC of
animals exposed to r-mTBI indicated microglia had a more amoeboid-like morphology with fewer but
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thicker processes and a swollen cell body. Furthermore, while we observed no gross morphological
changes in Iba1+ve cells between Pioglitazone treated and vehicle-treated sham animals, qualitative
analysis of injured mice who received Pioglitazone treatment exhibited a less amoeboid-like shape, with
longer processes and a less intense Iba1 staining in the soma relative to r-mTBI vehicle-treated animals.
A similar injury-dependent increase in Iba1 reactivity was observed in the hippocampus (Two-way ANOVA:
main effect of injury F(1,20) =19.98, p =<0.001, p=<0.001 with correction for multiple comparisons (Figure
4.4C). Again, microglial morphology was markedly altered between vehicle-treated r-mTBI and sham
mice, with Iba1+ve cells from injured mice appearing to have a more hypertrophic or “bushy” shape. While
statistical analysis indicated no significant main effect of treatment (main effect of treatment (F(1,20)
=1.338, p =0.261), we found a significant injury treatment interaction (injury treatment interaction F(1,20)
=12.17, p =0.002), and post-hoc analysis identified a significant reduction in Iba1 reactive area in the
hippocampus of Pioglitazone treated mice relative to injured mice who received vehicle treatment
(p=0.029). This reduced immunoreactivity was also accompanied by morphological changes, with
microglia in treated mice showing a more quiescent morphology.

We also observed a prominent injury-dependent increase in GFAP immunoreactivity in both the CC (main
effect of injury: F(1,20) =25.80, p=<0.001, p=0.008 with correction for multiple comparison (Figure 4.4D)
and hippocampus (main effect of injury: F(1,20) = 12.71, p=0.002, p=0.028 with correction for multiple
comparison (Figure 4.4E) relative to vehicle-treated sham controls. However, there was no significant
change in GFAP reactivity in either brain region in response to Pioglitazone treatment (p=>0.05).
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Figure 4.4 Pioglitazone treatment reduces reactive microgliosis in the Corpus Callosum and
Hippocampus of injured mice. A) Representative images of Iba1 in the hippocampus of sham and injured
mice who received either Pioglitazone or vehicle treatment for 14 days (n=6/group). Boxed insets in each
photo show a zoomed in image to illustrate microglial morphology. Histograms show the % reactive area
of Iba1 (B,C), and GFAP (C,D) in the corpus callosum and hippocampus (Hippo), respectively. 3 images per
region (20x magnification) were taken for each mouse (n=6/group) and the average value for each animal
and region was taken for statistical analysis. Scale bars represent 50 µm. Data were analyzed using a TwoWay ANOVA followed by post-hoc Bonferroni test. Data are presented as mean ± SEM percent reactive
area. Asterisks denote statistical significance as follows: * p=<0.05, ** p=< 0.01, ***p<0.001.
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4.3.3 Experiment 2- Long-term Pioglitazone treatment improves spatial learning and memory in
injured mice
We have previously shown that exposure to our 20-hit r-mTBI paradigm induces prominent spatial
learning and memory deficits (Chapter 2). As such, we sought to evaluate if pioglitazone treatment could
ameliorate the cognitive impairment seen in injured animals (Figure 4.5A). Spatial learning was tested by
assessing cumulative distance to the target hole (CD) over the 6-day acquisition (training) phase. A threeway mixed ANOVA was run to investigate the effects of injury, treatment, and time on cumulative
distance. At six months post-injury there was a statistically significant three-way interaction between
treatment, r-mTBI, and time (F(7.694, 42) = 3.285, p = 0.002). Further analysis using a two-way ANOVA
found a significant interaction of injury and treatment on spatial learning on days 3 (F(2,62)=4.099,
P=0.021), 5( F(2,62)=4.229, P=0.019), and 6 ( F(2,62) =10.399, P=<0.001) of the acquisition phase. Post hoc
analysis of day 3 revealed a statistically significant simple simple main effect of injury (F(2,62)=6.480,
p=0.013) with a greater recorded CD in r-mTBI animals who received either vehicle (p=0.011) or low dose
Pioglitazone (p=0.013) treatment relative to their sham counterparts respectively. Notably, pairwise
comparison analysis revealed that r-mTBI mice treated with high dose Pioglitazone had a significantly
reduced CD relative to r-mTBI vehicle-treated mice (p=0.030), performing similarly to sham mice. On day
5, we identified significant simple main effects of both Injury (F(1,62)=25.652, P=<0.001) and treatment (
F(1,62) =4.060, P=0.022), with post hoc analysis again indicating that r-mTBI animals who received either
vehicle (p=<0.001) or low dose Pioglitazone (p=0.010) exhibited a greater CD than their sham
counterparts. Notably, high dose Pioglitazone treatment effectively reduced the injury-induced deficits in
spatial learning (r-mTBI Pio high dose Vs. r-mTBI vehicle, p=<0.001), with treatment restoring their CD to
levels near the sham baseline. Analysis of day 6 revealed a similar simple simple main effect of injury, with
r-mTBI vehicle-treated (F (1,62) =24.316, P=<0.001) animals again performing worse relative to vehicletreated shams. Pairwise comparison analysis indicated that injured animals treated with high dose
Pioglitazone demonstrated a significantly reduced CD relative to injured animals who received vehicle
treatment (p=<0.001). Interestingly, while Pioglitazone treatment had no significant effect on sham
animals regardless of dose, we observed an indication of a dose-effect in r-mTBI animals, with those
treated with high dose Pioglitazone treated animals performing significantly better than low dose treated
r-mTBI animals (p=0.025).
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Spatial learning and cognitive function were further assessed by recording the latency to first acquire the
target hole. Mice exposed to our r-mTBI paradigm took significantly longer to locate the target hole
compared to sham animals (main r-mTBI effect F(1, 46) = 6.410, p = 0.015) (Figure4.5B), but no significant
effect of treatment was observed over the 6 days (main treatment effect F(2, 46) = 1.792, p 0.178).
Statistical analysis indicated a significant three-way interaction between treatment, r-mTBI, and time on
latency to acquire the target (F(8.088, 46) = 1.050, p = 0.044). However, subsequent analysis analyzed by
two-way ANOVA to interrogate the contribution of injury and treatment to this interaction found no
significant r-mTBI and treatment interaction on any particular day (p>0.05).

On the seventh day (probe) of Barnes maze testing, the hidden target box was removed, and spatial
memory was assessed by their ability to locate the target hole using the visual clues in their environment.
After six days of training on the Barnes maze, mice were tested for spatial memory retention. Consistent
with our data from the acquisition phase, injured mice took significantly longer to find the target hole
than their sham counterparts (main r-mTBI effect F(1, 62) = 21.007, p = 0.015) (Figure 4.5C). Two-way
ANOVA analysis found no significant main effect of treatment (main treatment effect F(2, 62) = 1.195, p =
0.310), however, a significant interaction between r-mTBI and treatment was recorded (F(2, 62) =
3.801, p = 0.028). Post-hoc analysis using Bonferroni’s multiple comparison test showed that injured mice
who received vehicle treatment took significantly longer to find the target hole than vehicle-treated sham
animals (p=<0.001). While our data indicate that low dose Pioglitazone had no effect on latency to find
the target hole, injured mice treated with high-dose Pioglitazone demonstrated a substantial reduction in
target hole latency compared to vehicle-treated r-mTBI mice (P=0.039). No significant difference was
noted between injured mice treated with high-dose Pioglitazone and sham animals who received highdose Pioglitazone (P=0.977) or vehicle treatment (P=0.619).

Notably, while some mice would acquire the target hole as expected, analysis of the footage indicated
some mice would circle the maze moving from hole to hole in an attempt to locate the target box.
Therefore, in addition to latency, we also analyzed number of entry errors (Figure 4.5D), statistical analysis
identified significant effects of injury (F(1,60) =6.807, p =0.011), treatment (F(2,60) =3.140, p =0.032), and
an injury and treatment interaction (F(2,60) =2.769, p =0.049). In line with our previous behavioral
analysis, we observed that vehicle-treated injured mice made significantly more errors during the probe
trial than their vehicle-treated sham counterparts (p=<0.001) (Figure 4.5D). Injured mice treated with high
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dose Pioglitazone demonstrated a significant decrease in the number of errors relative to vehicle-treated
r-mTBI mice (p=0.002), indicating improved retention of spatial memory.

Throughout behavioral analysis, we recorded the average velocity and distance travelled to assess motor
function. Two-way ANOVA analysis found no significant main effect of injury or treatment, nor an injury
treatment interaction for average velocity (Two-way ANOVA: main effect of injury F(1,60) =2.521, p
=0.118, main effect of treatment F(2,60) =0.6735, p =0.514, injury treatment interaction : F(2,60) =2.586,
p =0.084, (not shown), and distance travelled (Two-way ANOVA: main effect of injury F(1,60) =0.6897, p
=0.409, main effect of treatment F(2,60) =0.6735, p =0.736, injury treatment interaction: F(2,60) =0.9366,
p =0.397, (not shown).
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Figure 4.5. Pioglitazone treatment ameliorates cognitive deficits in injured mice. Acquisition data shows learning in mice by the
mean cumulative distance to the target hole in cm (A) the mean latency to find the target hole (B). During the probe trial mice
exposed to r-mTBI demonstrated a significantly increased latency to find the target hole (C) and made significantly more errors
(D). Acquisition trials (A-B) were analyzed using repeated measures Three-Way ANOVA followed by post-hoc Bonferroni test
(n=10-12/ group). Probe data (C-D) were analyzed using a Two-Way ANOVA followed by post-hoc Bonferroni test (n=10-12/
group). Asterisks denote statistical significance between TBI vehicle and sham vehicle treated mice as follows: *p<0.05, **p<0.01,
***p<0.001. $ denote statistical significance between TBI High dose and TBI vehicle treated mice as follows: $ p<0.05, $$ p<0.01,
$$$ p<0.001. Values are expressed as mean ± SEM.
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4.3.4 Experiment 2- Long-term Pioglitazone administration reduces microglial inflammation
We have previously shown that exposure to r-mTBI induces chronic changes in the microglial phenotype,
including chronic inflammation and dysregulated PPARγ signaling (chapter 2). With promising evidence of
beneficial effects observed during behavioral and neuropathological analyses, we next sought to better
understand the microglial specific neuroinflammatory mechanism that drives TBI pathophysiology and
how PPARγ Pioglitazone treatment may beneficially influence these pathogenic cascades. Herein, we
isolated CD11b+ve cells from the whole brain of vehicle or Pioglitazone treated sham and injured mice at
six months post-injury and assessed the activation of inflammatory pathways and markers of
immunometabolic function.

Effect of pioglitazone treatment on microglial NFkB and STAT3 pathway activation: As previously
described, NFkB is a central component of the inflammatory cascade, and as an early response
transcription factor, the activation of NFkB does not require the synthesis of new proteins enabling its
immediate response to injury. Expression of the Phospho- NFkB to total NFkB ratio was markedly elevated
in microglia isolated from the brains of injured vehicle-treated mice relative to the sham vehicle and
Pioglitazone treated mice (Two-way ANOVA: main effect of injury F(1,18) =14.01, p =0.001, main effect of
treatment F(1,18) =24.44, p =<0.001, injury treatment interaction F(2,18) =18.90, p =<0.001, with
correction for multiple comparisons, Figure 4.6B). Post hoc Bonferroni tests with multiple comparisons
revealed a significant increase in NFkB phosphorylation in microglia isolated from vehicle-treated r-mTBI
mice compared to sham vehicle mice (p=<0.001). The increased NFkB phosphorylation seen in microglia
isolated from injured mice was reduced in mice treated with both low (p=0.005) and high dose
pioglitazone (p=<0.001). While Pioglitazone had no effect on NFkB phosphorylation in high dose treated
sham mice compared to sham vehicle-treated animals (p=0.990), sham mice treated with low dose
pioglitazone showed an increase in NFkB phosphorylation compared to sham vehicle-treated mice
(p=0.037).

Additionally, our data have previously implicated STAT3 pathway activation with the initiation of several
pro-inflammatory processes, and therefore we assessed the effect of PPARγ agonism on STAT3 pathway
activation. In line with our previous data, we observed that microglia isolated from r-mTBI vehicle-treated
animals had significantly increased STAT3 phosphorylation relative to those derived from sham mice
(Two-way ANOVA: main effect of injury F(1,18) =204.0, p =<0.001, main effect of treatment F(1,18) =31.94,
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p =<0.001, injury treatment interaction F(2,18)=75.56, p =<0.001, with correction for multiple
comparisons (Figure 4.6C). However, in contrast with our in vitro data, post hoc analysis revealed that
high dose pioglitazone treatment ameliorated the injury-dependent increase in STAT3 phosphorylation
relative to vehicle-treated r-mTBI mice.

Effect of pioglitazone treatment on microglial NLRP3 inflammasome expression: In addition to
upregulating the expression of pro-inflammatory cytokines such as IL-6, IFNγ, and TNFα, NFκB activation
has received increasing attention as a pivotal step in the activation of to the nucleotide-binding domain
and leucine-rich repeat (NLR) family pyrin domain-containing protein 3 (NLRP3) inflammasome (Afonina
et al., 2017; Malik & Kanneganti, 2017). This multimeric protein complex is an important link in the
production of interleukin 1β (IL-1β), a pro-inflammatory cytokine that has repeatedly been implicated in
secondary neuronal injury and the development of cognitive impairment and neurological disorders
(Burm et al., 2016; Ozen et al., 2020; Rizzo et al., 2018). Our previous transcriptomic analysis of microglia
identified the injury-induced upregulation of multiple components of the NLRP3 inflammasome (Chapter
2), suggesting this may be a mechanism through which chronically activated microglia mediate secondary
neuronal damage in the aftermath of TBI (Irrera et al., 2020). As previously described, the antiinflammatory effects of PPARγ agonism are believed to be partly mediated through the transrepression
of the pro-inflammatory transcription regulator NFkB (Ricote & Glass, 2007). Indeed, we have previously
shown that pioglitazone treatment was effective in reducing microglial NFkB pathway activation in
vitro (Chapter 3), but whether the PPARγ dependent inhibition of NFkB also prevents inflammasome
activation in chronically activated microglia in vivo is unknown. Therefore, we next assessed the effect of
exposure to r-mTBI and Pioglitazone treatment on microglial NLRP3 inflammasome expression (IL-1β
expression is addressed below in Figure 4.8B).

As shown in Figure 4.6D, NLRP3 expression was increased in microglia isolated from mice exposed to rmTBI relative to sham mice (Two-way ANOVA: main effect of injury F(1,18) =10.05, p =0.005, main effect
of treatment F(1,18) =15.19, p =<0.001, injury-treatment interaction F(2,18) =29.25, p =<0.001, p=0.034
with correction for multiple comparisons). NLRP3 expression was markedly inhibited in injured mice who
received either low (p=<0.001) or high dose pioglitazone (p=<0.001) relative to injured mice who received
vehicle treatment. We observed no dose-dependent effects on NLRP3 expression in injured who received
Pioglitazone treatment (TBI High dose Vs. TBI Low dose: p=0.999). However, we did note that NLRP3
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expression was significantly increased amongst sham animals who received high-dose Pioglitazone
relative to sham vehicle-treated controls (p=0.004).

Effect of pioglitazone treatment on PPARγ and PGC1a protein expression and PPARγ activity levels: After
noting the prominent anti-inflammatory effects of Pioglitazone treatment on microglia, we next sought
to validate that Pioglitazone was able to ameliorate the injury-induced PPARγ signaling deficits we had
observed previously. In line with our in vitro studies, we observed that PPARγ expression was reduced in
microglia derived from vehicle-treated r-mTBI mice relative to their sham vehicle-treated counterparts
(Two-way ANOVA: main effect of injury F(1,18) =43.06, p =<0.001, main effect of treatment F(1,18) =33.68,
p =<0.001, injury-treatment interaction F(2,18) =13.71, p =<0.001, p =<0.001 with correction for multiple
comparisons Figure 4.6E). Post-hoc analysis revealed that neither low (P=0.962) nor high dose (p=0.299)
Pioglitazone treatment had a significant effect on PPARγ expression in sham animals relative to vehicletreated controls. However, in injured animals, we observed that high dose pioglitazone treatment
markedly increased PPARγ expression relative to vehicle (p=0.008) treated animals. To further develop
these findings, we next asked if the changes in PPARγ expression in response to Pioglitazone treatment
also reflected changes in transcriptional activity. PPARγ transcriptional activity was inhibited in microglia
isolated from vehicle-treated r-mTBI mice relative to sham animals (Two-way ANOVA: main effect of injury
F(1,12) =40.02, p =<0.001, main effect of treatment F(1,12) =1.976, p =0.181, injury-treatment interaction
F(2,12) =0.4003, p =0.679, p=0.044 with correction for multiple comparisons Figure 4.6F). However, we
observed no effect of Pioglitazone treatment on PPARγ transcriptional activity in either sham or injured
animals relative to their respective vehicle-treated controls.

In line with our previous data (Chapter 2), PGC1α expression was reduced in microglia isolated from
injured mice who received vehicle treatment relative to sham vehicle-treated animals (Two-way ANOVA:
main effect of injury F(2,18) =24.71, p =<0.001, main effect of treatment F(1,18) =7.370, p =0.005, injurytreatment interaction F(1,18) =1.628, p =0.224, p =0.016 with correction for multiple comparisons Figure
4.6G). In parallel with our PPARγ expression data shown above, post-hoc analysis found that treatment
had no effect on PGC1α expression in sham animals who received low (p=0.715) or high-dose (p=0.949)
Pioglitazone relative to sham vehicle-treated animals. However, high dose Pioglitazone treatment rescued
PGC1α expression in injured mice relative to vehicle-treated controls (p=0.016).
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Effect of pioglitazone treatment on GSK3β and Sirtuin 1: Our previous proteomic analysis indicated that
inflammation and PPARγ agonism had pronounced effects on microglial immunometabolic function
affecting metabolic regulators such as GSK3β and Sirtuin 1. Therefore, we sought to investigate if similar
metabolic changes occur in vivo following exposure to r-mTBI and if Pioglitazone treatment had similar
beneficial effects on these markers of immunometabolic function.

In line with our previous proteomic analyses, we observed that microglia isolated from injured mice had
a markedly reduced expression of Sirt1 (regardless of treatment) compared to sham animals (Two-way
ANOVA: main effect of injury F(1,18) =43.06, p =<0.001, main effect of treatment F(1,18) =3.162, p =0.067,
injury-treatment interaction F(2,18) =1.998, p =0.165, p=<0.001 with correction for multiple
comparisons Figure 4.6H). However, statistical analysis found no significant effect of treatment on either
sham or injured mice.

We additionally assessed the expression and phosphorylation of Glycogen synthase kinase 3 β (Serine 9)
(GSK3β ser9). Phosphorylation of GSK3β at this N-terminal serine residue (Serine 9) promotes oxidative
phosphorylation by increasing mitochondrial respiration and promoting the deposition of glucose into
glycogen (S. A. Martin et al., 2018). Additionally, GSK3β phosphorylation at serine 9 has been shown to
suppress NFκB signaling in microglia, thereby reducing the production of pro-inflammatory cytokines and
chemokines (Jorge-Torres et al., 2018). GSK3β (Ser9) phosphorylation was markedly decreased in
microglia isolated from injured mice relative to those derived from sham controls (Two-way ANOVA: main
effect of injury F(1,18) =74.16, p =<0.001, main effect of treatment F(1,18) =52.69, p =<0.001, injurytreatment interaction F(2,12) =1.366, p =0.280, p=<0.001 with correction for multiple comparisons Figure
4.6I). Post hoc analysis using Bonferroni tests with correction for multiple comparisons revealed that both
low (Sham Low dose Vs. Sham Vehicle, p=<0.001) (r-mTBI Low dose Vs. r-mTBI Vehicle, p=0.006) and high
dose (Sham High dose Vs. Sham Vehicle, p=<0.001) (r-mTBI High dose Vs. r-mTBI Vehicle, p=<0.001)
pioglitazone treatment increased GS3Kβ phosphorylation compared to their respective vehicle-treated
counterparts.
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Figure 4.6. Pioglitazone treatment reduces microglial mediated inflammatory signaling. A) Representative western blot of
microglial cell lysates isolated from sham and injured mice who received either low or high dose Pioglitazone or vehicle treatment
(n=4/condition). Histograms show the expression of P-NFkB (Ser536)(B), and P-STAT3 (Tyr705)(C), NLRP3 (D), PPARy (E), PGC1a
(G), Sirtuin1 (H), and P-GSK3b (I).Western blot chemiluminescent signals were quantified by densitometry and normalized to BTubulin, Phospho markers were additionally normalized to their respective total protein (e.g., P-STAT3/STAT3, P-NFkB/NFkB). All
data were analyzed using a Two-Way ANOVA followed by Bonferroni multiple comparisons test (n=4/condition). Asterisks denote
statistical significance as follows: * p=<0.05, ** p=< 0.01, ***p<0.001. Values are expressed as arbitrary units as mean ± SEM of
the ratio of Phospho-protein/Total-protein or the ratio of Total protein to B-tubulin.
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Effect of pioglitazone treatment on microglial pro-inflammatory cytokine expression: We have previously
shown that exposure to r-mTBI resulted in the chronic upregulation of pro-inflammatory cytokine
expression in the hippocampus (Figure2.9) and that microglial depletion was effective in reducing these
cytokine levels, suggesting that microglia are a major source of these pro-inflammatory cytokines (WelserAlves & Milner, 2013). Therefore, we next sought to investigate if the inhibition of inflammatory pathway
activation shown above translated to a reduction in pro-inflammatory cytokine expression. To further
examine the effects of r-mTBI and pioglitazone treatment on the innate immune response to r-mTBI, we
measured the expression of IFNγ, IL-1β, IL-6, and TNFα in isolated microglia. Microglia isolated from the
brains of injured vehicle-treated mice showed a trend suggesting an injury dependent increase in the
concentration of IFNγ (p=0.006) (Figure 4.7A) and IL-1β (Figure 4.7B). However, these cytokines were
expressed at very low levels with some falling below the LLOD. As these cytokines were outside the
quantitative range of the assay they were not analyzed further. In line with our previous findings of
hippocampal cytokines, microglia isolated from the brains of injured vehicle-treated mice expressed
significantly higher levels of IL-6 (p=0.004) (Figure 4.7C), and TNFα (p=<0.001) (Figure 4.7D) relative to
sham vehicle-treated animals. Furthermore, post-hoc analysis indicated that the injury-induced increase
in TNFα was significantly blunted in injured mice who received high-dose Pioglitazone treatment relative
to vehicle treated animals . However, Pioglitazone treatment did not significantly affect IL-6 expression.
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Figure 4.7. Pioglitazone treatment reduces microglial cytokine expression. Quantitative analysis of IFNγ (A), IL-1b (B),
IL-6 (C), and TNFα (D) in isolated microglial cell lysates at 6 months post injury (n=4/group). All samples were measured
in duplicate and the average value for each sample was used for further analysis. Data were then analysed statistically
using a Two-Way ANOVA. post-hoc analysis was performed using a Bonferroni test with correction for multiple
comparisons. Cytokine data are presented as mean ± SEM pg/mg protein. Asterisks denote statistical significance as
follows: * p=<0.05, ** p=< 0.01, ***p<0.001.
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4.3.5 Experiment 2- Pioglitazone increases hippocampal PPARγ activity but does not alter
inflammatory pathway activation in chronic TBI
We next sought to determine if the Pioglitazone-induced reduction in microglial reactivity and inhibition
of pro-inflammatory signaling pathways resulted in global neuroprotective benefits that may explain the
beneficial effects of treatment on cognitive performance seen during Barnes maze testing.

Effect of pioglitazone treatment on synaptic integrity: Synapses facilitate communication between
neurons enabling information processing and memory formation within the brain (Jackman & Regehr,
2017). As such, any damage or impairment to synaptic function is believed to contribute to cognitive
impairment (Kashyap et al., 2019). We have previously shown that hippocampal synapses are extremely
vulnerable to damage from repetitive mild brain trauma with exposure to our r-mTBI paradigm inducing
a progressive decline in the protein expression of PSD95 and Synapsin1 (Chapter 2). While the
mechanisms underlying the progressive degeneration of markers of synaptic integrity following brain
injury are unclear, it is believed that chronic neuroinflammation and microglial activation are driving
factors behind progressive synaptic damage (Benusa & Lafrenaye, 2020). Therefore, with evidence of
beneficial effects of pioglitazone treatment on microglial inflammation, we sought to investigate if the
therapeutic modulation of microglial inflammatory pathways would translate to improved synaptic
integrity following r-Mtbi exposure. In line with our previous work, the hippocampal expression of PSD95
was reduced in animals who were exposed to r-mTBI relative to sham animals (Two-way ANOVA: main
effect of injury F(1,18) =20.96, p =<0.001, main effect of treatment F(2,18) =1.754, p =0.192, injurytreatment interaction F(2,18) =3.177, p =0.057,p=0.050 with correction for multiple comparisons Figure
4.8A). However, Pioglitazone treatment had no effect on hippocampal PSD95 expression in either injured
or sham animals relative to their respective vehicle-treated controls.

In contrast with our previous assessment of synaptic integrity, while statistical analysis found a significant
main effect of injury on hippocampal Synapsin 1 expression relative to sham groups (Two-way ANOVA:
main effect of injury F(1,18) =14.84, p =<0.001, main effect of treatment F(2,18) =0.8407, p =0.442, injurytreatment interaction F(2,18) =0.3191, p =0.729, Figure 4.8B), post-hoc analysis found no significant
change in Synapsin 1 expression between vehicle-treated r-mTBI and vehicle-treated sham animals
(p=0.540). Furthermore, we again observed that Pioglitazone treatment had no significant effect on
Synapsin1 expression in injured mice.
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Effect of pioglitazone treatment on hippocampal inflammation: As the oral administration of Pioglitazone
will not solely interact with microglia, we sought to determine if PPARγ agonism had global effects on
inflammation. Hence, we examined the expression and activation of NFκB, STAT3, and NLRP3 in
hippocampal lysates. In line with our microglial-specific analysis, we observed an increase in the phospho
to total NFκB ratio in injured mice relative to vehicle-treated shams (Two-way ANOVA: main effect of
injury F(1,28) =49.73, p =<0.001, p=<0.001 with correction for multiple comparisons) (Figure 4.8C).
However, while injured mice who received high dose pioglitazone treatment appeared to show a modest
reduction in NFκB activation levels relative to vehicle-treated r-mTBI mice, statistical analysis found no
significant main effect of treatment (F(2,18) =1.014, p =0.376, p=0.161 with correction for multiple
comparisons). A similar effect was seen during the analysis of STAT3 activation, with hippocampal lysates
of vehicle-treated injured mice exhibiting significantly increased levels of STAT3 activation relative to their
respective shams (Two-way ANOVA: main effect of injury F(1,18) =49.73, p =<0.001 with correction for
multiple comparisons) (Figure 4.8D). However, again we observed no significant change in STAT3
activation in injured mice who received low (p=0.929) or high-dose (p=0.769) Pioglitazone relative to
vehicle-treated r-mTBI mice.

A corresponding increase in NLRP3 expression was seen in the hippocampal lysates of vehicle-treated rmTBI mice relative to sham vehicle-treated animals (Two-way ANOVA: main effect of injury F(1,18) =20.96,
p =<0.001, main effect of treatment F(2,18) =1.754, p =0.192, injury-treatment interaction F(2,18) =3.177,
p =0.057,p=0.008 with correction for multiple comparisons Figure 4.8E). Furthermore, while post-hoc
analysis identified a trend suggestive of a treatment-dependent decrease in NLRP3 in injured mice who
received high dose Pioglitazone compared to vehicle-treated r-mTBI controls, this failed to reach statistical
significance (p=0.081).

Effect of pioglitazone treatment on hippocampal PPARγ signaling: We have previously shown that
exposure to repeated brain trauma induces prominent deficits in PPARγ signaling in microglia (Chapter 2).
However, PPARγ and PGC1α are widely expressed throughout the CNS (Bernardo & Minghetti, 2006;
Cimini et al., 2005; Fernández-Arjona et al., 2017).To investigate if Pioglitazone had similar tissue-wide
effects on PPARγ signaling, we next examined the hippocampal expression and activity of PPARγ and
PGC1α.
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Two-way ANOVA analysis of Hippocampal PPARγ expression revealed a significant main effect of injury
(F(1,18) =9.951, p =0.004), but no significant effect of treatment (F(2,18) =0.8718, p =0.429), or injury
treatment interaction (F(2,18) =1.199, p =0.316) (Figure 4.8F). Post hoc comparisons identified a trend
towards an injury-induced reduction in hippocampal PPARγ expression (p=0.071) but did not reach
statistical significance. Similarly, analysis of hippocampal PPARγ activity revealed a significant reduction
in transcriptional activity in hippocampi derived from injured mice who received vehicle treatment
relative to sham vehicle-treated animals (Two-way ANOVA: main effect of injury F(1,18) =22.17, p
=<0.001, main effect of treatment F(2,18) =10.50, p =0.<001, injury-treatment interaction F(2,18) =0.2682,
p =0.768, p=0.039 with correction for multiple comparisons Figure 4.8G). Notably, while post-hoc analysis
indicated that treatment had no significant effect on transcriptional activity in sham animals relative to
vehicle-treated controls (p=>0.05), high dose Pioglitazone treatment in injured mice significantly
increased PPARγ activity relative to r-mTBI vehicle-treated animals (p=0.023).

Additionally, while we observed an indication of an injury-dependent decrease in PGC1α expression (Twoway ANOVA: main effect of injury F(1,18) =15.29, p =<0.001, main effect of treatment F(2,18) =1.535, p
=0.233, injury-treatment interaction F(2,18) =0.0075, p=0.992, Figure 4.8H). Post hoc analysis using
Bonferroni tests with correction for multiple comparisons found no significant change in hippocampal
PGC1α expression between vehicle-treated mice exposed to r-mTBI and vehicle-treated sham mice
(p=0.234). Furthermore, pioglitazone treatment had no significant effect on PGC1α expression in either
sham or injured mice (p>0.05).

Effect of pioglitazone treatment on hippocampal Sirt1 and GSK3β expression: As shown above,
Pioglitazone treatment influenced the expression and activation of the metabolic markers Sirt1 and GSK3β
in microglia. With increasing evidence implicating an intricate relationship between PPAR signaling,
energy metabolism, and cognitive function (Schell et al., 2021), we next sought to investigate if
Pioglitazone treatment may exert similar beneficial effects on hippocampal energy metabolism. As such,
we examined the hippocampal expression of Sirt1 and GSK3β. In line with our microglial specific analysis,
hippocampal Sirt1 expression was downregulated in injured mice relative to vehicle-treated shams (Twoway ANOVA: main effect of injury F(1,28) =26.26, p =<0.001, main effect of treatment F(2,28) =3.744, p
=0.036, injury-treatment interaction F(2,18) =0.7063, p =0.502, p=0.019 with correction for multiple
comparisons Figure 4.8I). Post hoc analysis revealed that while Sirt1 expression did trend towards an
increase in injured mice who received high dose Pioglitazone treatment, it did not reach statistical
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significance (p=0.127). Additionally, we observed a similar injury dependent decrease in GSK3β Serine9
phosphorylation relative to sham vehicle-treated mice (Two-way ANOVA: main effect of injury F(1,28)
=10.46, p =0.003, main effect of treatment F(2,28) =4.169, p =0.026, injury-treatment interaction F(2,18)
=2.221, p =0.127, p=0.017 with correction for multiple comparisons Figure 4.8J), which was restored in
injured mice who received high dose pioglitazone treatment relative to injured vehicle-treated controls
(p=0.018).
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Figure 4.8. Pioglitazone treatment does not improve synaptic integrity in injured mice. Hippocampal lysates of sham and injured
animals who received either Pioglitazone or vehicle treatment were probed for the expression of PSD95 (A), Synapsin 1 (B), PNFkB (C), P-STAT3 (D), NLRP3 (E),PPARy (F), PGC1a (H), Sirtuin1 (I), and P-GSK3b (J). Representative western blot images of PSD95,
NLRP3, SIRT1, Phospho-NFkB, Total- NFkB, and Tubulin for sham vehicle (SV), sham Low dose (SL), sham High dose (SH), TBI vehicle
(TV), TBI Low dose (TL), and TBI High dose (TH) are shown in K. Western blot chemiluminescent signals were quantified by
densitometry and normalized to B-Tubulin, Phospho markers were additionally normalized to their respective total protein (e.g.,
P-STAT3/STAT3, P-NFkB/NFkB). All data were analyzed using a Two-Way ANOVA followed by Bonferroni multiple comparisons
test (n=6/condition). Asterisks denote statistical significance as follows: * p=<0.05, ** p=< 0.01, ***p<0.001. Values are expressed
as arbitrary units as mean ± SEM of the ratio of Phospho-protein/Total-protein. Asterisks denote statistical significance as follows:
* p=<0.05, ** p=< 0.01, ***p<0.001.
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4.4 Discussion
Cognitive and functional impairments are amongst the most commonly reported clinical symptoms of TBI
(D. L. Dunning et al., 2016; Serino et al., 2006). The remediation of these learning and memory deficits
remains a major aspiration of both clinical and preclinical TBI researchers. However, no therapeutic
interventions have thus far demonstrated substantial efficacy (Graham & Sharp, 2019; Maas et al., 2010;
D. G. Stein, 2015). The present report documents evidence of substantial recovery in spatial and learning
memory, the amelioration of microglial-mediated neuroinflammation, and improvements in markers of
immunometabolic health following treatment with the PPARγ agonist Pioglitazone. Furthermore, to our
knowledge, this is the first study to investigate the therapeutic efficacy of Pioglitazone for r-mTBI using a
delayed treatment paradigm beginning at the chronic stages of r-mTBI.

4.4.1 Effect of Pioglitazone on cognitive function and synaptic integrity
Consistent with our previous work, we demonstrated that exposure to r-mTBI induces chronic spatial
learning and memory deficits and the progressive deterioration of markers of hippocampal synaptic
integrity. We observed that high-dose pioglitazone treatment markedly improved performance in both
the acquisition and probe phases of the Barnes maze. These results are in line with the work of several
others who have reported improved cognitive performance in preclinical models of CNS trauma,
neurodegeneration, and aging in response to PPARγ agonist treatment (Cowley et al., 2012; Nenov et al.,
2014; Pedersen et al., 2006; B. W. Wang et al., 2012). The close link between diabetes and the
development of cognitive decline has led many researchers to investigate how Pioglitazone may prevent
cognitive dysfunction. While the complete mechanisms underlying the neuroprotective activity of
Pioglitazone have not yet been fully elucidated, multiple studies have shown that pioglitazone treatment
increased short- and long-term memory through the preservation of synaptic plasticity and integrity (J.
Chen et al., 2015; Searcy et al., 2012). Some studies have suggested that the neuroprotective effect of
Pioglitazone is mediated through its ability to prevent the mis-sorting and hyperphosphorylation of tau
via the inhibition of CDK5 (J. Chen et al., 2015; Searcy et al., 2012). While tau pathology is highly relevant
to TBI and is considered a pathognomic feature of neurodegenerative disorders such as CTE, previous
studies of r-mTBI from our laboratory have shown little evidence of tau pathology out to one-year post-
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injury suggesting that the development of toxic tau species is likely not a driving factor of the cognitive
impairment seen in this study (B. Mouzon et al., 2019).

An alternative mechanism explaining this synaptic sparing effect of Pioglitazone noted in other studies is
the inhibition of microglial complement activation, thereby preventing aberrant synaptic pruning (Searcy
et al., 2012). This suggestion is in line with data from our proteomic analysis (chapter 3), where
pioglitazone treatment increased the expression of the complement binding protein (C1qBP), which is
reported to bind to C1q and thus preventing the opsonization and subsequent phagocytosis of synapses
(Warwick et al., 2021). While several studies have suggested that Pioglitazone prevents cognitive
impairment by preventing synaptic damage, in this study, these treatment-dependent improvements in
cognitive function did not coincide with the preservation of synaptic integrity. This lack of treatment
effects on synaptic integrity markers could be attributed to the delayed nature of this study. Wakade and
colleagues (2010) reported the loss of PSD95 expression in the ipsilateral hippocampus beginning at seven
days post-injury in a CCI model of TBI. Most preclinical studies of neurotrauma have evaluated the
therapeutic efficacy of Pioglitazone at the acute to sub-acute stages of the TBI pathogenic cascade (Das
et al., 2019; Heneka et al., 2005; M. Liu et al., 2017; S. P. Patel et al., 2017; Pilipović et al., 2015; J.-H. Yeh
et al., 2021; Y. Zhao et al., 2005). As these studies likely began treatment well before the onset of the
reported synaptic degeneration, these findings suggest that while Pioglitazone treatment effectively
prevents the onset of progressive synaptic damage, it is unlikely able to reverse the damage.

4.4.2 Effect of Pioglitazone on CNS metabolism
As our analyses indicate that the improved Barnes maze performance was not related to a recovery of
synaptic integrity, we sought to investigate the mechanisms underlying this improved cognitive
performance in injured mice. Cognitive activity is energy-intensive. To fuel these heightened energy
demands, glucose uptake increases (Ampel et al., 2018). Studies have shown that direct glucose infusion
into the hippocampus improves working memory and strengthens memory consolidation (Krebs & Parent,
2005), demonstrating the importance of energetic substrate availability on neuronal activity. Following
exposure to TBI, the brain enters a brief period of hypermetabolism followed by a chronic
hypometabolism (Glenn et al., 2003; Hovda et al., 1990; Vagnozzi et al., 2010; Yoshino et al., 1991). These
metabolic disturbances are particularly apparent following repetitive brain injury (Karelina & Weil, 2016;
M. L. Prins et al., 2013). It has been suggested that chronic TBI induces a metabolic state close to that seen
212

in neurodegenerative disorders (McGuire et al., 2019), and Pioglitazone has been shown to upregulate
CNS glucose consumption in vivo, thereby increasing substrate availability for cognitive activity (C. dello
Russo et al., 2003; Nicolakakis et al., 2008).

In line with our previous analyses suggesting Pioglitazone may beneficially influence metabolic health, our
analysis of hippocampal lysates identified a treatment-dependent increase in Glycogen synthase kinase 3
β (Ser9) (GSK3β) phosphorylation in the hippocampus. GSK3β is a central component of the mitogenactivated protein kinase (MAPK) family and has pivotal regulatory functions in glucose metabolism and
insulin sensitivity (Peineau et al., 2008). GSK3β is dynamically regulated through inhibitory
phosphorylation at its N-terminal serine residue (Serine 9). In response to insulin, GSK3β is
phosphorylated and inactivated through the well-defined PI3K/AKT pathway signaling (Dill et al., 2008),
altering cellular metabolic activity by promoting the deposition of glucose into glycogen (Jorge-Torres et
al., 2018). In patients with type 2 diabetes, GSK3β expression is closely linked to glucoregulatory
dysfunction, suggesting that GSK3β may play a central role in CNS glucose availability (Leng et al., 2010).
As such, its regulation by PPARγ may represent a mechanism through which Pioglitazone beneficially
influences CNS metabolism.

4.4.3 Effect of Pioglitazone on neuroinflammation
While our data suggest that Pioglitazone has a beneficial effect on molecular indicators of hippocampal
bioenergetics, we saw little effect of pioglitazone treatment on the activation of markers of hippocampal
inflammation. During our analysis, we examined changes in hippocampal cytokines (Data not shown) but
saw little treatment effect. These data are in contrast with other models of CNS inflammation that have
reported tremendous benefits following treatment with Pioglitazone (Das et al., 2019; Hubbard et al.,
2021; S. P. Patel et al., 2017; Sauerbeck et al., 2011; Thal et al., 2011). However, in almost all previous
studies, Pioglitazone was administered at more acute time points, suggesting that Pioglitazone is more
effective in dampening the initial inflammatory response than completely reversing the chronic
inflammation that follows exposure to r-mTBI. Despite the lack of effect in our hippocampal analyses, our
cell-specific analyses revealed substantial alterations in microglial specific markers of inflammation, such
as NFkB, STAT3, and NLRP3, and a marked reduction in pro-inflammatory cytokines in microglial cell
lysates.
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Throughout this thesis, we have consistently seen increased NFkB phosphorylation following exposure to
either r-mTBI or pro-inflammatory stimulants such as TNFα and LPS. In the CNS, NFkB signaling has been
implicated in regulating several physiological and pathological processes. Under baseline conditions, NFkB
resides in the cytoplasm in a complex with inhibitory IkB proteins (Hayden & Ghosh, 2008, 2012).
However, following stimulation by DAMPs, cytokines, or oxidative stress NFkB rapidly becomes activated
and is translocated to the nucleus, where it initiates transcriptional programs which mediate the
expression of several inflammatory genes (Kopitar-Jerala, 2015). NFkB is thought to be critical in the
propagation of inflammatory responses, as many of the NFkB-induced gene expression products act on
receptors that, in turn, also activate NFkB. This “snowball effect” of NFkB is thought to be a major
mediator of the chronic inflammation that follows TBI (Nonaka et al., 1999). In this study, we found that
Pioglitazone treatment reduced NFkB activation in microglia, a finding seen by many other studies
evaluating the therapeutic efficacy of Pioglitazone under neuroinflammatory conditions (Nicolakakis et
al., 2008; Paciello et al., 2018; Pinto et al., 2016; Sauerbeck et al., 2011; C. R. Swanson et al., 2011; Thal et
al., 2011). PPARγ agonism has been shown to inhibit NFkB through several potential mechanisms. In
addition to the inhibition of NFkB via direct binding, PPARγ agonism has been shown to suppress NFkB
pathway signaling through IL-4 and IL-10 signaling (Kaltschmidt et al., 2005; Ricote & Glass, 2007;
Viswakarma et al., 2010). Interestingly, some evidence has suggested that GSK3β activity is a critical
mechanism regulating NFkB activation (Sanchez et al., 2003). Active GSK3β has been suggested to
phosphorylate NFKB essential moderator (NEMO) (Medunjanin et al., 2016). In the present study, we
observed that the inhibitory phosphorylation of GSK3β was increased following Pioglitazone treatment in
both the hippocampus and isolated microglia of injured mice. Furthermore, the inhibition of GSK3β via
PPAR agonism has been suggested to influence the decrease the sensitivity of toll-like receptors on
microglia repeatedly exposed to the pro-inflammatory stimulant LPS (Ajmone-Cat et al., 2016), and similar
interactions have been reported in other diseases such as cancer, and liver damage (Ban et al., 2010; Ren
et al., 2016; Vallée & Lecarpentier, 2018). While the full contribution of the PPAR-mediated regulation of
GSK3β activity in microglia following TBI has not yet been thoroughly investigated, the roles of GS3Kβ in
metabolic health and inflammation suggest it may represent a potential mechanism to influence TBI
pathophysiology.

While NFkB has long been acknowledged as a central molecule in inflammation following TBI (Nonaka et
al., 1999), the contributions of the NLRP3 inflammasome to TBI pathobiology, and importantly, its
regulation by PPARγ have only recently become acknowledged (Irrera et al., 2020; O’Brien et al., 2020; Yi
214

et al., 2020). NLRs are cytosolic pattern recognition receptors that, when activated, form the
inflammasome complex, and mediate the production of IL-1β and IL-18 through caspase-1 processing (Jha
et al., 2010; K. v. Swanson et al., 2019). While these interleukins do play critical roles in normal wound
healing, they have been shown to promote the accumulation of reactive oxygen and nitrogen species.
This feed-forward mechanism of oxidative damage and inflammasome activation has been suggested to
promote inflammatory neuronal cell death, known as pyroptosis, and is commonly seen in
neurodegenerative disorders (Hanslik & Ulland, 2020; Harijith et al., 2014; X. Hu et al., 2020). Studies of
both TBI and spinal cord injury have shown that PPARγ agonism was able to inhibit the NLRP3 mediated
production of IL-1β through the inhibition of caspase-1, with these studies noting that reduced NLRP3
activity was strongly correlated with improved functional and pathological outcomes (Meng et al., 2019;
Yi et al., 2020).

Together these data illustrate several mechanisms through which PPARγ can beneficially influence TBI
pathophysiology and provide a strong rationale for its continued study in developing safe and effective
therapeutic intervention strategies to ameliorate the deleterious sequelae of TBI. Furthermore, we
believe the use of multiple time-points and multiple doses is a valuable feature of this study as it provides
valuable insight into determining a potential therapeutic window and dose-dependent effects. However,
there are some limitations we must acknowledge. At the outset of this study, our original plan was to
again perform RNA-sequencing on the microglia isolated during this study. However, due to limited time,
we were unable to sequence and analyze these data in time for the preparation of this thesis. As such,
this study relies on alternative biochemical and pathological analyses to investigate how PPARγ agonism
may influence the microglial phenotype and neuroinflammation aftermath of r-mTBI. While these
techniques can greatly advance our understanding of how PPARγ regulates microglial-mediated
neuroinflammation and their downstream effects on cognitive function, it cannot provide the same depth
and breadth of information regarding microglial phenotypes and functions as transcriptomic analyses.
However, this is an aspect of this study we do plan to address in the future. Additionally, while used
antibody-based approaches to interrogate synaptic integrity, these methods do not provide a holistic view
of synaptic health or activity following TBI. As such, we are currently performing ultra-structural analysis
of brains from mice in this study and in other models of r-mTBI performed at the Roskamp Institute to
better understand the factors regulating neurodegeneration and cognitive impairment following TBI.
While we fully acknowledge that there is always more research to be done to identify effective therapeutic
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candidates, we believe that the evidence shown in this study supports our hypothesis that PPARγ is a valid
and effective therapeutic target to ameliorate TBI pathology and improve long term cognitive outcomes.
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Chapter 5- Summary of work and future directions

5.1 Summary of dissertation research
Traumatic brain injury is a greatly underappreciated public health and socio-economic issue for both
developed and developing nations (Miller et al., 2021; Finkelstein et al., 2006; Oddy et al., 2012). While
the devastating effects of repeated head trauma have been known for almost a century (Martland, 1928),
the awareness of the cognitive and emotional consequences of r-mTBI and its links to the development of
neurodegenerative diseases such as CTE have only seen increasing public awareness in the past 20 years
CTE (Arena et al., 2020; Baugh et al., 2014; McKee & Robinson, 2014; B. Omalu, 2014; B. Omalu et al.,
2011; B. I. Omalu et al., 2005, 2006, 2010). However, despite increasing public and scientific awareness,
there are currently no disease-modifying drugs available. As such, deficiencies in prevention, care, and
therapeutic research require urgent attention to reduce its increasing incidence rate and the potentially
devastating life-long consequences of repetitive mild traumatic brain injury (Kochanek et al., 2020). The
lack of progress in the development of pharmacotherapeutic strategies for TBI has prompted many
researchers to look for alternative therapeutic targets (Bonilla & Zurita, 2021; D. H. Smith, Kochanek, et
al., 2021), and in recent years, chronic neuroinflammation and microglial activation has come to the
forefront of TBI research (Fatoba et al., 2020; Y. Huang et al., 2021; Pham et al., 2021; Schimmel et al.,
2017; M. C. Scott et al., 2021). Chronically activated microglia and persistent CNS inflammation are a
hallmark of TBI and are often described as the common denominator between TBI and neurodegenerative
diseases (Loane & Kumar, 2016; Shively et al., 2012). However, several previous attempts to broadly
suppress the immune response to TBI have been unsuccessful (M. v. Russo et al., 2018), these failures
emphasize the importance of developing a detailed understanding of the mechanisms underlying the
secondary injurious phase of TBI.

As the resident innate immune cells of the CNS microglia are critical regulators of the neuroinflammatory
response to TBI (Kaminska et al., 2016; Lenz & Nelson, 2018). Acutely following injury, microglia rapidly
act to engulf cellular debris, limiting the spread of inflammation and preventing further damage functions
(Bellver-Landete et al., 2019; Z. Chen & Trapp, 2016; Streit, 2005). Following this initial pro-inflammatory
response, microglia are believed to transition to a pro-repair/ anti-inflammatory phenotype. However, in
a subset of patients, this transition fails to occur, and chronic pro-inflammatory microglial activation can
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result in microglia adopting a disease associated state, propagating injury, and promoting neuronal cell
death, thereby further contributing to post-TBI cognitive impairment (Bachiller et al., 2018; Block et al.,
2007; W. H. Cheng et al., 2018; Kempuraj et al., 2016; Kwon & Koh, 2020; Streit et al., 2014;
Subhramanyam et al., 2019). The persistent nature of microglial activation following r-mTBI provides
researchers with a unique opportunity to investigate the mechanisms driving the neuroinflammatory
response and may potentially identify therapeutic strategies to ameliorate the chronic neurodegenerative
sequelae of r-mTBI.

The mounting evidence of the involvement of microglia in chronic TBI neuropathology led us to
hypothesize that:

“Repetitive-injury associated microglia (RIAM) mediate the chronic neuroinflammatory responses that
follow r-mTBI. Therefore, analysis of microglial specific transcriptomic profiles in the acute and chronic
stages of TBI may reveal novel gene signatures that underpin the dysregulated microglial response to
injury, and thus, may serve as therapeutic targets to mitigate the deleterious sequelae of TBI.”

Identifying therapeutic targets and evaluating drug safety and efficacy poses several ethical challenges
that preclude their study in humans. Therefore, pre-clinical animal models provide a valuable platform to
develop and test hypotheses in a controlled environment (Bolton-Hall et al., 2019). While simple in theory,
the challenge is to develop an injury paradigm that can faithfully recapitulate aspects of human chronic
TBI pathophysiology (Jassam et al., 2017; Loane et al., 2014; Marklund, 2016; Ramlackhansingh et al.,
2011; Simon et al., 2017; Wojnarowicz et al., 2017). Therefore, the first aim of this thesis was to evaluate
if exposure to repetitive mild traumatic brain injury was able to recapitulate the chronic
neuroinflammation and cognitive impairment seen in cases of human TBI. While our laboratory has
published and extensively characterized several models of r-mTBI (Morin et al., 2021; B. Mouzon et al.,
2012, 2019; J. O. Ojo et al., 2013, 2015, 2016), in this thesis, we chose to develop and characterize a new
model of r-mTBI, exposing mice to 20 mild TBIs with a 24-hour inter-injury interval.

In chapter 2, I demonstrated that exposure to our model of r-mTBI induced prominent learning and
memory deficits that persisted to 6-months post-injury. Through the analysis of hippocampal gene and
protein expression, I identified that axons and synapses are heavily affected by r-mTBI, with injured mice
showing progressive degeneration in markers of synaptic integrity. The progressive synaptic degeneration
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shown in this thesis is consistent with clinical reports of TBI, where cognitive deficits are not always
immediately visible but may become more apparent as the pathology progresses over time (Coughlin et
al., 2015, 2017; Ramlackhansingh et al., 2011; G. Scott et al., 2015). Notably, our analyses of the injured
hippocampus also revealed a prominent inflammatory component, with chronic microglial activation and
elevated cytokine levels. Reactive microgliosis and neuroinflammation have been shown to persist for
decades following injury (Ramlackhansingh et al., 2011; Johnson et al., 2013; Coughlin et al.,
2015, 2017; Cherry et al., 2016).

In chapter 2, I observed that microglia isolated from injured mice at 3-months post-injury had higher
baseline levels of inflammatory pathway activation, and following exposure to LPS, they exhibited a
greatly exaggerated inflammatory response compared to cells isolated from control animals. The
prolonged exposure to inflammatory mediators in vivo is believed to result in a phenomenon known as
microglial priming (C. Cunningham et al., 2005; Perry & Teeling, 2013). The priming effect is thought to be
an important component behind the exaggerated inflammatory response seen in cases of r-mTBI
(Muccigrosso et al., 2016; Norden et al., 2015; Norden & Godbout, 2013; Weil et al., 2014; Witcher et al.,
2015), and priming may limit the ability of microglia to resolve the pro-inflammatory response leading to
chronic neuroinflammation and subsequent neurodegeneration (Perry & Teeling, 2013). To further
develop our understanding of the microglial contributions to r-mTBI neuropathology, we utilized the
potent and highly CNS penetrant CSF1R inhibitor PLX5562 to deplete microglia from the CNS. I observed
that microglial depletion restored cytokine levels to those of control animals. Furthermore, following the
cessation of treatment, I observed that repopulating microglia appeared to have a more neuroprotective
phenotype shown by the reduced expression of M1 and DAM-like markers and a reduction in reactive
microgliosis and astrogliosis. While we did not evaluate the effect of microglial depletion on behavioral
outcomes, other studies have demonstrated the beneficial effects of microglial depletion and
repopulation on cognition (R. J. Henry et al., 2020; Witcher et al., 2021). Together, these data support our
hypothesis that microglia are critical drivers of post-TBI cognitive impairment, and furthermore, these
data suggest that it may be possible to reprogram neurodegenerative microglia towards a more
neuroprotective phenotype.

We next aimed to identify potential ‘microglial cell-specific therapeutic targets to ameliorate the chronic
neurodegenerative sequelae of r-mTBI. We identified the persistent dysregulation of several
inflammatory and immunoregulatory genes that developed over time through unbiased RNA sequencing
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of acutely isolated microglia at 14-, 90-, and 180-days post-injury. Several microglial phenotypes have
been reported to exist under inflammatory conditions (Ransohoff and Perry, 2009). While I identified the
presence of a mixed pro and anti-inflammatory microglial signature at the sub-chronic time points, as time
progressed, I found that the phenotype became predominantly pro-inflammatory. Microglia isolated from
the injured mouse brain demonstrated an increased expression of several TREM2-dependent diseaseassociated microglia (DAM) marker genes, further suggesting a deleterious function of microglia in the
chronic phase of injury. Through our transcriptomic analysis, we identified the progressive impairment of
several lipid and glucose metabolic pathways. Notably, the downregulation of PPARy and its coactivator
PGC1a were revealed as key mechanistic drivers of the dysregulated microglial activation seen in the
injured CNS. PPARγ is a nuclear transcription factor highly expressed in immune cells such as microglia
(Viswakarma et al., 2010). While originally identified as regulators of lipid metabolism and cell
proliferation (Umemoto & Fujiki, 2012) they have since been reported as central regulators of insulin
sensitivity, glucose metabolism, and inflammation (Hoon Lee et al., 2005; Umemoto & Fujiki, 2012).
Microglial metabolic activity is intricately linked with their function, and immunometabolic
reprogramming towards a glycolytic metabolic state has become acknowledged as a hallmark of proinflammatory microglial activation (Bernardo & Minghetti, 2008). While research into the microglial
specific effects of TBI on metabolism are still in their early stages, microglial metabolic reprogramming is
well documented in mouse models of AD, wherein Aβ-induced neuroinflammation decreases
mitochondrial oxygen consumption and oxidative phosphorylation and increases lactate production,
indicating a shift towards glycolytic metabolism (Kalsbeek et al., 2016). Furthermore, bioenergetic deficits
related to glycolytic metabolism have been suggested to cause the microglial functional impairments seen
in microglia harboring mutations in TREM2, a phagocytic receptor expressed on microglia a strong risk
factor for the development of AD (Ulland et al., 2017).

In chapters 3 & 4, we found that exposure to pro-inflammatory cytokines inhibited PPARy transcriptional
activity and PGC1a expression of microglia both in vivo and in vitro. We found that enhancing PPARy
transcriptional activity with pioglitazone dramatically reduced the microglial pro-inflammatory response.
As both insulin sensitivity and inflammation have been heavily implicated in neurodegenerative disorders,
the role of PPARy in the development of, and as a potential target for neurodegenerative disorders has
seen increasing attention in recent years. Interestingly, a single nucleotide polymorphism of PPAR-γ2
Pro12Ala (rs1801282) was found to reduce its affinity for PPAR response elements and its transcriptional
activity. This SNP has been found to confer a higher risk of developing sporadic AD (Scacchi et al., 2007).
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As one of the primary aims of this study was to evaluate the therapeutic efficacy of compounds to recover
the TBI-induced dysfunction, in chapter 4, we evaluated the therapeutic potential of the PPARy agonist
pioglitazone. We chose to utilize a delayed treatment paradigm as we identified the emergence of PPARγ
dysregulation at three months post-injury and persisting at six months post-injury. Additionally, this
delayed treatment is more likely to represent cases of r-mTBI wherein individuals may be unlikely to seek
medical assistance until the later onset of clinical symptomology. In chapter 4, we demonstrated how
pioglitazone could attenuate the memory and learning impairments seen at six months post-injury and
substantially reduce TBI-induced neuropathology. By analyzing microglial specific responses to r-mTBI and
pioglitazone treatment, we found that pioglitazone treatment dramatically reduced NFkB, STAT3, and
NLRP3 activation, supporting our claim that PPARy dysregulation is a master regulator of chronic
microglial activation. Furthermore, we found that pioglitazone resulted in the activation of some nonPPARy-dependent pathways such as AMPK. While not under the direct control of PPARy, the activation of
adjacent metabolic regulators by pioglitazone suggests it has multiple potentially beneficial mechanisms
of action.

Together, these beneficial effects of treatment at such a chronic timepoint support our earlier findings
that 1)the therapeutic window to treat TBI may be far longer than previously believed, 2) PPARy
dysregulation is a critical driver of microglial pathobiology following r-mTBI, and 3) Pioglitazone is a valid
and effective therapeutic intervention strategy for the ever-increasing number of patients living with TBIrelated disabilities.

5.2 Future directions
In addition to deficits in PPARγ signaling, investigation of microglial transcriptomes at three- and six
months post-injury revealed that TBI impacted PI3K/AKT/PTEN signaling; network analysis suggested
chronically dysregulated PTEN signaling may also represent a promising therapeutic target due to its
regulatory function over PI3K, AKT, and mTOR activation. Originally identified as a tumor suppressor (J. Li
et al., 1997), the phosphatase and tensin homolog (PTEN) is a lipid and protein phosphatase that acts as
a critical regulator of the PI3K/AKT pathway (M. S. Song et al., 2012; Worby & Dixon, 2014). While PTEN
has been extensively studied as a tumor suppressor, in recent years, its roles in the innate immune system
and inflammation have received increasing attention (L. Chen & Guo, 2017). Several studies have
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identified the critical roles of PTEN in regulating the innate immune responses of macrophages (Sahin et
al., 2014; Schabbauer et al., 2010), and natural killer (NK) cells (Leong et al., 2015). However, the specific
functions of PTEN and its effects on PI3K signaling in microglial driven neuroinflammation are still unclear.
PI3K signaling is a major cellular growth and survival pathway, suggesting it conveys neuroprotective
function (M. S. Song et al., 2012; Worby & Dixon, 2014). However, PI3K signaling has also been implicated
in the induction of pro-inflammatory cytokine production through the activation of NF-kB and STATs
(Popiolek-Barczyk & Mika, 2016). Several studies have investigated this duality of PI3K mediated
responses with mixed results. In vitro evidence has demonstrated that both the activation and inhibition
of PI3K signaling have anti-inflammatory potential (Duan et al., 2004; Schabbauer et al., 2004). As a key
aim of this research project is to identify potential therapeutic candidates that could be rapidly translated
into the clinic. When considering therapeutic targets, we prioritized those with known FDA-approved
drugs that have well-characterized CNS pharmacokinetic/dynamic properties. To date, there are currently
no FDA-approved compounds that target PTEN. However, in addition to the data shown in this thesis, we
evaluated the effect of PTEN inhibition using Bisperoxovanadium(HOpic), a potent and selective inhibitor
of PTEN in vitro (data not shown). We further developed these data using Cre-lox inducible, microglial
promoter-specific targeted gene deletion model (Data not shown), and while our early evidence suggests
microglial PTEN deletion has beneficial effects at the chronic stages of injury, we experienced significant
difficulty in generating sufficient numbers of animals for chronic studies. As such, we could not pursue
these data further in this thesis, but this is an avenue of future study we plan to investigate.

In chapter 3, through analysis of the alterations in the microglial proteome of pioglitazone-treated cells,
we identified the activation of several off-target effects such as AMPK and Sirtuin1. While the
pharmacological activation of these pathways has shown beneficial effects in this study and others, the
activation of both PPARγ-dependent and -independent mechanisms in multiple cell types potentially
confounded our efforts to identify the underlying mechanisms of PPARy in response to r-mTBI in vivo.
Furthermore, while pioglitazone is currently widely prescribed for type II diabetes in the United States,
the use of TZDs has been linked to undesirable side effects such as weight gain, osteoporosis, and cardiac
edema (Eckland & Danhof, 2000). As I observed the most potent effects at the higher dose, its prolonged
use treat individuals who have sustained TBI may be limited clinically by the risk of adverse side effects.
To address these issues, future experiments should implement microglial specific targeted PPARy deletion
or overexpression to evaluate how PPARy function affects the microglial response to injury. To further
develop the work presented in this thesis, we are currently breeding a CX3CR1 Cre-recombinase mouse
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line with mice harboring a VP16 PPARy LoxP sequence. The fusion of the viral transcriptional activator,
VP16, to PPARy has been shown to generate a constitutively active form of PPARy with transcriptional
activity similar to that of PPARy in the presence of activating ligands (Ryan et al., 2011).

In concert with this planned study, we are also working to develop new PPARy ligands with improved CNS
penetration, target specificity, and minimal side effects. Throughout the studies reported in this thesis
and several others performed by myself and others at the Roskamp institute during my time as a Ph.D.
student, we have generated an extensive library of transcriptomic, proteomic, and lipidomic data derived
from multiple tissue types and disease states. While the advent of the high throughput techniques
presents several challenges related to its curation, processing, and biological interpretation, it also
presents a significant opportunity to identify plausible therapeutic hypotheses from which future
therapeutics can be developed. However, traditional drug development pipelines are incredibly lengthy,
expensive, and have a high attrition rate. As such, we are currently implementing the use of supervised
machine learning algorithms to make data-driven decisions on future potential PPARy agonists. In the
early stages of our drug discovery work, we focused on performing a detailed exploration of the chemical
space of known PPARy agonists and antagonists using several thousand PPARy agonists taken from the
compound database CHEMBL (Davies et al., 2015). Our preliminary investigations have focused on
identifying compounds of similar “Drug likeness” as calculated by Lipinski descriptors. From these
analyses, we are currently developing a quantitative structure-activity relationship (QSAR) model based
on the molecular fingerprint derived from the Simplified Molecular Input Line Entry System (SMILES)
notation of these compounds and their EC50 values. Additionally, we are working to generate a recurrent
neural network (RNN) using the DrugEX method (X. Liu et al., 2021). Using RNNs trained from large
compound libraries and reinforcement learning framework, we are currently working towards the De
Novo generation of improved PPARy agonists for evaluation in our several In-house r-mTBI paradigms.

5.3 Closing Remarks
In conclusion, the data presented in this thesis support the fact that PPARy dysregulation is a valid and
effective target to ameliorate the chronic neurodegenerative sequelae of r-mTBI, which is very
encouraging for individuals currently living with TBI related disability. Furthermore, we believe that in
addition to the direct contributions of this work in advancing our understanding of microglia pathobiology
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and potential therapeutic targets for r-mTBI, the transcriptomic data generated during this study will help
fuel big data approaches to develop more advanced platforms for the interrogation of novel targeted
therapies.
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