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Abstract

Mild blast-induced traumatic brain injury (bTBI) is a modality of injury that has been of major concern
considering a large number of military personnel exposed to the blast wave from explosives. bTBI results
from the propagation of high-pressure static blast forces and their subsequent energy transmission within
brain tissue. Current literature presents a neuro-centric approach to the role of mitochondria dynamics
dysfunction in bTBI; however, changes in astrocyte-specific mitochondrial dynamics have not been
characterized. As a result of fission and fusion, the mitochondrial structure is constantly altering shape to
respond to physiological stimuli or stress insults by adapting structure and function, which are intimately
connected. Dysregulation of the protein regulator of mitochondrial fission, DRP1, and upregulation in the
phosphorylation of DRP1 at the serine 616 site is reported to play a crucial role in astrocytic mitochondrial
dysfunction, favoring fission over fusion post-TBI. Astrocytic mitochondria are starting to be recognized
to play an essential role in overall brain metabolism, synaptic transmission, and neuron protection.
Mitochondria are vulnerable to injury insults leading to the worsening of mitochondrial fission and
increased mitochondrial fragmentation. In this study, a combination of in vitro and in vivo bTBI models
were used to examine the effect of blast on astrocytic mitochondrial dynamics. Acute differential
remodeling of the astrocytic mitochondrial network was observed, accompanied by an acute (4hr) and
sub-acute (7 days) activation of the GTP-protein DRP1. Further, results showed a time-dependent reactive
astrocyte phenotype transition in the rat hippocampus. This discovery can lead to innovative therapeutics

targets to help prevent secondary injury cascades that involve mitochondria dysfunction.



Mitochondrial Dynamics Alteration in Astrocytes Following Primary Blast-Induced Traumatic
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Fernanda Guilhaume Correa
General Population Abstract

Blast-induced traumatic brain injury (bTBI) is a modality of injury that has become prominent considering
a large number of military personnel exposed to a blast wave caused by explosives. Blast injury results
from the energy transmission of the blast wave to the brain. Within the brain, there are specialized cells,
called astrocytes, that help maintain a healthy environment. This work investigates the role that astrocytes
play during the injury recovery process. Within the astrocytes, there are organelles called mitochondria,
that help maintain the energy for the cell. The number and function of mitochondria can change in
response to the brain injury. They can increase in number by a process called fission and they can decrease
in number by a process called fusion. These events effect the function of the mitochondria. Researchers
have methods that can identify changes in the number and function of the mitochondria. In this work,
astrocyte mitochondrial dynamics were examined and compared using models of bTBI. We found
significant changes in the mitochondria of astrocytes, which could lead to an unhealthy environment in
the brain. This discovery can lead to new treatments for patients that may improve their quality of life

following bTBI.
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Chapter 1. Introduction

1.1. Significance

Traumatic brain injury (TBI) is a worldwide public health concern, affecting millions of people
every year, and represents one of the major causes of long-term disability and mortality (Dewan et al.,
2019). In the United States, approximately 1.7 million people suffer a TBI, with 75% being a mild TBI
(mTBI), usually caused by a fall, a motor vehicle accident, an assault, or sports-related injuries (Swanson
et al., 2017). Moreover, according to the Department of Defense (DOD), TBI is one of the most common
injuries among the military and veteran population, with 82.3% being an mTBI (DOD TBI Worldwide
Numbers | Health.Mil, 2022). Specifically, mild blast-traumatic brain injury (bTBI) is a prevalent head
injury among military combat personnel and veterans due to their exposure to explosives during armed
conflict and training.

TBI is a complex and heterogeneous injury, defined by sufficient external physical/mechanical
forces acting on the head and brain parenchyma, triggering a secondary insult of cellular and molecular
dysfunction leading to a progressive change of the typical architecture and function of the brain. Clinical
manifestations of bTBI include ongoing persistent symptoms, including sensory, somatic,
neurobehavioral, neuroendocrine, and cognitive deficits, which are driven by underlying cellular and
molecular consequences of the injury. Treatments for bTBI remain elusive and are limited to symptom
management because the pathophysiology of symptoms is poorly understood. In addition, there is a critical
knowledge gap in understanding the cellular and molecular response post-blast exposure.

TBI involves response from both neural and non-neural cells (glia) that interact to maintain the
typical architecture and function of the brain. Glial cells, specifically astrocytes, are biochemically and
structurally coupled with neuronal cells. Astrocytes are of particular interest in TBI pathology because of

their unique ability to respond to insults and their different neuroprotective roles in a healthy (Matias et
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al., 2019) and injured brain (Burda et al., 2016; Bylicky et al., 2018; Matias et al., 2019). They can respond
to a myriad of CNS insults through morphological, molecular, and functional changes known as astrocyte
reactivity (Escartin et al., 2021; Khakh & Sofroniew, 2015). Although astrocyte reactivity does present
favorable properties, the prolonged abnormal activation causes detrimental effects on neuronal
functionality leading to long-term cognitive issues such as memory impairments (Agoston, 2017; Sajja et
al., 2016; Zhou et al., 2020).

Current literature presents a neuro-centric approach to the role of mitochondria dysfunction in
focal (blunt or stab wound) and diffuse (blunt or blast) injuries (Arun et al., 2013; Cheng et al., 2012;
Fischer et al., 2016). The role of mitochondria in astrocytes during TBI pathophysiology has been
overlooked. However, astrocytic mitochondria are starting to be recognized as playing an essential role in
astrocytic function (calcium signaling, synaptic transmission, glutamate uptake) and ultimately this is
translated to the astrocyte’s response in neuron protection. Just like in neurons, astrocytic mitochondria
are vulnerable to injury insults leading to altered mitochondrial dynamics and fragments due to an increase
in fission and those structural changes can trigger an excessive generation of reactive oxygen species
(ROS), among other issues, therefore, further worsening the astrocytes, response to injury (lIshii et al.,
2017; Lima et al., 2018; Motori et al., 2013; Sarkar et al., 2018). Changes in mitochondrial dynamics
affecting activity and its possible link to astrocyte reactivity have not yet been characterized concerning
mild bTBI. Therefore, this dissertation research focuses on characterizing acute astrocytic mitochondrial
dynamics, focusing on the unique pattern of the GTP-protein DRP1 and reactive astrocyte phenotype

transition in in vitro and in vivo models of mild bTBI.



1.2. Hypothesis and Specific Aims

The working hypothesis for the study conducted here is: Blast-induced traumatic brain injury (bTBI)
causes altered astrocytic mitochondrial dynamics leading to an increase in mitochondrial
fragmentation by phosphorylated DRP1-mediated mitochondrial fission serine 616 (Figure 1). The
hypothesis was tested using the following specific aims and the characterization within the in vitro and in

vivo models of bTBI.
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Figure 1.1: Hypothesis. Blast-induced traumatic brain injury (bTBI) causes an acute altered astrocytic mitochondrial dynamic
leading to an increase in mitochondrial fragmentation by the phosphorylated DRP1-mediated mitochondrial fission serine 616
(PDRP116),

I. Specific Aim 1: Characterize the acute effects of bTBI mechanical insult to initiate aberrant

astrocytic mitochondrial dynamic alterations.

Aim 1 was divided into three sub-aims:

Sub-aim 1.1: Explore DRP1-mediated mitochondrial fission at 4, 24, and 72 hours in primary astrocyte

cell culture post mechanical insult.



Sub-aim 1.2: Determine the role of phosphorylated DRP1 serine 616/DRP1 serine 637 site ratio and the
levels of mitochondrial fragmentation at 4, 24, and 72 hours in primary astrocyte cell culture post
mechanical insult.

Sub-aim 1.3: Investigate acute astrocyte reactivity phenotypic transition at 4, 24, and 72 hours post

mechanical insult.

I1. Specific Aim 2: Characterize unique patterns of astrocytic mitochondrial dynamic alteration

post single bTBI.

Aim 2 was divided into three sub-aims:

Sub-aim 2.1: Explore DRP1-mediated mitochondrial fission at acute and sub-acute stages of the injury
within isolated astrocytes from the hippocampus post single bTBI.

Sub-aim 2.2: Investigate phosphorylated DRP1 serine 616/DRP1 serine 637 site ratio at acute and sub-
acute stages of the injury within isolated astrocytes from the hippocampus post single bTBI.

Sub-aim 2.3: Investigate astrocyte reactivity phenotypic transition at the injury's acute and sub-acute

stages post single bTBI.



Chapter 2. Background

2.1. Traumatic Brain Injury (TBI)

2.1.2. Clinical Significance

TBI occurs when an external force hits the head resulting in brain damage, and according
to the Glasgow Coma Scale (GCS), TBI varies in three categories of severity. The GCS is the most
commonly used clinical scoring system to diagnose and describe the early level of impaired
consciousness in a person who has suffered an acute head injury. Therefore, the GCS creates a
common classification of acute TBIs according to three severity categories: mild, moderate, and
severe (Jain & Iverson, 2022). Triaging based only on GCS is not ideal, since the criterial to
diagnose and determine the patient TBI severity presents a level of inconsistency (Dong & Cremer,
2011; Fitzgerald et al., 2022). Unfortunately, there is no perfect questionnaire or measure of patient
TBI severity; therefore, many practitioners are not solely relying on the GCS but also having a
more holistic approach that takes into consideration the patient’s post-concussion symptoms and
individual experiences.

Compared to moderate and severe TBI, there are challenges to detect mild TBI (mTBI).
There is the inability of neuroimaging tests like CT scans or MRI to detect any clear and consistent
morphological changes to the brain making early mTBI diagnosis difficult. Instead, mTBI
diagnosis is based solely on patient symptoms once in the hospital. For instance, approximately
50% of veterans who suffered a blast-related mTBI reported that they never experienced an
immediate loss of consciousness, altered mental status, or immediate temporary amnesia
(McGlinchey et al., 2017; Siedhoff et al., 2022). These cognitive symptoms are required for the

GCS to classify the severity of neurologic injury in early clinical assessments.



In preclinical studies, mild bTBI can produce subtler morphological changes within the
brain's cells, including mitochondrial dysfunction, astrocyte reactivity, synaptic alteration, and
neurovascular impairment. Mild TBI, if left untreated for an extended period of time, can cause
irreversible cognitive deficits. Blast overpressure exposure has been linked to a variety of cognitive
deficits, including memory loss, emotional disorders and anxiety problems such as attention
defects, according to clinical reports (Agoston, 2017; Chapman & Diaz-Arrastia, 2014; Higgins et
al., 2014; Kashdan et al., 2006; Miles et al., 2017; Theeler et al., 2012). When it comes to long-
term memory, the hippocampus play a crucial role and pre-clinical models have shown neuronal
death and astrocyte reactivity from mild bTBI in the hippocampus (Cho, Sajja, VandeVord, et al.,
2013; Hao et al., 2020; Hernandez et al., 2018; Law et al., 2016; Sajja et al., 2012, 2014). The
hippocampus was selected as the focus of this study to learn more about the function of astrocytic

mitochondria dynamics because of its association with memory and learning.

2.1.2. Traumatic Brain Injury Etiologies

TBI is a heterogeneous condition whose pathophysiological mechanisms consist of two
main etiologies (insults), starting with the primary insult at the moment of the trauma, resulting
from the direct biomechanical forces that initiate changes at the cellular level and thus trigger the
secondary insult, a cascade of biochemical events that if chronic can be deleterious to the cell.

The initial external mechanical force, the primary insult of TBI, is such as the head
colliding or being hit by an object without penetration or the brain being penetrated by a foreign
object, rapid acceleration or deceleration of the brain, or in the case of bTBI, the blast overpressure
wave causes the primary insult. These insults can lead to elevations in intracranial pressure and
swelling, causing low cerebral blood flow and consequently nutrient deprivation, as well as

irreparable tearing and stretching leading to secretion of cellular contents into the extracellular



space (Bir et al., 2012; Bolander et al., 2011; Farkas & Povlishock, 2007; Leonardi et al., 2011;
Levi et al., 1990; Meythaler et al., 2001; Povlishock & Katz, 2005).

General pathophysiological features of TBI and mechanisms following the primary insult
are referred to as the secondary insult. Brain cells attempt to repair the damage after the
biomechanical insult but frequently do so with residual damage due to chemical cascades and
cellular activation brought on by the primary injury. This secondary insult can happen within
minutes, hours or days following the primary insult. It can involve downstream biochemical,
physiological, metabolic, and cellular changes, including but not limited to mitochondrial
dysfunction, oxidative stress, excitotoxicity, neuroinflammation, blood-brain barrier (BBB)
impairment, and glial reactivity (Cash & Theus, 2020; Karve et al., 2016; Munoz-Ballester et al.,
2022; Sajja et al., 2014; Sajja, Hubbard, & VandeVord, 2015; Yi & Hazell, 2006). The
interrelationship of primary and secondary insults leads to long-term cognitive detrimental
outcomes in TBI patients.

A growing collection of pre-clinical and clinical TBI literature has demonstrated that
astrocytes are crucial to the pathophysiology of the chronic stages of TBI and long-term cognitive
effects could result from chronic astrocytic reactive phenotype that could lead to maladaptive
response to the injured brain (Michinaga & Koyama, 2021; Sajja et al., 2014, 2016; Sajja, Hubbard,
& VandeVord, 2015). Astrocyte phenotype transition to a reactive state can present
neuroprotective functions; however, persistent astrocyte reactivity can lead to prolonged BBB
disruption, chronic neuroinflammation, and neurotoxicity (Burda et al., 2016; Casas et al., 2017;
Cho, Sajja, VandeVord, et al., 2013; Pekny & Pekna, 2014; Perez-Catalan et al., 2021; Sofroniew
& Vinters, 2010; Yi & Hazell, 2006). Both in vitro and in vivo models of acute TBI and bTBI

show that transition between astrocyte reactive phenotypes is highly dependent on injury



mechanism and severity (Bailey et al., 2016; Cullen et al., 2007; LaPlaca et al., 2005; Sajja et al.,
2014).

Additionally, research has demonstrated the significance of astrocytes in controlling
synaptic transmissions, controlling energy metabolism, maintaining homeostasis, guarding against
glutamate toxicity, and shielding neurons from oxidative stress following TBI (Bylicky et al.,
2018; Mahmoud et al., 2019; Zhou et al., 2020). Many of those mechanisms by which astrocytes
maintain and protect neurons are mitochondrial-associated mechanisms, including buffering
excessive ROS, maintaining calcium homeostasis, and providing a metabolic substrate (Gollihue
& Norris, 2020; Jackson & Robinson, 2018; Rose et al., 2020; Stephen et al., 2014). Mitochondria
are vital organelles for cell physiology, being an essential source of energy, metabolism
coordination, regulation of Ca?* signals, and participation in signaling cues for cell survival and
death. These organelles have a dynamic nature, constantly remodeling their architecture by
combining (fusion) or dividing (fission), facilitating their distribution/migration along the
cytoskeleton and homogenization of their content (Liesa et al., 2009). A complex group of
guanosine triphosphate (GTP)-binding proteins that carry out either fusion (Mitofusin 1 and 2,
MNF1 and MNF2; optic atrophy 1, OPAL) or fission (e.g., dynamin-related protein 1, DRP1;
fission 1 protein, FIS1) orchestrate mitochondrial structure (Detmer & Chan, 2007; Liesa et al.,
2009). Preserving the balance between these antagonistic forces helps maintain mitochondrial

architecture, metabolism, and proper cell physiology.

2.2. Blast-Induced Traumatic Brain Injury

2.2.1. Blast Wave Characteristics

The blast wave is caused by rapid expansion of combustion material that causes supersonic

flow of the surrounding air. The blast wave is a fast-moving phenomenon that leaves the
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explosion's epicenter as an expanding sphere of compressed gases into the surrounding
environment. Far from the explosion's epicenter (far-field blast region), the blast wave is
characterized by the Friedlander waveform (figure 2.1). A quick rise in pressure known as
overpressure or peak pressure associated with a blast wave characterizes the Friedlander
waveform. This peak pressure drops into a short duration of negative pressure (below ambient
pressure), followed by a return to normal conditions. These pressure (dynamic) changes happen in
milliseconds, and the overpressure or peak pressure duration is the amount of time an object is

exposed to the wave pressure.
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Figure 2.1: The Friedlander waveform represents a shock wave from a far-field blast event. The blast wave
profile is characterized by a quick positive duration phase followed by a negative phase. The peak pressure (Pmax),
rise time, positive impulse and positive duration define the blast wave. Image acquired from (Hlavac, 2018).
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The outward airflow from the blast wave's source is characterized by hydrostatic (static)
and dynamic pressures. In the case of the far-field blast region, the static pressure is the pressure
felt by an object parallel to the direction of the airflow and is represented by the Friedlander
waveform described above. The kinetic energy associated with the airflow is defined as the
resulting dynamic pressure, also known as blast wind. The static pressure delivers the compressive,
and the dynamic pressure presents the ‘drag and lift' forces that push and lift objects or individuals,
triggering impact-relevant injuries (Needham et al., 2015). The dynamic pressure (blast wind)
effects in studies that isolate primary bTBI are minimized with the idea of better understanding

and characterizing how the shock wave itself interacts with the body.

2.2.2. Blast Injury Categories (primary, secondary, tertiary, and quaternary)

There are four types of blast injuries: primary, secondary, tertiary, and quaternary (Figure
2.2). Briefly, immediately after the explosive device is detonated, a high-pressure wave is formed
at supersonic velocity into the surrounding medium, which creates a thin outside layer of
compressed air. The primary blast injury results from propagation of the high-pressure wave and
its subsequent energy transmission within the body. There is a surge in understand this particular
type of brain injury; nevertheless, the mechanism behind the injury are still not fully understood
and have been the subject of much debate. Secondary brain injury is caused by fragments or debris
propelled by the blast wave. Tertiary brain injury is due to acceleration and deceleration of the
body by the blast wind (dynamic pressure). Lastly, quaternary injury includes wounds due to burns

or post-detonation environmental contaminants.
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Tertiary blast mechanisms
(i.e. effect of the
acceleration/deceleration)

Quaternary blast mechanisms
(i.e. effect of thermal and
chemical exposures)

Secondary blast mechanisms
(i.e. effect of shrapnel i x: 5
displaced by blast wind) (i.e. effect of the blast wave)

Primary blast mechanisms

Figure 2.2: Blast injuries can be divided into four categories. After the explosive device goes off, a high-pressure
wave expands at supersonic velocity into the surrounding medium. Primary Blast Injury is the injury caused by the
blast wave itself. Secondary injury is caused by fragments of debris propelled by the blast wave. Tertiary injury is due
to acceleration of the body or part of the body by the blast wind. Quaternary injury is due to burns or post detonation
environmental contaminates. Imaged adapted from (Cernak & Noble-Haeusslein, 2010).

2.2.3. Primary Blast-Induced Traumatic Brain Injury

Given the enormous number of service members, primary blast-induced traumatic brain
injury (bTBI) is a source of significant worry. bTBI results from the propagation of high-pressure
static blast forces and their subsequent energy transmission within brain tissue. Exposure to this
overpressure it thought to cause diffuse brain injury that leads to cellular damage. Understanding
the physiological and pathological mechanism underlying bTBI is challenging due to the
complexity of the blast wave’s injurious environment (open-field and closed-field) (Cernak &
Noble-Haeusslein, 2010). Therefore, preclinical bTBI models need to make sure to replicate the
mechanical properties (intensity, duration and complexity of the blast wave) and clearly identify
and reproduce the right components of the blast wave environment that further mimics military

blast injuries outcomes.
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Mechanical transmission of blast waves into the brain has been described in investigations,
leading to pressure abnormalities and tissue level damage (Leonardi et al., 2011; Wang et al.,
2014). Unfortunately, how the blast wave travels into and through brain tissue is still a matter of
debate. Despite the extensive investigation and offered theories, many gaps remain. Although our
understanding of the complicated mechanisms involved in the transmission of blast wave energy
to the brain is limited, it is likely that multiple systems are at play (Fievisohn et al., 2018). Some
of these mechanisms include the blast wave's direct transmission through the head and brain, while
others include the blast wave's action on the skull, resulting in flexure that triggers intracranial
pressure oscillations in the brain (Bolander et al., 2011; Ganpule et al., 2013; Hampton &
Vandevord, 2012; Moss et al., 2009). An alternative explanation postulates that a pressure wave
originating in the thoracic region would travel through the vascular system, resulting in an increase
in intracranial pressure. No definitive biomechanical mechanism responsible for bTBI has been
established; therefore, these possibilities continue to be discussed.

In an effort to accelerate the process of developing diagnostic tools and therapeutic
approaches for bTBI, preclinical animal (in vivo) models have been developed. To prove that the
pre-clinical models accurately represent human injuries, they must be compared to human data
(Cho, Sajja, VandeVord, et al., 2013). Since shock waves are known to have different interactions
with brain tissue than other TBIs, it is also crucial to understand how brain cells collectively and
singly recognize, respond, and adapt to the primary injury stimulus, the mechanical insult itself, in
bTBI. As a result, in vitro models can help shed light on these fundamental problems and advance
our knowledge of how astrocytes experience, respond and adapt to mechanical overpressure insults

(Hlavac et al., 2020; Hlavac & VandeVord, 2019).

2.3. An Astrocytic Approach to TBI Pathophysiology
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The most studied cell in the brain is the neuron; however, astrocytes are gaining importance
within the TBI field because of their various neuroprotective roles and their unique ability to
respond to mechanical and biochemical insults from TBI. In the healthy brain, astrocytes present
a spongiform morphology and have many process extensions radially arranged with end-feet
enveloping blood vessels and most processes surrounding neurons and the synaptic cleft between
the presynaptic and the postsynaptic terminals. In addition, astrocytes can interface with other
astrocytes via gap junctions, creating an extensive interconnected network throughout the brain
(Khakh & Sofroniew, 2015). This unique anatomical organization permits astrocytes to perform
vital roles in the healthy brain, such as helping regulate synaptogenesis, synaptic strength,
neurotransmitter regulation levels and brain microcirculation, providing neurons with energetic
and antioxidant precursors (Bylicky et al., 2018; Mahmoud et al., 2019; Matias et al., 2019; Perez-
Catalan et al., 2021; Sofroniew & Vinters, 2010).

Until recently, astrocytes were considered only as a “glue” for neurons with the idea to
solely function as supportive cells within the CNS because of their lack of being electrically
excitable like neurons. However, current interest in astrocytes now highlights the importance of
these cells in understanding the injury mechanisms and neurodegenerative process that result
following injury. The morphologic and biological alterations that astrocytes experience in
response to damage is known as astrocyte reactivity. Reactive astrocytes typically have a different
appearance than quiescent ones. Characteristics of reactive astrocyte phenotype in clinical and pre-
clinical TBI pathology include hypertrophy of their main cellular processes, proliferation, and
alterations in protein expression, such as the expression of the intermediate filament protein glial

fibrillary acidic protein (GFAP), collectively known as universal hallmarks of astrocyte reactivity
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(Ekmark-Lewen et al., 2010; Eng et al., 2000; Escartin et al., 2021, 2021; Khakh & Sofroniew,

2015; Michinaga & Koyama, 2021).

2.3.1. Astrocyte Reactivity, a Finely Graduated Response to TBIs Insult

As we've seen, astrocytes have the potential to contribute significantly to brain health and
CNS function. In reaction to injury, astrocyte reactivity may help heal injured tissue and restore
homeostasis, or it may have detrimental effects by promoting scar tissue formation and blocking
neuronal axon growth. The transitory reactive phenotype is not as simple as it seems and can
influence the initial functional response of the astrocytes to an insult and, therefore, leads to the
sparking of a growing debate.

The astrocyte reactivity phenotype is primarily characterized by astrocytic proliferation,
cellular hypertrophy (body and process), and modification of intermediate filament proteins such
as vimentin and GFAP (Ekmark-Lewén et al., 2010; Schwerin et al., 2021), with the latter being
the most common marker used to identify astrocyte reactivity. Those characteristics are mainly
presented or interpreted as an all-or-none response; however, pre-clinical studies are showing
heterogeneity in the astrocyte reactivity phenotype along a spectrum from mild to extreme
phenotypic variation which can further varies the cell function and properties (Anderson et al.,
2014; Silver & Miller, 2004; Torres-Ceja & Olsen, 2022). In the case of brain injury, the initial
reactive phenotype is subtly controlled by primary insult (mechanical) severity and the triggering
of a wide array of context-dependent intercellular and intracellular signaling, the so-called
secondary insult. Therefore, astrocyte reactivity is not a single stereotypical response (Anderson
et al., 2014; Burda et al., 2016; Khakh & Sofroniew, 2015; Sofroniew, 2020). However, it does
present a transitory reactive phenotype that can vary by injury severity and inter and intracellular

signaling that could be further influenced by time-dependent (acute, sub-acute, and chronic) stages
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of the injury. All of this together can play an important role in controlling astrocyte response post-
injury as either a positive and helpful response or a more harmful and detrimental response (Buffo
et al., 2010; Pekny et al., 2016; Pekny & Nilsson, 2005; Zhou et al., 2020). As a result, according
to Sofroniew and colleagues (Sofroniew, 2015a), dividing the astrocyte reactivity phenotype into
three groups such as 1) Mild, 1) Moderate, and I11) Severe could help to better understand the
astrocyte reactive phenotype and perhaps help to give a better interpretation of astrocyte reactivity

response post brain injury (Figure 2.3).

Astrogliosis gradient

\ ge}
ytoskeleton

Figure 2.3: Illustration representing astrocyte reactivity phenotype transition from health to injured brain.
Post insult, a mild to moderate astrocyte reactivity presents upregulated GFAP protein expression with initial
cytoskeleton hypertrophy, however, most of the astrocytic individual domain is maintained. On the other hand, a
severe astrocyte reactivity phenotype presents u-regulation of GFAP, cytoskeleton hypertrophy and loss of astrocytic
individual domains by increase in proliferation starting to form scar borders around damaged tissue. Image acquired
(Sofroniew, 2015a).

hypertrophy

scar astrocytes cells

I. Mild Astrocyte Reactivity
Focal TBI lesions, even those far from the point of damage, can show signs of mild
astrocyte reactivity, which is typically linked with mild non-penetrating and non-contusive trauma.

In addition, astrocytes displaying a phenotypic shift, including upregulation of the intermediate
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filament protein GFAP, changes in their cytoskeleton such cellular body and process hypertrophy,
and minimal to no proliferation, have been linked to mild reactivity of astrocytes (Khakh &
Sofroniew, 2015; Sofroniew, 2015a; Sofroniew & Vinters, 2010). Hypertrophy of the cytoskeleton
is a feature unique to astrocytes, where it persists in isolation (Sofroniew, 2015a; Wanner et al.,
2013). In other words, the independent domains of astrocytes are maintained because their
processes do not cross into one another. However, in the context of TBI, the physiological
ramifications of subtle changes in astrocyte responsiveness are poorly known.
I. Moderate Astrocyte Reactivity

The presence of moderate astrocyte reactivity is typically linked to chronic
neurodegenerative disorders, diffuse TBI, and severe focal TBI in the regions around the focal
lesions. Moderate reactivity in astrocytes is characterized by a number of phenotypic features
including significant upregulation of the intermediate filament protein GFAP, noticeable
alterations in the cytoskeleton via cellular body and process hypertrophy, and considerable
astrocyte proliferation. In addition, it's characterized by the early disappearance of certain astrocyte
domains, something that happen really minimal in the mild astrocyte reactivity, as a result of
significant process extension via overlap with adjacent astrocyte process domains (Sofroniew,
2015a; Sofroniew & Vinters, 2010). This phenotype can initiate a remodeling of tissue architecture
without extensive, compact astrocytic scars along borders to necrotic tissue which can be initially
beneficial to the injury site by preventing the injury from spreading (Anderson et al., 2014; Silver
& Miller, 2004; Zhou et al., 2020).
I11. Severe Astrocyte Reactivity.

Penetrating trauma, severe conducive traumais all implicated to a scar formation

phenotype associated with astrocyte reactivity. The exhibited phenotype is highly reminiscent of
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severe astrocyte reactivity, as it includes strong upregulation of GFAP, hypertrophy of the cell
body and process, and enhanced astrocyte proliferation, which ultimately leads to loss of individual
astrocyte domains (Sofroniew, 2009, 2015a; Wanner et al., 2013). Furthermore, extensive tissue
damage results in the production of an astrocytic scar, which is nearly exclusively formed from
substantial astrocyte growth with elongated forms and processes that overlap and tangle to form
compact barriers (Anderson et al., 2014; Silver & Miller, 2004; Zhou et al., 2020).

The data discussed here reveal a considerable reactive phenotypic heterogeneity among
astrocytes, which is regulated by potential responses to various external environmental stressors
intensity (severity). These differences are likely to be of consequence when considering the
functions and impact of astrocyte reactivity on TBI. Lately, research within the TBI field aims to
understand the long-term pathophysiology of mild to moderate brain injury. However, it is
important to understand the pathophysiology of acute mild to moderate astrocyte reactivity after a
TBI. In acute mTBI, astrocyte reactivity is governed by notable upregulation of intermediate
filament protein GFAP and cytoskeleton changes (hypertrophy). This response may present
protective responses in the acute stages of the injury; however, it can eventually present
maladaptive responses since chronic astrocyte reactivity contributes to scar tissue formation which
initially helps to separate the injury area from healthy tissue; however, it negatively affects
regenerative responses at later stages of the injury (Silver & Miller, 2004; Voskuhl et al., 2009).
As mentioned above, mild TBI can lead to an astrocyte reactivity phenotype that display little or
no reorganization of tissue architecture characteristics (Sofroniew, 2015a); therefore, in order to
deconstruct the molecular processes for both adaptive and maladaptive phenotypes of astrocyte
reactivity, it will likely be crucial to understand how astrocytes respond to bTBI in the early phases

of the damage because astrocytes morphology and structural alterations are possibly easier to
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manipulate back to a homeostatic state or to control its reactive phenotype and avoid long-term

detrimental outcomes (Burda & Sofroniew, 2014).

2.4. Mitochondria

2.4.1. Mitochondria Structure, an Intricate Architecture

Adenosine triphosphate (ATP) generation, cell anabolic and catabolic functions, calcium
signaling, influencing ROS levels and redox management, cell division and differentiation, and
cell death are all significant functions performed by mitochondria, which are remarkable
organelles (Chan, 2012; Duchen, 2000; Jacobson & Duchen, 2004; Newmeyer & Ferguson-Miller,
2003; Osellame et al., 2012; Susin et al., 1999). Organelles termed mitochondria present a double
membrane-bound structure, forming a complex architecture with four specific compartments that
perform various functions (mitochondrial outer mitochondrial membrane (OMM), intermembrane

space (IMS), inner mitochondrial membrane (IMM), and the matrix) (Figure 2.4).

ATP synthase particles

v cristae
Ribosome

Granules

Inner membrane
Outer membrane

Figure 2.4: Mitochondria structure. Mitochondria are organelles that present a double membrane-bound
arrangement creating an intricate architecture with four distinct compartments that present different functions, e.g.
mitochondrial outer mitochondrial membrane (OMM), intermembrane space (IMS), inner mitochondrial membrane
(IMM), and the matrix.

Image acquired from (https://commons.wikimedia.org/wiki/File:Diagram_of _a_human_mitochondrion_es.jpg)
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The OMM forms connections with several cytosolic subcellular organelles, including the
plasma membrane, endoplasmic reticulum, lysosomes, peroxisomes, and endosomes. Several
porins (VDACS) and translocases (TOMSs) are also present in the OMM, allowing unrestricted
passage of tiny molecules (5 kDa) into the intermembrane space (IMS). The OMM is also home
to proteins and complexes that are involved in a variety of mitochondrial and cellular processes,
including protein sorting and assembly (SAMSs) and apoptotic signaling (Bak) (Pernas & Scorrano,
2016; Walther & Rapaport, 2009). The OMM can undergo fusion and fission owing to the presence
of membrane fusion (Mfnl/2) and four protein fission receptors, including mitochondrial
elongation factor 1 (MIEF1/MiD51), mitochondrial elongation factor 2 (MIEF2/MiD49), fission
protein 1 (Fisl), and mitochondrial fission factor (Mff); therefore, the OMM exhibits a highly
dynamic structure (Chan, 2012; Giacomello et al., 2020; Yu et al., 2020). Furthermore, as a result
of fission and fusion, the mitochondrial dynamics system controls how the mitochondria react to
different physiological stressors and insults.

The IMS, the area enclosed by the mitochondrial outer and inner membrane, is the most
constricted subaqueous compartment in the mitochondrial organelle and is further subdivided by
the IMM and cristae compartments, called the intracristae compartment. The IMS presents
important functions, such as transporting proteins, ions, and electrons during cellular respiration
and other metabolic processes. Furthermore, several apoptotic components, such as cytochrome c,
are kept in the IMS until their release which initiates programmed cell death (Edwards et al., 2021;
Giacomello et al., 2020).

The IMM presents a well-compartmentalized structure known to separate the
mitochondrial matrix from the intermembrane space. Furthermore, the IMM is the main site for

bioenergetic functions since all the complexes implicated in mitochondrial respiration reside in
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numerous IMM invaginations called cristae, the main site for oxidative phosphorylation. Lastly,
the innermost compartment within mitochondria is the matrix, which is another subaqueous
compartment in the mitochondrial organelle. The matrix space is home to ribosomes, soluble
tricarboxylic acid (TCA) cycle enzymes, metabolites, nucleotides, and ions in addition to

mitochondrial DNA (mtDNA) (Giacomello et al., 2020).

2.4.2. Regulation of Mitochondrial Dynamics: Mechanisms and Consequences

The term mitochondrial dynamics refers to the balance involving fusion and fission events
within the cell (Figure 2.5). A family of GTPase proteins that are encoded by genes in the nuclear
genome orchestrate this phenomenon. The size and number of mitochondrial, quality control
(mitophagy), transport within the cell, and alteration of mitochondrial morphology are all
significantly influenced by fission and fusion events (Chan, 2012; Giacomello et al., 2020;

Hoitzing et al., 2015; Newmeyer & Ferguson-Miller, 2003; Yu et al., 2020).
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Figure 2.5: Mitochondrial Fusion and Fission. 1-2) Fusion is first initiated by merging the two mitochondrial OMM
mediated by the protein receptors Mfnl and Mfn2. In contrast, their C-termini interact with one another, allowing the
tethering of the two OMM with GTP hydrolysis-mediated conformational changes allowing the fusion of the OMM.
Finally, fusion of the IMM starts, mediated by the GTPase OPAL, allowing the formation of a new cristae structure
and ultimately combining both mitochondrial organelles. 3) Fission is mediated by the translocation of activated DRP1
from the cytosol to the mitochondria, and binding to the OMM receptors Mff, MiD49, MiD51, and Fisl. Upon
recruitment to the OMM, DRP1 forms oligomeric rings. GTPase hydrolysis-mediated conformational changes lead to
the rings' construction and promote mitochondrial scission into two new mitochondrial organelles. Imaged adapted
from (Cervantes-Silva et al., 2021).

Activated fission can lead to the mitochondrial network breaking into punctuated
fragmented (<1 um in length), small and rounded mitochondria mainly by the GTPase dynamin-
related protein 1 (DRP1). Briefly, fission is mediated by the translocation of activated DRP1 from
the cytosol to the mitochondria, and binding to the OMM receptors Mff, MiD49, MiD51, and Fis1.

Upon recruitment to the OMM, DRP1 forms oligomeric rings. GTPase hydrolysis-mediated
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conformational changes lead to the rings' construction and promote mitochondrial scission into
two new mitochondrial organelles. Mitochondrial fission helps to provide sufficient numbers of
mitochondria, being important for cell growth and division as well as oxidative functions and the
elimination of damaged mitochondria by mitophagy (Giacomello et al., 2020; Wallace, 2005; Yu
et al., 2020). On the other hand, by gradually merging the OMM and IMM of two distinct
mitochondria organelles, triggered fusion can result in thin, elongated, and highly linked networks
of mitochondria (> 3um in length). Briefly, fusion is first initiated by merging the two
mitochondrial OMM mediated by the protein receptors Mfnl and Mfn2. In contrast, their C-
termini interact with one another, allowing the tethering of the two OMM with GTP hydrolysis-
mediated conformational changes allowing the fusion of the OMM. Finally, fusion of the IMM
starts, mediated by the GTPase OPA1, allowing the formation of a new cristae structure and
ultimately combining both mitochondrial organelles (Giacomello et al., 2020). Opposite to fission,
mitochondrial fusion is important for the connection and exchanging of mitochondrial contents
(e.g. mtDNA, ions, and other small molecules), providing a higher energy capability (increased
mitochondrial surface), and alleviating oxidative damage (Giacomello et al., 2020; Newmeyer &
Ferguson-Miller, 2003; Yu et al., 2020).

The mitochondrial structure is exceptionally dynamic and continually changing shape due
to fission and fusion, allowing it to respond to physiologic cues or stress insults by modifying the
structure and consequently the mitochondrial function since both are tightly associated.
Mitochondrial organelles consist of branching, densely connected networks, which are a byproduct
of fusion or punctate, isolated mitochondria, which are a byproduct of fission. As a result, a
growing body of evidence suggests that altered mitochondrial dynamics such as disruption of the

mitochondrial network, resulting in mitochondrial dysfunction, affects various cellular processes.
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Several human neurodegenerative illnesses have been linked to it. Additionally, TBI researchers
are beginning to investigate the link between altered mitochondrial dynamics and the development
of detrimental TBI outcomes (Arun et al., 2013; Cheng et al., 2012; Fischer et al., 2016; Liesa et
al., 2009; Sridharan et al., 2021). The pathophysiology of acute TBIs is characterized by loss of
mitochondrial function, and excessive fission in particular has been found to be a major pathogenic
event in neuronal death and injury in numerous models of neurodegenerative diseases and TBIs.
A specific mechanism linked to excessive fission and neurodegeneration has been identified as
dysregulation of the main protein regulator of mitochondrial fission, DRP1 (Balog et al., 2016;
Detmer & Chan, 2007; Knott et al., 2008; Liesa et al., 2009).

Mechanical pressures from the original injury and downstream dysregulation from atypical
metabolic cascades during the secondary insult can contribute to mitochondrial dynamic changes
after TBI (Lifshitz et al., 2003). According to research done on brain tissue from TBI patients,
mitochondrial morphology showed a spherical shape and swelling characteristics that could
indicate an increase in fission process byproducts close to the injury site (Balan et al., 2013).
Alterations in mitochondrial dynamics, such as a higher fission event, cause intracellular calcium
to accumulate in the mitochondria, ROS production to excessively increase, and activation of the
mitochondrial permeability transition pore (MPTP), which can severely limit the ability of the

mitochondria to adapt to changes in the cellular environment and ultimately result in cell death.

2.4.3. Mitochondrial Fission

DRP1 is a guanosine triphosphate (GTPase) family member. It is the key player in
mitochondrial fission machinery, mediating mitochondria-related physiological functions such as
mitophagy, oxidative respiration chain, and mitochondrial redox status.

I. DRP1 Structure and Machinery:
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An N-terminal GTPase domain, a middle domain, a variable domain, and a C-terminal
GTPase effector domain can all be found in the crystal structures of DRP1. The GTPase domain
controls DRP1's ability to self-assemble, and conformational changes brought on by GTP
hydrolysis will encourage DRP1 polymerization. DRP1 self-assembles into dimers, tetramers, and
higher-order oligomers in response to the middle domain. The C-terminal GTPase effector domain
plays a crucial role in mediating intramolecular and intermolecular interactions, stimulating the
GTPase, and assisting in the stability of higher-order complexes (Chang & Blackstone, 2010; Dai
et al., 2020; Otera et al., 2013). The GTPase effector domain and DRP1 phosphorylation occur at
the variable domain. Through intramolecular and intermolecular interactions, these domains link
up to facilitate DRP1 assembly into higher-order spiral-like structures. To aid in membrane
constriction, a coordinated rise in GTPase activity and GTPase hydrolysis-mediated conformation
changes are critical (Chang & Blackstone, 2010; Dai et al., 2020; Otera et al., 2013).

DRP1 is a cytosolic protein and undergoes several steps to mediate mitochondrial fission
(Figure 2.6): 1) DRP1 exists as dimers or tetramers in the cytoplasm, and when mitochondria are
destined to divide, DRP1 translocates from the cytoplasm to the outer membrane mitochondria
(OMM) fission sites, 2) in the OMM, DRP1 assembles into helical oligomeric spiral-like
structures, and it is anchored to the OMM by binding four receptors: Mff, MiD49, MiD51 and
Fisl, 3) GTP hydrolysis-mediated conformational changes, arrangement of the DRP1 GTPase
domain and GTPase effector domain, which generates a force resulting in mitochondrial
membrane deformation, constriction, and ultimately incise mitochondria (Chang & Blackstone,

2010; Dai et al., 2020; Otera et al., 2013; Yu et al., 2020).
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Figure 2.6: DRP1 Mechanism: Model in theory for the construction of DRP1 mediate mitochondrial fission
mechanism. To mediate mitochondrial fission, the GTP-Drpl protein goes through several processes. These include
translocation from the cytoplasm to the OMM, which starts a higher order assembly into spirals; GTP hydrolysis,
causing a conformational change and causing the mitochondrial membrane to deform; and, finally, disassembly.
Image from (Otera et al., 2013).

Only 3% of DRP1 is localized in the OMM since it is predominantly cytosolic (Chang &
Blackstone, 2010; Smirnova et al., 2001). Studies have shown that overexpressing the DRP1
protein has no effect on the dynamics of the mitochondria toward an increased number of fission
events. Additionally, it has been demonstrated that the activation or inactivation of DRP1
enzymatic activity requires post-translational changes including phosphorylation, SUMOQylation,
nitrosylation, and ubiquitinylation. The processes governing DRP1's regulation are still unclear,
despite the significant research that has been carried out to understand the activity of DRP1 in
cells. Phosphorylation is one of the most well-studied post-translational changes of DRP1 that

affects how it functions (Serasinghe & Chipuk, 2017).

I1. Post-translational Regulation of DRP1: Phosphorylation
Protein phosphorylation is a post-translational modification carried out by protein kinases,

which have a wide variety of substrate specificities. Protein phosphorylation is a successful way
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used by cells to modify protein function due to the advantage of integrating fast functional changes
with cellular signaling pathways. According to the literature, the DRP1 GTPase effector domain
contains two serine residues (serine 616 and 637) that are crucial targets for post-translational
modification (Liesa et al., 2009; Serasinghe & Chipuk, 2017). Phosphorylation at these two sites
present antagonist effects on mitochondrial morphology.

Phosphorylated DRP1-mediated mitochondrial fission at serine 616 (pDRP1%%) is an
activating event promoting mitochondrial fission by triggering DRP1 translocation from the
cytoplasm to the OMM and consequently mitochondrial fragmentation (Liesa et al., 2009;
Serasinghe & Chipuk, 2017). The phosphorylation of DRP1 at the serine 616 site has been shown
to be promoted by different kinases and enzymes that catalyze the transfer of a phosphate group
to other molecules, depending on the physiological stimuli or stress insult conditions. For instance,
phosphorylation of DRP1 at serine 616 by Cyclin Dependent Kinase 1 (CDK1/cyclin B) or Cyclin
Dependent Kinase 5 (CDKS5) happens during mitosis (Taguchi et al., 2007), by Protein Kinase C
(PKC) it happens under oxidative stress conditions (Qi et al., 2011), and by extracellular signal-
regulated protein kinases 1 and 2 (ERK1/2) under pathological conditions leading to activation of
mitochondrial fission (Kashatus et al., 2015; Serasinghe & Chipuk, 2017). On the other hand,
phosphorylation of DRP1 at the serine 637 site (pDRP1%%%) suppresses fission by inactivating
DRP1 from being recruited to the OMM (Liesa et al., 2009; Serasinghe & Chipuk, 2017).
According to studies, protein kinase A (PKA) phosphorylation of DRP1 at serine 637 prevents
DRP1 from translocating to the OMM and also inhibits GTPase function (Chang & Blackstone,
2007; Liesa et al., 2009; Serasinghe & Chipuk, 2017).

Therefore, serine 616 or 637 phosphorylation affects mitochondrial morphology via

regulating the translocation of cytosolic Drpl to the OMM. For instance, the balance of the
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pDRP1%%%¢/ pDRP1%%% ratio is important for neuronal health, and its imbalance can lead to acute
programmed neuronal necrosis. Moreover, its balance ensures stable oxidative phosphorylation,
and the imbalance toward a higher level of pDRP1% |eads to disruption of the oxidative status
and, ultimately, an increase of reactive oxygen species (ROS) levels (Dai et al., 2020; Tsushima
et al., 2018). Furthermore, the balance of pDRP1°%%/ pDRP1%%%’ ratio correlates with regional
specific astrocyte death and inhibition of CDKS5 following status epilepticus improving the balance
of pDRP1%1%/ pDRP1%%%" ratio. This ameliorates astrocytic apoptosis and astrocyte reactivity

(Hyun et al., 2017).

2.4.4. Astrocytic Mitochondrial and TBI

Despite this neuronal bias, it is beginning to become clear that synaptic transmission,
general brain metabolism, and neuron protection are all significantly influenced by mitochondrial
function in glial cells, particularly astrocytes (Bylicky et al., 2018; Gollihue & Norris, 2020; Joshi
etal., 2019; Rose et al., 2017, 2020). Astrocytic mitochondrial metabolism is crucial for astrocyte
bioenergetics, neurotransmission, and redox equilibrium even though research has demonstrated
that astrocytes primarily use glycolysis to meet their bioenergetic needs (Bylicky et al., 2018; Rose
et al., 2020).

Through fluctuations in intracellular calcium levels controlled by their mitochondrial
organelles, astrocytes exhibit excitability. Furthermore, neuronal activity and astrocyte activity are
interrelated. In order to fit the local energy provision and calcium buffering requirements due
to neuronal signaling as astrocyte calcium elevation promotes the release of neuroactive chemicals
that can influence synaptic transmission and plasticity, increasing neuronal activity produces

transitory mitochondrial remodeling in astrocytes by encouraging the immobility of mitochondria
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in their tiny processes near highly neuronal synaptic activity (Agarwal et al., 2017; Bélanger et al.,
2011; Lovatt et al., 2007; Stephen et al., 2015). Furthermore, fine astrocytic processes have been
found to include a lot of mitochondria, and an astrocytic transcriptome study revealed the requisite
molecular equipment for carrying out oxidative metabolism (Agarwal et al., 2017; Bélanger et al.,
2011; Lovatt et al., 2007; Stephen et al., 2015). All of these findings highlight the significance of
mitochondrial function in astrocytes and show how closely related mitochondrial dynamics are to
healthy mitochondrial function.

Recent studies highlight the importance of proper astrocytic mitochondrial dynamics in a
healthy brain and how altered mitochondrial dynamics could lead to both detrimental and
protective astrocyte reactivity phenotypes in CNS degenerative diseases and TBI pathologies
(Bantle et al., 2021; Ishii et al., 2017; Rahman & Suk, 2020; Rose et al., 2017; Sarkar et al., 2018;
Zehnder et al., 2021). Furthermore, it has been suggested that astrocytic mitochondrial
dysfunction, which favors fission over fusion post-TBI, is largely caused by dysregulation of
DRP1, the main protein regulator of mitochondrial fission, as well as an increase in the
phosphorylation of DRP1 at the serine 616 site (p-DRP1s616), the activated form of DRP1 (Motori
etal., 2013; Rahman & Suk, 2020; Shih & Robinson, 2018; Stephen et al., 2014). This is supported
by studies conducted in vitro and in vivo that observed changes in the mitochondrial morphology
(fragmented mitochondria) of astrocytes, which resulted in the loss of proper mitochondrial
function and caused cellular stress by increasing ROS production. This in turn activated various
signaling pathways, including nuclear factor kappa B (NF-kB), which in eventually caused to an
inflammatory astrocyte phenotype and higher levels of astrocyte proliferation. Additionally,

inhibiting astrocytic mitophagy, a function regulated by mitochondrial dynamics, prevented the
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mitochondrial network from being established and increases astrocytic cell death (Motori et al.,
2013).

The coordination of neuronal metabolism, survival and synaptic maintenance in a healthy
brain is recognized to be significantly influenced by astrocytes. Therefore, understanding the
effects of altered astrocytic mitochondrial dynamics leading to changes in mitochondrial
morphology and functionality could help to determine the impact not only on astrocyte phenotype
transition but also on the mechanisms contributing to the progression of maladaptive astrocytes

phenotypes and consequently chronic detrimental cognitive outcomes in TBI.
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Chapter 3. Characterize the acute effects of bTBI mechanical insult to initiate

aberrant astrocytic mitochondrial dynamic alterations

The text within Chapter 3 are adapted, in part, from Hlavac, N., Guilhaume-Corréa, F., & VandeVord,
P. J. (2020). Mechano-stimulation initiated by extracellular adhesion and cationic conductance pathways
influence astrocyte activation. Neuroscience letters, 739, 135405.
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3.1 Introduction

Mild bTBI can produce more subtle morphological changes within brain cells, including
mitochondrial dysfunction, astrocyte reactivity, synaptic alteration, and neurovascular impairment. Long-
term, mild bTBI can lead to permanent cognitive deficits for which no consistently effective treatments
exist. It is noteworthy that bTBI pathophysiology mechanisms consist of a primary insult (external
mechanical forces) followed by secondary injury cascades that are deleterious to the cells. This
interrelationship between primary and secondary insults leads to chronic neurological dysfunction and
consequently long-term cognitive detrimental outcomes in bTBI patients.

The ability of individual brain cells to detect, react to, and adjust to damage stressors is poorly
understood. It is crucial to comprehend the direct cellular mechanisms connected to specific forms of
trauma mechanics. It is unclear how the mechanical overpressure insult transmits signals that cause certain
astrocyte reactivity and how the astrocytic mitochondrial dynamics responds to it. This is particularly true
for bTBI since, compared with other TBI, shock waves interact differently with the brain parenchyma. In
vitro models that can mimic a primary bTBI insult can provide important information about mechanistic

questions.

3.1.1 Significance

Understanding the mechanical forces impinge on the brain is crucial for treating all forms of TBI
(Keating & Cullen, 2021). Cells sense external forces or mechanical stimuli and translate them into
intracellular biochemical signals, known as mechanotransduction. An in vitro bTBI model found
alterations in transient intracellular calcium signaling within CNS human cells only when shear forces
were induced during a shock wave. This model used a pneumatic device (pressurized air gun) that
produced a transient shock wave where the magnitude of the shear forces was controlled by manipulating

the cell media volume and pressure magnitude (Ravin et al., 2012). Astrocytes were found to have a larger
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influence on increased intracellular calcium and presented increased GFAP expression after 24 hours post-
shock wave exposure (Ravin et al., 2012, 2016). Moreover, another study of bTBI in vitro model used
military explosives to study the effects of shock waves of approximately 10-14 psi in submerged 2D mixed
cell culture from two days postnatal (P2) Sprague-Dawley rat pups (Zander et al., 2016). The study found
an increase in membrane damage and ROS formation 24 hours after exposure to an explosive blast (Zander
et al., 2016). These in vitro models of bTBI were created to investigate the interactions of shock waves
with brain cells. Although those studies do present outcomes seen in the in vivo bTBI models, the
mechanics of the wave is important to consider. For instance, differences in medium limits and
dependencies exacerbate the mechanics of blast waves. Therefore, a shock wave could be greatly altered
when traveling from air into the fluid, which may cause the injury to be overstated. In the in vivo model,
the air-gas boundary does not exist. Therefore, it is more translational to replicate the mechanics of shock
wave propagation through a shock wave fluid medium device (Sawyer et al., 2017). As a result, our lab
created a one-chamber fluid-filled device in vitro bTBI model by taking this into account (Hampton et al.,
2013). The main pathogenic reactions following shock wave exposure to cell cultures revealed that there
is a mechanical basis for astrocyte responsiveness, notwithstanding the limitations of current in vitro bTBI
models (Canchi et al., 2017; Hlavac et al., 2015; Ravin et al., 2016; Sawyer et al., 2017; VandeVord et
al., 2008).

New research reveals that functioning mitochondria are essential for several astrocytic processes,
including glutamate metabolism, calcium signaling, fatty acid metabolism, antioxidant generation, and
inflammatory activation (Gollihue & Norris, 2020; Rahman & Suk, 2020; Stephen et al., 2014). The
structure of the mitochondria is extremely dynamic and changes shape frequently as a result of fission and
fusion events. This allows the mitochondria to respond to physiologic cues or stress insults by adjusting

their structure and function. The ability of the mitochondria to adapt to changes in the cellular environment
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is severely hampered by altered mitochondrial dynamics toward a higher fission state, which causes
intracellular calcium accumulation, an excessive rise in the level of ROS generation, and activation of
the mitochondrial permeability transition pore (MPTP). Studies on astrocytes conducted in vitro and in
vivo have demonstrated the participation of DRP1-mediated mitochondrial fission events. A change in the
balance of the pDRP1%1%/pDRP1%%*" ratio results in a disruption of the oxidative status. As a result, there
is an increase in ROS levels and consequent activation of numerous signaling pathways, including nuclear
factor kappa B (NF-kB), which results in an inflammatory phenotype and increased astrocyte proliferation
(Motori et al., 2013; Rahman & Suk, 2020; Shih & Robinson, 2018; Stephen et al., 2014).

A recent study from our laboratory using an in vitro model of bTBI unveiled mechanisms of
astrocyte activation with a significant increase in proliferating cell nuclear antigen (PCNA) followed by
metabolic and structural reactivity changes via glial fibrillary acidic protein (GFAP) increases at 48 hours
post-mechanical insult (Hlavac & VandeVord, 2019). Furthermore, our in vitro bTBI model unveiled
changes in mitochondrial membrane integrity seen as early as 15 minutes post-mechanical insult, and at
24 hours, they were followed by altered mitochondrial redox balance towards a pro-oxidative environment
by upregulation of nicotinamide adenine dinucleotide phosphate oxidase 4 (NOX4) (Hlavac et al., 2020).
The mitochondrial structure, which is altered by fission and fusion events, is closely related to changes in
mitochondrial membrane integrity and oxidative state. Together, our findings support the hypothesis that
a single mechanical injury has the capacity to change mitochondrial dynamics toward a fission state and

serve as a potential indicator of mitochondrial dynamics failure.

3.1.2 Specific Aim 1 Summary:

For this specific aim, an in vitro model of bTBI was used to investigate how astrocytic
mitochondrial dynamics respond to controlled mechanical perturbations. The goal was to characterize

GTP-protein DRP1 levels and the role of their post-translational phosphorylation forms, pDRP1%%6, and
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pDRP1%%  in DRP1-mediated mitochondrial fission. The high-rate overpressure simulator (HOS) used
for the in vitro model presented in this aim was designed to simulate intracranial pressure (ICP), which
was measured using an in vivo model of bTBI (Leonardi et al., 2011). The HOS provides a novel tool to
study ICP effects on cultured cells.

In order to isolate the effects of extracellular signaling from other cells, which is known to further
affect astrocytes' reactive response following brain injury, primary rat astrocytes were cultured. Astrocytes
were then exposed to a single directed mechanical insult (primary insult) to understand how astrocytic
mitochondrial dynamics are affected by the pressure mechanics itself. Assessments were designed to help
investigate whether altered mitochondrial dynamics towards activated fission are linked to the activation
of the GTP-DRP1 protein by its phosphorylation at the serine 616 site (e.g., 4 hours, 24 hours and 3 days)

following the mechanical insult.

3.2 Methods

3.2.1. Primary Astrocyte Cultures: Purification Technique

In accordance with protocols approved by the Virginia Tech Institutional Animal Care and Use
Committee, brain cortices were isolated from two days post-natal (P2) Sprague-Dawley rats (Envigo;
Indianapolis IN) by enzymatic digestion within 0.05% trypsin for approximately ten minutes. Seven days
after isolation, astrocytes were mechanically purified by gently shaking for 24-48 hours, helping remove
the other resident cells from the culture. Mixed cortical cells were cultured for up to 14 days allowing the
cells to reach confluence before initial passage. Astrocytes were maintained in Dulbecco’s modified
Eagle’s medium (Gibcos DMEM/F12; Cat#: 11320) with 10% fetal bovine serum (Millipore sigma; Cat#:
F2242) and 1% antibiotic-antimycotic (ThermoFisher; Cat#: 1540062). Primary astrocyte (PA) cultures
were stained with anti-GFAP (Abcam; Cat#: ab7260) to ensure astrocyte purity and a homogenous

astrocyte population (Figure 3.1).
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Figure 3.1. Primary astrocytes cultures. Image of GFAP-positive primary astrocyte cell culture. Two days post-natal (P2)
Sprague-Dawley primary astrocytes were stained with GFAP antibody to make sure the study population was purified.

3.2.2. Primary Astrocytes Cell Culture: Testing Preparation

According to (Hlavac et al., 2020), astrocyte density and confluence were conducted. Prior to
undergoing mechanical exposure, all PA cells were seeded at a density of 1x10° cells per well, forming a
2-D monolayer model, and cultured for six days. Astrocyte counting and viability were conducted using
Countess 11l Automated Cell Counter (ThermoFisher). PA cultures were assigned to either: Group 1)
Primary astrocytes culture used for protein quantification were seeded into a standard six-well plate
(Corning; Cat#: CLS3506), and Group 2) PA cultures used for immunocytochemistry analysis were
seeded in a treated 25mm round coverslip (CellTreat; Cat#: 229174) added to a standard six-well plate
with a total of three PA culture per group. The coverslip treatment was conducted in a sterile environment,
treated in 1M of hydrochloride acid (1M HCI) overnight, followed by a wash in sterile ultrapure water. A
final rinse with 100% ethanol for ten minutes was conducted and dried overnight. Finally, the coverslip
was coated with collagen type | rat tail (Corning; Cat#: 354236), incubated for one hour in the cell
incubator (at 37°C), and washed with sterile Dulbecco’s Phosphate-Buffered Saline (DPBS Gibco; Cat#:
14-190-250).

3.2.3. High-Rate Overpressure Simulator for In Vitro Mechanical Exposure
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A high-rate overpressure simulator (HOS) (Figure 3.2 a) was designed (Hampton et al., 2013)
based on studies conducted using ICP data from an in vivo blast TBI model using rodents (Leonardi et al.,
2011). The HOS is a one-chamber fluid-filled device that works through an exploding bridge wire
mechanism by using a source of high electrical current in a closed electrical circuit containing a thin wire
tightly suspended in two angled plates. This part of the circuit is submerged at the simulator's small end.
A capacitor and a voltage source act as the driver for the energy required, and upon discharge, a high
current flows through the circuit up to the bridge wire leading to its vaporization, creating a high-rate
compression wave that propagates through the conical section of the device exposing the cell culture plate.
The peak overpressure data is recorded from a piezoelectric transducer (Meggitt-Cat# 8350C) sensor
located in the device's wall directly above and adjacent to the cell culture (Figure 3.2 b).

PA cultures were exposed to a single isolated, transient overpressure with an average of 20 psi
(138 kPa) and approximately one-millisecond positive phase duration (Figure 3.2 b). These metrics have
been correlated to mild injury outcomes seen in our rodent models (Sajja et al., 2014; Sajja, Hubbard, &
VandeVord, 2015; Séaljo et al., 2010). Briefly, prior to the test, the HOS was first filled with reverse
osmosis water at 37°C. In a sterile environment, PA cultures were filled entirely with Dulbecco’s Modified
Eagle Medium (Gibco; Cat#: 310530) with no added fetal bovine serum and sealed with sterile parafilm
membrane to maintain sterility during injury. Cell plates were gently submerged in the HOS and exposed
to a single high-rate overpressure. Sham groups underwent the same steps without exposure to
overpressure. PA cultures, post-overpressure exposure, and sham groups were gently removed from the
HOS. The parafilm membrane was removed in a sterile environment, and new DMEM/F12 media were
added. Finally, PA cultures were returned to the incubator, and upcoming data analyses were performed

at 4 hours, 24 hours, and 3 days post-overpressure exposure.
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(a) (b)

Pressure (psi)

Time (ms)

Figure 3.2 High-Rate Overpressure Simulator - In Vitro Injury Model of bTBI. (a) The HOS is a water-filled chamber
that exposes in vitro samples to high-rate overpressure via an exploding bridge wire mechanism. 1) Driver for the energy
required (high electrical current); 2) Bridge wire mechanism (wire holder), and 3) Cell culture plate location and sensory insert.
Upon wire vaporization, the wave front travels down the test section of the cell culture plate denoted by “Cell Culture.” (b)
Pressure profile: The high-rate compression waves, as represented in the pressure profile, is meant to mimic an intracranial
high-rate overpressure.

3.2.4. Immunocytochemistry and Mitochondrial Morphology Analysis

I. Immunocytochemistry:

Immunocytochemistry was performed to analyze PA mitochondrial morphology post-overpressure
exposure. Prior to mechanical exposure, PA cultures were seeded in a coverslip introduced to a six-well
plate as described in Section 3.2.2. under “group 2. Post-overpressure insult, PA cultures underwent
fixed immunocytochemistry at each data collection time point (4hr, 24hr, and 3d). First, cultures were
washed three times with cold DPBS, fixed in warm (37°C) 4% paraformaldehyde (pH 8) for 20 minutes,
washed three times with DPBS at room temperature, and incubated in a solution of blocking buffer
containing 10% normal goat serum (ThermoFisher; Cat#:50062Z) and 0.5% Triton-x 100 (Millipore
Sigma; T9284) for 45 minutes at room temperature, helping to minimize non-specific hydrophobic
interactions. Fixed cells were incubated, for three hours at 4°C, in blocking buffer with primary antibody
TOMM20 at 1:100 dilution (Novus; Cat#: NBP1-81556) and GFAP at 1:100 dilution (ThermoFisher;
Cat#: 13-0300), this step was carefully conducted by placing the coverslip with upturned cells into a

humidified chamber. PA was washed four times with DPBS to remove unbounded primary antibody and
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then incubated for one hour at room temperature in blocking buffer with secondary antibody AlexaFluor
555 donkey anti-rabbit at 1:500 dilution and AlexaFluor 488 goat anti-mouse at 1:500 dilution. Post
incubation, cells were gently washed three times with DPBS and incubated for ten minutes with DAPI in
DPBS (1ug/mL) to visualize nuclei, followed by one wash with DPBS and one wash with ultra-pure water.
Finally, the coverslips were mounted with Slowfade-antifade reagent (Invitrogen; Cat#: S36963) with
downturned cells onto a tissue slide.

As a positive control, carbonyl cyanide 3-chlorophenylhydrazone (CCCP; ab141229) was used.
CCCP is a potent chemical inhibitor of mitochondrial oxidative phosphorylation. Furthermore, CCCP as
a mitochondrial uncoupling reagent, leads to rounded and fragmented mitochondria, therefore, being a
good positive control for our morphology analysis study. PA cultures that did not undergo blast or sham
treatment were treated with 10uM CCCP for ten minutes. Immunohistochemistry for the outer
mitochondrial membrane TOMM20 was conducted as described above.

I1. Mitochondrial Morphology Analysis:

Fluorescence images were acquired using (Zeiss, Jena, Germany) with a 63x/1.40 oil objective
lens, and the Z-stack series consisted of 0.25 pum slice intervals with 12 slices per sample. Images were
stacked into a single 2D image using the Zeiss Zen blue 2 software processing tool called “extended depth
of focus.” A total of four images per PA culture were acquired with approximately three cells per image
area, therefore, a total of ~36 cells per group (sham, blast, and CCCP) were analyzed.

As previously mentioned, additional measurements of mitochondrial morphological
characteristics were made using Fijian (ImageJ) (Valente et al., 2017). An image macro toolset called
Mitochondrial Network Analysis (MiNA) software uses existing Fiji (ImageJ) plugins to help with a semi-
automated analysis of mitochondrial morphology in cultured cells (Bakare et al., 2021; Meshrkey et al.,

2021; Zehnder et al., 2021). In addition, MiNA software presents optional pre-processing settings to help
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to enhance image quality prior to analyses. For analysis, MiNA starts by binarizing and then skeletonizing
(figure 3.3 a) the original image to obtain a morphology skeleton to calculate parameters to quantitatively
capture the mitochondrial morphology. Finally, MiNA finishes with a summary of data parameters that
classify the mitochondrial morphology as individuals, networks, and mitochondrial footprint. Individual
mitochondria (rods, punctate, and large/round shapes) and all other objects in the image without a junction
pixel are recognized by the MiNA software. All items in the image that have at least one junction are
categorized as networks (figure 3.3 b). Results for mitochondrial morphology quantifications were

displayed as normalized relative to the sham average.
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Figure 3.3: Mitochondrial Network Analysis (MiNA) software description and image acquisition. a) Representative
images from the 4-hour time point 2D primary astrocytes stained for TOM20 (red) marking an outer mitochondria membrane
protein, GFAP (green) a marker for astrocytes and DAPI (blue) to determine the number of nuclei. All pictures were acquired
by a 63x/1.40 oil objective. Z- stack series considered of 0.25 um slice intervals with 12 slices per sample. Images were stacked
into a single 2D image using the Zeiss Zen blue 2 software processing tool called “extended depth of focus.” Mitochondrial
morphological parameters were further measured using Fiji as previously (Image J) disclosed (Valente et al., 2017).b) This
figure shows how a 2D picture of primary astrocytes at the 4hr time point was processed such that mitochondrial network
features could be obtained. The original image is processed on ImageJ and then binarized and skeletonized for data acquisition.
c) Mitochondrial morphology descriptors by using MiNA toolset. The mitochondria morphology is classified as individuals or
networks. Individuals consist of structures without a junction pixel, while networks contain branches with one or more junction

pixels. The imaged was from (Bakare et al., 2021).
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3.2.5. Protein Isolation and Western Blotting Analysis

Phase separation with chloroform was followed by Trizol (ThermoFisher; Cat# 15596018)
treatment on the samples. After extracting RNA and DNA, proteins were recovered from the Trizol phenol
phase. The first step in protein precipitation was isopropanol treatment, followed by three 20-minute
washes with a 0.3 M guanidine hydrochloride in 95% ethanol solution and one wash with a 20-minute
100% ethanol solution. The protein was re-suspended in a 1:1 solution of 1% sodium dodecyl sulfate
solution and 8M urea in 1M Tris-HCI (pH 8). The protein was then further homogenized by sonicating for
an additional ten seconds, followed by ten minutes of incubation at 55°C. BCA assay (Pierce; Cat#: 23225)
was used to measure the total protein in the samples in preparation for Western Blotting analysis.

To analyze molecular alterations related to astrocyte reactivity, quantification of GFAP (Abcam;
Cat#: ab7260) protein levels were chosen. To analyze mitochondrial mediate fission dynamics, protein
levels for DRP1 (Novus; Cat#: NB110-55288) and its post-translational phosphorylation at serine 616
(PDRP1%628; Cell Signaling; Cat#: 4494S), and serine 637 (pDRP1%%%"; Cell Signaling; Cat#: 4867S) sites
were chosen. Target proteins were analyzed at four hours, 24 hours, and three days post-overpressure
exposure. Protein samples were produced in accordance with the manufacturer's instructions, and a
capillary-based automatic Western system (Wes, Protein Simple) was used for the protein quantification
of each studied marker. Wes supplies purchased from Protein Simple were separation modules (Cat#: SW-
004), anti-rabbit (Cat#: DM-002), and anti-mouse (Cat#: DM-001) detection modules. Protein levels were
calculated using Compass for SW software v.6.1 (Protein Simple) from area measurements obtained from
electropherograms at the same exposure period for all data plates. The Wes software determines target
protein levels by computing the area under the curve using uniform peak fits across all data. Therefore,
the Wes bands shown in the data are digitized images meant to be a qualitative visual comparison of how

the target protein traveled through the Wes capillary-based automatic system. According to the target
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protein, samples were loaded with the same protein concentration (mg/mL) in each well, normalized to
that total protein, and then averaged to the sham value. Protein quantification results are represented as

normalized protein expression in comparison to the sham average.

3.2.6. Statistical Analysis

Statistical comparisons were conducted between groups using GraphPad Prism 9 software. A two-
way ANOVA was conducted to analyze overall significant differences amongst groups, followed by a
Tukey’s honestly significant difference (Tukey’s HSD) test to analyze which specific group’s average
differed. For group comparisons within a single individual, a student's t-test was used. Levene's tests were
employed to evaluate the equality of variances, and the Kolmogorov-Smirnov test was used to check the
assumptions for normality (homoscedasticity). A logarithmic adjustment was carried out to undertake
statistical comparisons in the case that the data were not normal. A p-value of 0.05 or less was regarded
as statistically significant, and residual analysis was used to identify statistical outliers. The letter "n"
stands for the total number of cells. The means and standard errors of the means are presented for all data

values (S.E.M.). The figure legend reports the test for each experiment, the n value, and the p-value.

3.3 Results

3.3.1 Acute overpressure mechanical insult induces differential remodeling of astrocytic mitochondrial

morphology.

It's crucial to comprehend mitochondrial morphology in order to assess the health of the cell.
Descriptors such as fragmented, tubular, and hyper-fused are used to characterize mitochondrial
morphology. MiNA software was used to quantify astrocytic mitochondrial morphology by targeting the

outer mitochondrial membrane TOMMZ20. Mechanical-insult significantly increased the number of
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fragmented astrocytic mitochondrial (p = 0.0052) with a significantly decrease of the number of
mitochondrial network (p = 0.0312) at 4 hours (Figure 3.4). Furthermore, at 24 hours the amount of
fragmented mitochondrial was still significantly increased (p = 0.0221); however, the number of networks
and the mitochondrial footprint was decreased (p = 0.0754, p = 0.0619) (Figure 3.5) although not
statistically significant. However, by three days, the astrocytic mitochondrial network started to restore to
sham levels as the number of individual mitochondrial visible decreased in the blast group, and the number
of networks was not significantly different from sham levels (Figure 3.6).

Positive control samples demonstrated that astrocytic mitochondrial treated with CCCP were
severely fragmented with significantly increased fragmented mitochondrial (p < 0.0001) with significantly
reduced total mitochondrial footprint (p < 0.0001) (Figure 3.7). This data helps to further show that MiNA
software successfully identified and characterized morphological features of astrocytic mitochondrial

morphology.
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Figure 3.4: Mitochondrial Network Analysis (MiNA) software descriptors show differences in astrocyte mitochondrial
morphology in Sham and single overpressure (blast) groups at 4 hours.
a) Representative images of TOMMZ20 and skeletonized for data acquisition. b) At 4 hours post single overpressure, astrocytes
increase fission by presenting a significant increase in the number of individuals (puncta and rod) and a small number of
networks. ((Each point represents average of 3 cells per image with a total of 3 culture per group; data are mean + SEM; *p-

value represents < 0.05; Scale bar in a = 10 pm).
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Figure 3.5: Mitochondrial Network Analysis (MiNA) software descriptors show differences in astrocyte mitochondrial

morphology in Sham and single overpressure (blast) groups at 24 hours.

a) Representative images of TOMMZ20 and skeletonized for data acquisition. b) At 24 hours post single overpressure, astrocytes
still presented a significant increase in the number of individuals (puncta and rod), displayed lower number of networks and
mitochondrial footprint (the total area in the cell expressing mitochondrial marker TOMM20) although not statistically
significant. (Each point represents average of 3 cells per image with a total of 3 culture per group; data are mean + SEM; *p-
value represents < 0.05; Scale bar in a = 10 um).

47



Sham

3 Days
Blast

(a) TOMM?20

Skeletonize

=iy

(b) z

b -

= » 0
3 25 1 Shamg
O o
=1 Y Blast 9
= 2.0+ s

wn
2 . £
2 15+ S
(8} . . *q—)’
o . <
-~ 1.0—  § 0 Z
= i . =
1S

° LRI B
= 0.5 N o
] 1\\\\\'\\\\\\\ g
o \\\\\\\\\\\\\\' =
E AN
S 0.0 D z
= ays

=0.0993
® )

1.5+

1.0

0.5

[ 1 Sham
RN Blast

0.0

(p=0.2268)

Mitochondrial Footprint (um’

1.0

0.5

ns

0.0

3 Days
(p = 0.2304)

Figure 3.6: Mitochondrial Network Analysis (MiNA) software descriptors show differences in astrocyte mitochondrial

morphology in Sham and single overpressure (blast) groups at3 days.

a) Representative images of TOMM20 and skeletonized for data acquisition. b) At 3 days, there is no significant difference in
the number of individuals, networks, and mitochondrial footprint between sham and overpressure groups. ((Each point
represents average of 3 cells per image with a total of 3 culture per group; data are mean £ SEM; *p-value represents < 0.05;

Scale bar ina =10 um).
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Figure 3.7: Mitochondrial Network Analysis (MiNA) software descriptors show differences in astrocyte mitochondrial

morphology in Sham and CCCP positive control groups.

a) Representative images of TOMMZ20 and skeletonized for data acquisition. b) Astrocytic mitochondria treated with 10 uM
CCCP (positive control) were severely fragmented with significantly reduced mitochondrial fragment length and total
mitochondrial footprint. It further shows that MiNA successfully identified and characterized morphological features of
mitochondrial networks. ((Each point represents average of 3 cells per image with a total of 3 culture per group; data are mean

+ SEM; *p-value represents < 0.05; Scale bar in a = 10 um).

3.3.2 Exploring DRP1 protein levels post mechanical insult at acute and sub-acute stages.

Due to an increase in the fragmented mitochondrial organelle, we assessed if this astrocytic

mitochondrial phenotype was due to the participation of the GTPase DRP1 protein, known to coordinate
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mitochondrial fission dynamics. Western blotting analyses were performed to determine if exposure to
the mechanical insult altered DRP1 protein levels at four hours, 24 hours, and three days following the
mechanical-insult. Results presented in figure 3.8 indicate no significant changes in PA cultured cortical

total DRP1 levels between groups (blast vs. sham).
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Figure 3.8: Analysis of Total Mitochondrial Fission GTP-DRP1 Protein post single overpressure exposure. Western
Blotting was conducted using an automatic capillary-based system (Wes, Protein Simple) to look at relative protein
quantification to identify possible fission post-overpressure exposure.

a) There were no significant changes in DRP1 protein levels at 4 hours, 24 hours, and 3 days following the mechanical-insult.
b) Only for qualitative visual comparison, digitized bands illustrate how proteins moved through the capillary system on the
Wes. (n=6/group; data are mean £ SEM; *p-value represents < 0.05).

3.3.3 Post-translation phosphorylation state of DRP1-mediated mitochondrial fission plays a role in

astrocytic mitochondrial fragmentation at acute states of the mechanical insult.

To better understand the potential role of DRP1-mediated fission protein, its post-translational
phosphorylation state at serine 616 and serine 637 sites, hereafter referred to as pDRP1%1 and p-DRP1%6%,
were analyzed. Since pDRP1%%% triggers mitochondrial fission by activating DRP1 translocation from the
cytoplasm to the OMM, p-DRP1%%%7 suppresses mitochondrial fission by stopping the translocation of
DRP1 protein to the OMM; we quantified both. pDRP1%° total protein levels were found to be

significantly increased (p = 0.0309) at four hours post-mechanical insult (Figure 3.9 a). This indicates an
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increase in the activity of DRP1-mediate mitochondrial fission by its translocation to the OMM since no
significant changes were seeing in total p-DRP1%%%’ (Figure 3.9 b) and a non-statistically significant
increase in pDRP1%%16/ pDRP1%%%" ratio was observed (p = 0.0786) (figure 3.9 ¢). Levels of total pDRP1%6%6
started to decrease at 24 hours and were returned to sham levels at three days post-mechanical insult.
Furthermore, levels of pDRP1%%%" were maintained at sham levels at 24 hour and 3 days in the mechanical

insult group (Figure 3.9 a-c).
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Figure 3.9: Analysis of total DRP1 post-translational modification protein by it phosphorylation at serine 616 and serine
627 post single overpressure exposure. Western Blotting was conducted using an automatic capillary-based system
(Wes, Protein Simple) to look at relative protein quantification to identify possible fission post-overpressure exposure.
a) The total levels of p-DRP1%% protein were acutely increased by 4 hours and returned to physiological levels by 3 days post
mechanical insult. b) The total levels of p-DRP1%¥ protein were maintained at physiological levels at all-time points. ¢) The
pDRP1s616/ pDRP1s637 ratio was analyzed and presented no significant difference across groups and time points. d) Only
for qualitative visual comparison, digitized bands illustrate how proteins moved through the capillary system on the Wes.
(n=6/group; data are mean £ SEM; *p-value represents < 0.05).
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3.3.4 Investigating astrocyte reactivity phenotypes at acute and sub-acute stages following mechanical
insult.

From the samples used to observe the levels of mitochondrial mediated fission proteins, the
astrocyte reactive phenotype was assessed by quantifying GFAP protein levels via western blotting
technique. Results presented in figure 3.10 indicated no significant changes in total protein levels of GFAP

between groups (blast vs. sham) at all-time points post-mechanical insult.
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Figure 3.10: Analysis of total GFAP protein post single overpressure exposure. Western Blotting was conducted using
an automatic capillary-based system (Wes, Protein Simple) to look at relative protein quantification to identify possible
fission post-overpressure exposure.
a) Total levels of GFAP protein were maintained at physiological levels at all-time points. b) Only for qualitative visual
comparison, digitized bands illustrate how proteins moved through the capillary system on the Wes. (n=6/group; data are mean
+ SEM; *p-value represents < 0.05).
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3.4 Discussion

The mitochondrial balance of fission and fusion events is known as mitochondrial dynamics. It is
orchestrated by a family of large GTPase proteins encoded by genes in the nuclear genome. Fission and
fusion events play a key role not only in altering mitochondrial morphology (shape changes) but also in
size, number, distribution, quality control (mitophagy), and transport of mitochondria in cells (Giacomello
et al., 2020; Newmeyer & Ferguson-Miller, 2003; Yu et al., 2020). Growing evidence in the literature
indicates the importance of proper astrocytic mitochondrial dynamics in a healthy brain and how altered
mitochondrial dynamics could lead to both detrimental and protective astrocyte reactivity phenotypes in
TBI pathologies (Bantle et al., 2021; Ishii et al., 2017; Rahman & Suk, 2020; Rose et al., 2017; Sarkar et
al., 2018; Zehnder et al., 2021), shedding light on a novel therapeutic route for TBI. In Specific Aim 1,
primary astrocytes were directly exposed to an overpressure mechanical insult, simulating the bTBI
primary insult etiology, and it was characterized mitochondrial dynamics changes, presenting a higher
fission state, and further examined whether DRP1 post-translational phosphorylation modification was
closely related to these outcomes.

Under physiological conditions, a study showed that astrocytic mitochondria from acute cortical
slices present an even split of mitochondrial dynamics with half fission and half fusion events (Motori et
al., 2013). Results of this Specific Aim 1 have shown that the mechanical insult was capable of disrupting
the mitochondrial dynamic balance by remodeling the astrocytic mitochondrial network as early as four
hours post-overpressure exposure. Results revealed a significantly higher amount of punctate/rod-like
individual mitochondria as well as a smaller number of individual networks, perhaps due to breakdown
into fragmented mitochondria. This event persisted at 24 hours post-insult, presenting the same
characteristics, however with the addition of non-statistically significant decrease in mitochondrial

footprint, indicating decreased expression of the mitochondrial marker TOMMZ20 presumably relating to
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a possible decrease in mitochondrial mass. Under the MiINA software classification, fragmented
mitochondrial is referred as any rods, punctate and large/round shape of mitochondrial morphology.
Therefore, the mitochondrial footprint data could perhaps indicate a more punctate (smaller) fragmented
mitochondria at 24 hours versus four hours post-mechanical insult. In addition, at three days post-
mechanical insult in our study, astrocytes presented with fewer numbers of fragmented mitochondria as
well as the number of networks being close to sham level. Therefore, our result presented a possible
initiation of recovering mitochondrial dynamic balance to physiological conditions.

Due to an increase in fragmented mitochondrial organelles, we assessed whether this astrocytic
mitochondrial phenotype was due to the participation of the GTPase DRP1 protein, known to coordinate
mitochondrial fission dynamics. Our results revealed that at four hours, 24 hours, and three days, the
overpressure insult did not change total DRP1 protein levels. Rather, DRP1-mediated fission was due to
changes in DRP1 activation status. Changes in DRP1 activity happens by post-translational modification
with the phosphorylation of two serine residues (serine 616 and serine 637). This two serine sites’
phosphorylation have opposing impacts on mitochondrial morphology. DRP1 translocation to the OMM
is known to be activated by phosphorylation at the serine 616 site (0DRP1%%), and DRP1 activity in
translocating to the OMM is known to be inhibited by phosphorylation at the serine 637 site (pDRP1%%%"),
which prevents mitochondrial fission (Liesa et al., 2009; Serasinghe & Chipuk, 2017). Our results
indicated that at four hours post mechanical insult, there was a significant increase in pDRP181° protein
levels, and there were no changes in the protein level of pDRP1%%%". These results indicate a higher activity
of DRP1-mediated mitochondrial fission by its translocation from the cytoplasm to the OMM.
Furthermore, although not significant, there was a higher pDRP1%/pDRP1%%% ratio at four and 24 hours,
and by three days the pDRP1%%6/pDRP1%%% ratio returned to sham levels. These results are consistent with

the increase of astrocytic fragmented mitochondria seen at four and 24 hours and with the possible
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initiation of restoring mitochondrial integrity and mitochondria network observed by three days post-
mechanical insult.

It has been demonstrated that the oxidative respiratory chain and mitochondrial redox state are
disrupted by DRP1-mediated mitochondrial fission and excessive mitochondrial fragmentation, which
results in a significant increase in ROS generation (Balaban et al., 2005; Flippo & Strack, 2017; Glancy
et al., 2020; Jezek et al., 2018; Sprenger & Langer, 2019). Superoxide anions (O2"), hydroxyl radicals
(OH"), and hydrogen peroxide (H20-) are only a few of the chemicals that make up ROS, which are a
natural byproduct of mitochondrial respiration. Overproduction of ROS following injury leads to oxidative
stress, a state of lost balance between anti-oxidative and pro-oxidative enzymes that can significantly
affect the severity and progression of brain injury. Additionally, consistent oxidative respiration is
ensured by the harmony of Drpl phosphorylation at serine 616 and serine 637. For instance, when under
stress, the pDRP1%%6/pDRP1%%% ratio rises, the oxidative state is disrupted and excessive quantities of
ROS are subsequently produced in neurons (Tsushimaet al., 2018). According to an in vitro study, neurons
rely on astrocytes' redox buffering to protect them from oxidative stress (Desagher et al., 1996).
Additionally, an adult in vivo model revealed that astrocytes possess the redox buffering ability required
for neuronal survival and homeostasis under physiological circumstances (Schreiner et al., 2015).
Therefore, this indicate the importance of a proper mitochondrial in the astrocytes.

Published data from our laboratory used an in vitro bTBI model to demonstrate acute perturbations
in astrocytic redox status by a significant increase of NADPH oxidase 4 (NOX4) protein levels (Hlavac
et al., 2020). NOX4 is a member of the NOX family of oxidases and it is highly expressed in astrocytes
(Xie et al., 2020) and has been linked with multiple detrimental outcomes of TBI, including protein
peroxidation, neuronal survival, and neurodegeneration (M. W. Ma, Wang, Dhandapani, & Brann, 2018;

M. W. Ma, Wang, Dhandapani, Wang, et al., 2018; Xie et al., 2020). NOX4 changes were not seen at four
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hours, but they started to be elevated at 24 hours post-overpressure mechanical insult (Hlavac, 2018;
Hlavac et al., 2020), whereas superoxide dismutase 2 (SOD2) did not change at either time point (Hlavac,
2018). SOD2 is located in the mitochondrial matrix and it is an important antioxidant that helps clean up
ROS. Moreover, at four hours, significantly lower levels of endogenous ATP were observed, perhaps
indicating enzymatic dysfunction associated with impaired mitochondrial function (Hlavac et al., 2020).
The current Specific Aim 1 data showed a significantly higher amount of astrocytic fragmented
mitochondria at four hours. This higher fragmented mitochondria level coincided with the lower levels of
endogenous ATP also seen at four hours post-mechanical insult (Hlavac et al., 2020). At 24 hours,
astrocytes still presented high levels of fragmented mitochondria, but of interest, levels of endogenous
ATP had returned to the sham level at 24 hours (Hlavac et al., 2020). This could be happening because
astrocytes can shift their metabolism between mitochondrial oxidative phosphorylation and glycolysis to
maintain normal central nervous system functions. In addition, although not significant, our current data
also presented a visible increase in the pDRP1%%6/pDRP1%%% ratio with a significant increase of pDRP1%16
protein levels at four hours, which start to decrease by 24 hours post-insult, reaching a balance in
pDRP1%1¢/pDRP1%%7 ratio at three days post-overpressure mechanical insult. Our current study is the first
to characterize astrocytic DRP1 protein in mediating mitochondrial fission by its post-translational
modification (pDRP1%1¢ and pDRP1%%%") following mechanical insult. These results together identify a
possible mechanism that triggers astrocyte mitochondrial dynamics changes towards a higher fission state
by the increase in activated DRP1-mediated mitochondrial fission, and the imbalance in post-translational
modifications of the pDRP1%1¢/pDRP1%%% ratio can further lead to a break in the astrocytic mitochondrial
redox status, consequently leading to high production of ROS, which is an outcome reported in the in vivo
bTBI models (Cho, Sajja, VandeVord, et al., 2013; Kochanek et al., 2013; Kuriakose et al., 2019; Sajja,

Hubbard, & VandeVord, 2015; Toklu et al., 2018). Our current data suggest a post-injury temporal
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window within which mitochondria dynamics was altered by the mechanical insult. This could be
associated with the beginning of a pro-oxidative environment in astrocytes (Hlavac et al., 2020) and
perhaps a pro-inflammatory phenotype (Motori et al., 2013). Therefore, further research should be
conducted to correlate mitochondrial dynamics dysfunction and the DRP1-mitochondrial fragmentation-
ROS pathway in the astrocytic response to overpressure mechanical insult.

Lower ATP levels, a lack of inner membrane polarization, and higher mitochondrial ROS
generation are all signs of mitochondrial malfunction in astrocytes. This dysfunction has been linked to
an increase in astrocyte responsiveness to pro-inflammatory states (Joshi et al., 2019; Motori et al., 2013).
Astrocytes that are reactive typically differ morphologically from astrocytes that are at rest. Astrocytes
exhibit hypertrophy of their process and body, proliferation, and changes in protein expression in the
injured brain. One such change is the upregulation of GFAP, which is a universal marker of the reactive
astrocyte phenotype in pre-clinical and clinical TBI pathology (Escartin et al., 2021; Michinaga &
Koyama, 2021; Sofroniew, 2015b). Our results revealed that at four hours, 24 hours, and three days,
overpressure mechanical insult did not change total GFAP protein levels in cortical astrocytes. Published
data from our laboratory with the same in vitro bTBI model have shown changes in astrocytic GFAP
protein occurring at 48 hours (Hlavac & VandeVord, 2019) but not at 24 hours and 3 days. In addition,
our laboratory unveiled a significant increase in proliferating cell nuclear antigen (PCNA) at 24 hours, 48
hours, and three days post mechanical insult (Hlavac & VandeVord, 2019). Since PCNA directly recruits
and interacts with numerous DNA replication proteins, it has previously been employed as a possible
reparative characteristic (Dieckman, 2012), moreover, PCNA is used as a marker for proliferating cells,
including astrocytes (Di Giovanni et al., 2005; Kato et al., 2003). It is thought that acute stages of astrocyte
proliferation, with phenotypes of mild astrocyte reactivity, could present reparative characteristics

(Sofroniew, 2020). However, if persisting, this might cause a phenotypic change into a severe reactive
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state, where it can develop into a highly proliferative, scar-forming phenotype as a result of chronic-state
injury (Buffo et al., 2008; Pekny & Nilsson, 2005; Pekny & Pekna, 2014). Mechanical insults first initiated
the astrocytic mitochondrial fission as early as 4 hours, followed by an astrocytic increase in PCNA at 24
hours and a delayed response of increased GFAP protein levels by 48 hours. Those results show that the
same stimuli that trigger a mild astrocyte reactivity also lead to astrocytic mitochondrial dynamics
changes, and those changes are seen first. In addition, according to current data in the Specific Aim 1, at
three days post-mechanical insult, the astrocytic mitochondrial network and GFAP protein levels were
restored to physiological (sham) levels. In contrast, PCNA protein levels were still significantly high at
three days post-mechanical insult (Hlavac & VVandeVord, 2019).

These results, in conjunction with the current study data, suggest that astrocytes have an
autologous robust ability to respond to a bTBI mechanical insult by presenting acute mild astrocyte
reactivity with possible reparative characteristics. Furthermore, it was accompanied by early
mitochondrial fission that were restored to physiological (sham) levels by three days, perhaps playing a
role as one of the initial triggers and to help to maintain a possible initial astrocyte reparative phenotype.
The highly dynamic mitochondrial organelle constantly changes shape in response to physiologic cues or
stress insults by modifying structure and function, which are intimately connected, and helping to maintain
cellular homeostasis activity. Nevertheless, it is noteworthy that the astrocytes were cultured without other
resident brain cells, and secondary insults from other cells are known to contribute to a detrimental
phenotypic transition in astrocytes and further contribute to later bTBI pathology. Therefore, the second
part of this dissertation has worked to translate those findings to an in vivo bTBI model and characterize
astrocytic mitochondrial dynamics and the participation of DRP1 and its post-translational modification

(phosphorylation) in isolated astrocytes from hippocampus adult rats post single bTBI.
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Chapter 4. Characterizing unique patterns of astrocytic mitochondrial dynamic

alteration post single bTBI.
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4.1 Introduction

Mild bTBI may result in morphological and functional alterations in the brain's cells, such as
mitochondrial dysfunction, astrocyte reactivity, synaptic modification, and neurovascular damage. Mild
bTBI that is left untreated over time might result in lasting cognitive impairments (Sajja et al., 2016).
Clinical studies have demonstrated that exposure to blast overpressure causes cognitive impairments
include memory loss, anxiety and depression disorders (Agoston, 2017; Chapman & Diaz-Arrastia, 2014;
Higgins et al., 2014; Kashdan et al., 2006; Miles et al., 2017; Theeler et al., 2012). The hippocampus
serves as the entry point for emotions and memory enhancement. It is a part of the limbic system and is
crucial for spatial navigation and long-term memory. The hippocampus is a structure found in the medial
temporal lobe of humans and other primates, just below the cortical surface. Furthermore, mice and
humans share a very similar hippocampal organizational structure (Clark & Squire, 2013).

The hippocampus is the primary region that plays a role in emotion and memory potentiation,
long-term memory, and special navigation. It is a common region where neuronal death and astrocyte
reactivity are reported following mild bTBI in preclinical models (Cho, Sajja, VandeVord, et al., 2013;
Hao et al., 2020; Hernandez et al., 2018; Law et al., 2016; Sajja et al., 2012, 2014; Saljo6 et al., 2010), with
correlations between adverse cognition effects and hippocampal dysfunction; however, the injury
mechanisms underlying those outcomes still remain unclear. Furthermore, pre-clinical studies of bTBI
have shown injury to the hippocampus and subsequently cognitive impairment (Sajja et al., 2014; Sajja,
Hubbard, Hall, et al., 2015). A recent focus of chronic TBI outcomes has been on mitochondrial function
(Fischer et al., 2016; Hubbard et al., 2021). Therefore, given the significant cognitive effects of clinical
bTBI and the central role of the hippocampus in cognition, this current study aims to characterize
hippocampal astrocytic mitochondrial dynamics and astrocyte reactive phenotype post single mild bTBI

at the acute and sub-acute stages of the injury.
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By producing a combination of pro-inflammatory and anti-inflammatory mediators, astrocyte
reactivity can play many functions in a damaged brain, either aggravating or relieving TBI pathology.
Astrocyte reactivity has a range of potential modifications that can happen in different contexts depending
on a variety of distinct signaling events that change depending on the type and severity of the particular
brain injury. Recent research suggests that a wide range of intracellular and intercellular signaling and
regulatory molecules can control particular elements of astrocyte response to an insult. Combinatorial
exposure to several stimuli can significantly change the astrocyte transcriptome profiles and result in
different phenotype characteristics that are not anticipated by exposure to a single stress stimulus (Hamby
etal., 2012).

Therefore, translating our in vitro study to our in vivo study is crucial to help translation to the
clinic. For Specific Aim 2, we will characterize the time-dependent response of astrocytic mitochondrial
dynamic, now in combination with the primary and secondary etiologies triggered by bTBI. As mentioned
before, mitochondrial dynamics act upon physiological insults and stress insults by governing
mitochondrial structure remodeling and adapting it to the environment at the moment. Mitochondrial
structure remodeling is linked with mitochondrial functionality, therefore, protecting mitochondrial by
maintaining its dynamic balance is extremely important to avoid a loop of detrimental intercellular
signaling in the astrocytes, such as lack of proper calcium buffer, increase in ROS, and consequently an
increase in the oxidative stress environment. Moreover, the second part of this Specific Aim 2, further
characterizes at a time-depending manner an astrocytic reactive phenotype transition of adult male rat

hippocampal following single mild bTBI.

4.2. Methods

The described study was carried out in accordance with protocols approved by the Virginia Tech

Institutional Animal Care and Use Committee.
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4.2.1. Advanced Blast Simulator for In Vivo Blast Wave Exposure

A custom Advanced Blast Simulator (ABS) (200 cm x 30.48 cm x 30.48 cm) (Figure 4.1 a) located
at the Center for Injury Biomechanics (Virginia Tech University, VA, USA) was used to generate a single
blast wave. To produce, develop, and dissipate the blast wave, the ABS is divided into three parts. First,
helium is compressed in the driver chamber using calibrated acetate membranes (located at the area
denoted “compression chamber”). Once passively ruptured, the blast wave is generated as it propagates
through the transition chamber and reaches the animal in the “testing chamber” area. The blast wave
continues to flow and will dissipate once reaching the end-wave eliminator located downstream of the
testing chamber. As a final result, the animal was exposed to a single peak blast wave, recreating a free-
field blast exposure. Pressure measurements were collected at 250 kHz using a Dash 8HF data acquisition
system (Astro-Med, Inc, West Warwick, RI, USA) (Figure 4.1 b). A customized Matlab script was used
to analyze pressure profiles and determine the impulse, duration, and rising time of the positive and
negative phases. Rankine—Hugoniot relations and observed wave speed at the sensors within the ABS's

animal testing chamber were used to calculate the peak overpressure.
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(a) Preclinical Model: Blast-induced Traumatic Brain Injury

/ Advanced Blast Simulator \

END WAVE

K DRIVER™ ELIMINATOR /
(b) Time Point Treatment Peak pressure (psi) Positive duration (ms)
4 hours 1 x Blast 17.76 = 0.72 2.28 £ 0.06
Group I 24 hours 1 x Blast 18.82 £ 0.45 227 £ 0.06
(MACS)
3 days 1 x Blast 17.96 = 0.26 2.28 =0.06
7 days 1 x Blast 20.30 £ 0.75 2.46 =0.02
Time Point Treatment Peak pressure (psi) Positive duration (ms)
24 hours 1 x Blast 17.58 £ 0.5 2.49 £ 0.05
Group 11
(Histology) 3 days 1 x Blast 16.6 0.6 2.28 £ 0.06
7 days 1 x Blast 18.06 = 0.4 235 +0.04

Figure 4.1: Preclinical Model: Blast-induced Traumatic Brain Injury.

a) Advanced blast simulator (ABS) consist of three distinct sections to create, develop, and dissipate the blast wave. Acetate
membranes are ruptured following pressurization by helium gas located in the driver section. b) 10-week old Sprague Dawley
rats (male, 250-300 g) were exposed to a single blast wave. The average peak pressure resulted in a blast wave magnitude of
~17-20psi which induces a mild TBI in rodents. Group 1) Hippocampal astrocyte cell isolation by Magnetic-activated Cell
Sorting (MACS) technique for protein quantification and gene expression analysis. The group was divided into four-time
points: 4 hours, 24 hours, 3 days, and 7 days post single bTBI exposure; Group Il) Brain tissue collection for microscopy
analysis. The group was divided into three-time points: 24 hours, 3 days, and 7 days post single bTBI exposure.

4.2.2. Animal Care and Preparation for Single Blast Wave Exposure

Adult male Sprague Dawley rats, aged 10 weeks and weighing approximately 250-300 g (Envigo,
Dublin, VA, USA), were acclimated for several days before the blast experiment (12 hours light/dark
cycle) with ad libitum access to food and water. Prior to a single blast wave exposure, animals were

anesthetized with 3% isoflurane and carefully placed in the ABS testing chamber. In there, animals were
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positioned in a prone position within a mesh sling designed to minimize flow hindrance and isolate
primary blast injury with the elimination of acceleration/deceleration insult. Animals were then exposed
to a single blast wave of approximately 17-20psi (Figure 4.1 b), characterizing a mild bTBI. Sham animals
received the same procedures except for the blast wave exposure. Following the sham or blast procedure,
animals were removed from the ABS and observed through injury and anesthesia recovery stages. Animals
were assigned to two groups according to data collection: Group I) Hippocampal astrocyte cell isolation
by Magnetic-activated Cell Sorting (MACS) technique for protein quantification and gene expression
analysis. The group was divided into four-time points: four hours, 24 hours, three days, and seven days
post single bTBI exposure; Group 1) Brain tissue collection for microscopy analysis. The group was

divided into three-time points: 24 hours, three days, and seven days post single bTBI exposure.

4.2.3 Magnetic-activated Cell Sorting Technique: Hippocampal Astrocyte Cell Isolation

Hippocampal astrocyte cells were isolated by magnetic-activated cell sorting (MACS) protocol
adapted from Dr. Michelle Olsen’s laboratory located at Virginia Tech (Holt et al., 2019). All material
used is listed in Table 1. Following injury, rats were euthanized according to time points (e.g., 4hr, 24hr,
3d, and 7d) with exposure to carbon dioxide in an enclosed chamber and decapitation. Following
decapitation, brains were immediately removed, and the hippocampus was isolated. The isolated tissue
was minced in the dissection media solution (Earl’s minimal essential media with 20mM glucose and 500
pL of antibiotic-antimycotic and bubbled with gaseous carbogen (95% 0O2: 5% CO2) for up to five
minutes). Using the Worthington Papain Dissociation Kit, solutions such as papain, resuspension media,
and albumin density gradient were prepared according to the manufacturing protocol. The minced
hippocampus was transferred to a 50mL conical tube containing papain. The tissue-papain mixture was
incubated for 20min in a 37°C water bath. At the same time, the solution was exposed to carbogen airflow,

enough to agitate the solution but not enough to make the solution bubble or splash. After incubation, the
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tissue-papain mixture was titrated until homogenous and centrifuged. The resulting cell pellet was
immediately resuspended in the resuspension media. Next, the cell-resuspension mixture was carefully
layered on the albumin density gradient solution and centrifuged.

The resulting cell pellet was suspended in a buffer solution made of 0.5% bovine serum albumin
in phosphate-buffered saline and then filtered through a 70 mm BD Falcon cell strainer to remove any
non-dissociated tissue. Before isolating the astrocytes from other brain resident cells, a “whole”
hippocampal fraction containing all cells was first collected to be used as input control for the hippocampal
astrocytes purity test. Astrocytes were purified by the MACS technique (Holt et al., 2019), which used
superparamagnetic nanoparticles to tag the target cells. Then, it retains the labeled cells (target population)
in a column containing ferromagnetic steel wool placed in a potent magnetic separator such as
QuadroMACS. In contrast, the non-target cell population was removed once washing the magnetic column
with the buffer solution. To increase the astrocytic fraction purity, microglia and oligodendrocytes
precursor cells were removed first by incubation with MACS Cd11b™ microbeads and MACS Myelin
beads, respectively. The remaining cell mixture was incubated with Glt-1 antibody, a marker for
astrocytes, followed by a secondary incubation with MACS anti-rabbit beads, allowing retention of
astrocytes on a magnetic column positioned on the magnetic stand in the QuadroMACS. The purified
hippocampal astrocytes cells were immediately stored at -80°C for later processing for protein

quantification and gene expression analysis (purification test).
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Table 1. List of supplies used for study.

Reagent Vendor Catalog Number
Carbogen (95% 02: 5% CO2) | AirGas X020X95C2003102 (CGA 296)
Papain dissociation system Worthington LKO003150 (PDS)
Falcon cell strainers (70 mm) Fisher Scientific 08-771-2
QuadroMACS Miltenyi Biotec 130-091-051
LS columns MACS Miltenyi Biotec 130-042-401
MACS Cd11b* microbeads Miltenyi Biotec 130-093-634
Myelin isolation microbeads Miltenyi Biotec 130-104-257
Anti-rabbit 1gG microbeads Miltenyi Biotec 130-048-602
Anti-EAAT (GLT-1) antibody | Alomone Labs AGC-022
Tagman GFAP gPCR primer Thermo Fisher Scientific Rn00566603_m1
Tagman MBP gPCR primer Thermo Fisher Scientific MO01399619m1
Tagman Rbfox1 gPCR primer Thermo Fisher Scientific Rn01464214 m1l
Tagman Itgam gqPCR primer Thermo Fisher Scientific Rn00709342_m1

4.2.3. Tissue Collection, Immunohistochemistry, and Microscopy Analysis

I. Tissue Collection:

Adult male Sprague Dawley rats were anesthetized with 5% isoflurane and perfused transcardially
with saline followed by 4% paraformaldehyde (pH 7.5) at either 24 hours, three days, and seven days post
sham or single blast exposure. Post perfusion, brains were extracted and stored for 24 hours at 4°C in 4%
paraformaldehyde solution to ensure proper brain fixation. Following the post-fixation period, brains were
dehydrated in 30% sucrose and embedded in optimal cutting temperature (OCT) embedding medium
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(Sakura Finetek USA, Inc., Torrance CA) and frozen at —80°C for cryostat sectioning. Coronal sections
(40 um) were prepared in a cryostat microtome (Thermo Scientific Inc, Waltham, MA) and stored in
phosphate-buffered saline (PBS) with sodium azide at 4°C prior to staining procedures. Two random
coronal sections (~Bregma -4.16mm) were chosen per animal for immunohistochemistry analysis of the
intermediate filament protein called glial fibrillary acidic protein (GFAP).

I1. GFAP Immunohistochemistry:

For the immunohistochemistry procedure, all tissue samples were rinsed three times for five
minutes with PBS and were incubated in a blocking buffer solution containing 10% neutral goat serum
(NGS) (ThermoFisher; Cat#:50062Z) and 0.5% Triton-x 100 (Millipore Sigma; T9284) for 1 h at room
temperature. Tissue samples were incubated for 16-18 h at 4°C in blocking buffer with primary antibody
GFAP at 1:1000 dilution (Invitrogen; Cat#: 13-0300). The following day, tissue samples were washed
three times for five minutes in PBS and incubated for 1.5 h at room temperature in a blocking buffer with
secondary antibody AlexaFluor 488 goat anti-mouse at 1:1000 dilution. Following the incubation, tissue
samples were washed three times for five minutes with PBS and incubated for 10 minutes with DAPI in
PBS (1ug/mL) to visualize nuclei, followed by one wash with PBS. Finally, tissue samples were mounted
and coverslipped with Slow Fade Reagent.

I11. Fluorescence Microscopy and Image Processing:

All tissue samples were imaged using a Zeiss Fluorescence microscope at a 20X objective lens to
comprehensively analyze the astrocyte reactivity phenotype. Images of hippocampal sections containing
all four sub-regions: Dentate gyrus (DG) and Cornu Ammonis 1, 2, and 3 (CA1, CA2, and CA3) were
acquired for further GFAP analysis. All images were processed and quantified using Fiji (ImageJ)
software. First, the background was subtracted using the built-in function on the software. Then, a

threshold value was determined and applied equally to all images to isolate GFAP expression from any
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background fluorescence. After preparing all images, ImageJ software quantified GFAP fluorescence by
three specific parameters: 1) Integrated density of fluorescence which measures the level of GFAP
fluorescence positive signal using gray pixel intensity. Higher fluorescence intensity may indicate
astrocyte activation following bTBI as upregulation of GFAP is a well-represented marker for astrocyte
reactivity in TBI; Il) Area fraction quantifies the percentage of GFAP positive signal within the region of
interest. Increased GFAP area fraction may indicate the proliferation of astrocytes to the injured region;
and I11) Mean area per cell, which is acquired by the “analyze particles” function with the pixel area size
threshold of 0.004, excluding slight pixel noise and extract objects of interest. Mean area per cell provides
detail to the average cell soma size normalized to the area, giving the average area of the cell. Increased
GFAP per cell area may indicate changes in astrocyte cytoskeleton by hypertrophy of its cellular body.
Data were acquired from the average of the replicate images, two coronal sections per animal with four
images per sub-region. The final data was determined per animal for each hippocampal sub-region and a

total hippocampal expression by adding the data averages from each sub-region.

4.2.4. RNA Isolation and Gene Expression Analysis

Samples underwent Trizol treatment following phase separation using chloroform, allowing
simultaneous extraction of RNA and proteins from the same biological sample. RNA was isolated and re-
suspended using the PureLink RNA Mini Kit (Invitrogen; Cat#: 12183018) manufacturer’s protocol. First,
RNA aqueous phase was washed with an equal volume of 70% ethanol, and the lysate-ethanol mix was
added to a spin cartridge and washed one time with Wash Buffer 1 and two times with Washed Buffer 2.
A final centrifuge was done to dry the spin cartridge membrane. Purified RNA was re-suspended with 25
pL of DEPC-treated water (Invitrogen; Cat#: 4387937). Total purified RNA was quantified using

NanoDrop, and an A260/A280 ratio between 1.8 and 2 was used for quantitative reverse transcription
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polymerase chain reaction (RT-gPCR) analysis. Purified RNA was converted to cDNA using the iScript
reverse transcription supermix (Bio-Rad; Cat#: 1708840). Total cDNA was quantified using NanoDrop.
RT-gPCR analysis of 32 endogenous control (housekeeper) gene expressions was conducted with
cDNA samples from hippocampal astrocyte cells isolated from adult male rats by MACS technique at 24
hours and 3 days post sham or single blast exposure. Samples from both time points were processed and
analyzed the same. Firstly, cDNA from four animals per experimental group was pooled together to
increase the quantity of starting material. Then, 32.5ng of cDNA was combined with Applied Biosystem
Tagman Fast Advanced Master Mix (ThermoFisher; Cat#: A44359) and loaded, in triplicate, into a pre-
designed endogenous control plate (ThermoFisher; Cat#: 4426698). Quantitative gPCR was performed on
the QuantStudio Ill Real-Time PCR System under the cycling parameters of 95°C for 20 seconds, 40
repeats of 95°C for 1 second, and 60°C for 20 seconds. Data has represented a comparison of fold change
[log2 (Blast/Sham)] of the levels of expression of 32 reference genes between 24hrs and three days. The
expression level of the 32 reference genes was calculated using the Delta Ct method, and the results are
presented as relative fold changes. Mean positive log2 fold changes correspond to an increase in gene

expression. In contrast, negative values correspond to a decrease in gene expression.

4.2.5. Protein Isolation and Western Blotting Analysis

Phase separation with chloroform was followed by Trizol (ThermoFisher; Cat# 15596018)
treatment on the samples. After extracting RNA and DNA, proteins were recovered from the Trizol phenol
phase. The first step in protein precipitation was isopropanol treatment, followed by three 20-minute
washes with a 0.3 M guanidine hydrochloride in 95% ethanol solution and one wash with a 20-minute
100% ethanol solution. The protein was re-suspended in a 1:1 solution of 1% sodium dodecyl sulfate

solution and 8M urea in 1M Tris-HCI (pH 8). The protein was then further homogenized by sonicating for
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an additional ten seconds, followed by ten minutes of incubation at 55°C. BCA assay (Pierce; Cat#: 23225)
was used to measure the total protein in the samples in preparation for Western Blotting analysis.

To analyze molecular alterations related to astrocyte reactivity, quantification of GFAP (Abcam;
Cat#: ab7260) protein levels were chosen. To analyze mitochondrial mediate fission dynamics, protein
levels for DRP1 (Novus; Cat#: NB110-55288) and its post-translational phosphorylation at serine 616
(PDRP1%28; Cell Signaling; Cat#: 4494S), and serine 637 (pDRP1%%%"; Cell Signaling; Cat#: 4867S) sites
were chosen. Target proteins were analyzed at four hours, 24 hours, and three days post-overpressure
exposure. Protein samples were produced in accordance with the manufacturer's instructions, and a
capillary-based automatic Western system (Wes, Protein Simple) was used for the protein quantification
of each studied marker. Wes supplies purchased from Protein Simple were separation modules (Cat#: SW-
004), anti-rabbit (Cat#: DM-002), and anti-mouse (Cat#: DM-001) detection modules. Protein levels were
calculated using Compass for SW software v.6.1 (Protein Simple) from area measurements obtained from
electropherograms at the same exposure period for all data plates. The Wes software determines target
protein levels by computing the area under the curve using uniform peak fits across all data. Therefore,
the Wes bands shown in the data are digitized images meant to be a qualitative visual comparison of how
the target protein traveled through the Wes capillary-based automatic system. According to the target
protein, samples were loaded with the same protein concentration (mg/mL) in each well, normalized to
that total protein, and then averaged to the sham value. Protein quantification results are represented as

normalized protein expression in comparison to the sham average.

4.2.6. Statistical Analysis

Statistical comparisons were conducted between groups using GraphPad Prism 9 software. A two-
way ANOVA was conducted to analyze overall significant differences amongst groups, followed by a

Tukey’s honestly significant difference (Tukey’s HSD) test to analyze which specific group’s average
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differed. For group comparisons within a single individual, a student's t-test was used. Levene's tests were
employed to evaluate the equality of variances, and the Kolmogorov-Smirnov test was used to check the
assumptions for normality (homoscedasticity). A logarithmic adjustment was carried out to undertake
statistical comparisons in the case that the data were not normal. A p-value of 0.05 or less was regarded
as statistically significant, and residual analysis was used to identify statistical outliers. The letter "n"
stands for the total number of animals per group. The means and standard errors of the means are presented
for all data values (S.E.M.). The figure legend reports the test for each experiment, the n value, and the p-

value.

4.3 Results

4.3.1. Magnetic-Activated Cell Sorting Technique Efficiently Isolated Pureed Hippocampal Astrocytes

from Adult Male Rat Brains.

Using the “whole” hippocampus fraction as a control, RT-gPCR was used to determine the purity
of the isolated astrocyte population. Tagman probes (Table 1 under “section 4.2.3) for GFAP (astrocytes),
ITGAM (microglia), RBFOX3 (neurons), and MBP (oligodendrocytes) were used to determine
enrichment or depletion of cell type-specific genes with GAPDH as a housekeeping gene. Relative gene
expression was calculated using AACt fold-change expression of mRNA. Therefore, the RT-gPCR
revealed purified astrocyte isolation from the hippocampus of adult rats by showing enriched expression
of GFAP compared to hippocampal fraction sample with depletion expression of ITGAM, RBFOX3, and
MBP genes (Figure 4.2). Results are displayed as normalized target gene expression relative to the

“whole” hippocampal fraction sample average.
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Figure 4.2: Group Il: Magnetic-activated cell sorting (MACS) — Hippocampal astrocyte cell isolation. Tagman probes
for GFAP (astrocytes), ITGAM (microglia), RBFOX3 (neurons) and MBP (oligodendrocytes) were used to measure gene
expression of respective cell types with GAPDH used as a housekeeping gene. A hippocampus fraction with all cells present
was collected to be used as an input control for purity test by showing enrichment or depletion of gene expression relative to
the “whole hippocampus” fraction. Therefore, our RT-qPCR reveals a purified astrocytes isolation from hippocampus of adult
rats by showing enriched expression of GFAP compared to the hippocampus fraction (all cells) with depletion expression of
ITGAM, RBFOX3 and MBP genes at all-time points. (n=12/marker; data is represented as normalized by “whole hippocampus
fraction”; ™™""p < 0.0001)
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4.3.2 Exploring Hippocampal Astrocytic-Associated DRP1 Protein Levels Post-Single bTBI at Acute

and Sub-Acute Stages of the Injury.

Protein extracted from adult rats purified hippocampal astrocytes cells at the acute time point of 4
hours and 24 hours, and at the sub-acute time point of 3 days and 7 days following bTBI were used to
perform western blotting analysis to determine if bTBI alters astrocytes-associated DRP1 protein levels.
Figure 4.3 depicts results that indicated no significant changes in total DRP1 protein levels between groups
at all-time points. Furthermore, although not significant compared to the other time points, DRP1 protein

levels at the sub-acute stages of the injury (7 days) were lower.
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Figure 4.3: Analysis of Total Mitochondrial Fission GTP-DRP1 Protein post single overpressure exposure. Western
Blotting was conducted using an automatic capillary-based system (Wes, Protein Simple) to look at relative protein
guantification to identify possible fission post-overpressure exposure.

a) There were no significant changes in DRP1 protein levels at 4 hours, 24 hours, 3 days, and 7 days single blast wave exposure.
b) Only for qualitative visual comparison, digitized bands illustrate how proteins moved through the capillary system on the
Wes. (n=6/group; data are mean £ SEM; *p-value represents < 0.05).

4.3.3. Single bTBI Triggers Astrocytic DRP1 translocation to the Mitochondria by Post-Translational
Modification with Phosphorylation.

Activation of DRP1 protein by post-translational modification with phosphorylation at serine 616

(PDRP1%%%) is known to activate DRP1 translocation to the OMM. In contrast, phosphorylation at serine
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637 (pDRP1%%%7) suppresses DRP1 translocation. Therefore, by controlling the translocation of cytosolic
DRP1 to the mitochondria, the balance of the pDRP1%%!%/pDRP1%%% ratio leads to the regulation of
mitochondrial fission and, consequently, mitochondrial morphology. Results indicated that pDRP1%616
levels were significantly increased at 4 hours (p = 0.0125) and 7 days (p = 0.0409) following bTBI (Figure
4.4 a-c), showing an increase of activated DRP1-mediated mitochondrial fission. In contrast, at 24 hours
and 3 days following, levels of pDRP1%1° protein were not different to sham levels. Furthermore, there
were a significant decrease in the pDRP1%1%/pDRP1%%" ratio levels across blast groups between the 4
hours and 3 days (p = 0.0006) (Figure 4.4 ¢). In addition, there was an increase in the pDRP1%¢16/pDRP1%6%"
ratio levels between the 24 hours and 7 days across the blast groups (p = 0.0596) (Figure 4.4 c), although
not statistically significant. This could indicate a post-injury temporal window within which hippocampal
astrocytic mitochondrial presents a possible restoring feedback response during the sub-acute stages of

the injury and, if chronic, can lead to the beginning of worst outcomes.
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Figure 4.4: Analysis of total DRP1 post-translational modification protein by it phosphorylation at serine 616 and serine
627 post single overpressure exposure. Western Blotting was conducted using an automatic capillary-based system
(Wes, Protein Simple) to look at relative protein quantification to identify possible fission post-overpressure exposure.
a) The total levels of p-DRP15 protein were acutely increased by 4 hours, returned to physiological levels at 24 hours and 3
days and shifted back to an increase at 7 days post single blast wave exposure. b) The total levels of p-DRP1% protein were
maintained at physiological levels at all-time points. ¢) There were no significant difference in the pDRP1%6/pDRP1%6% ratio
levels between sham and blast at all-time points. However, there were a difference across blast groups between 4 hours and 3
days with a significant decrease of pDRP1s616/pDRP1s637 ratio levels. d) Only for qualitative visual comparison, digitized
bands illustrate how proteins moved through the capillary system on the Wes. (n=6/group; data are mean + SEM; *p-value
represents < 0.05).

4.3.4. Single bTBI Induces Hippocampal Astrocyte Reactivity

The results herein focus on characterizing the time course of hippocampal astrocyte reactivity from
adult male rats’ exposure to a blast wave. To assess the reactive phenotype, protein and fluorescence levels
of GFAP were analyzed by western blotting and fluorescence microscopy at 4 hours, 24 hours, 3 days,

and 7 days post-single bTBI. Results presented in figure 4.5 indicated a significant increase in total GFAP
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protein levels starting at 24 hours (p = 0.0469) which also corresponded with an increase in GFAP
fluorescence intensity (p = 0.0082) as well as an increase in GFAP area fraction (p = 0.0064) at 24 hours
post-single blast exposure (Figure 4.6). Increased area fraction may indicate the proliferation of astrocytes
in the hippocampus. The response was shifted back to physiological (sham) levels at 3 days post-blast
injury (Figure 4.5; 4.6). At seven days post-blast exposure, hippocampal astrocytes presented a significant
increase in total GFAP protein (p = 0.0311), GFAP fluorescence intensity (p = 0.0078), GFAP area
fraction (p = 0.0072) and a further increase in GFAP per cell area (p = 0.0059), presumably, this could
signify changes in cytoskeleton by the astrocytes cellular body hypertrophy (Figure 4.5; 4.6). Furthermore,
each hippocampal sub-region was analyzed separately for the same data parameters. The results indicated
that the total hippocampus data correctly represented a diffuse injury across the hippocampus since a
significant difference was observed in each sub-region at 24 hours and 3 days post-blast exposure (Figure
4.7-4.9). Together, those data indicate the starting of astrocyte reactivity phenotype following mild bTBI

as upregulation of GFAP is a well-represented marker for astrocyte reactivity in TBI.
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Figure 4.5: Analysis of hippocampal astrocytes total GFAP protein levels were quantified by Western Blotting using an
automatic capillary-based system (Wes, Protein Simple).

a) Total GFAP protein levels were increased at 24 hours, returned to physiological levels by 3 days and raised backed up by 7
days post single blast wave exposure. b) Digitized bands are representation of how the proteins traveled through the capillary
system on the Wes, only for qualitative visual comparison.
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Figure 4.6: To provide a comprehensive analysis of astrocyte reactivity in the adult rodent hippocampus, fluorescence
microscope was used to observe changes in GFAP. A total hippocampal expression was acquired by adding the data averages
from each sub-region and three parameters were used by ImageJ Software in order to quantify astrocyte reactivity (Integrated
density of fluorescence, area fraction and mean are per cell. bTBI leads to an acute and sub-acute increase of astrocyte reactivity
with the latest time point presenting a hypertrophic phenotype. A view of individual astrocytes (GFAP) in both sham and single
blast animals showed different sizes of cell bodies (soma). (Fluorescence Microscopy group: n=12/group; data are mean *
SEM; *p-value represents < 0.05; "p-value represents not significant).
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Figure 4.7: Sub-regions of the hippocampus were further analyzed for GFAP to identify if the total hippocampus data

correctly represent a diffuse injury across the adult rodent hippocampus at 24 hours post mild blast wave exposure.

a) Representative images of GFAP obtained from 10 weeks old adult male rats. Image was collected from each hippocampal

sub-region: Dentate gyrus (DG) and Cornu Ammonis 1, 2, and 3 (CAL, CA2, and CA3).

b) Three parameters were used by ImageJ Software in order to quantify astrocyte reactivity (Integrated density of fluorescence,
area fraction and mean are per cell. At 24 hours, blast presented a higher fluorescence intensity across all hippocampal sub-
regions compared to sham group, indicating an initial acute reactive phenotype. (Fluorescence Microscopy group: n=7/group;

data are mean + SEM; *p-value represents < 0.05; "™p-value represents not significant; Scale bar in a = 57um).

78



(a)

<
=
w2
w
>
a
on
—
| 72]
<
—_—
m
(b)
25 Sham 25 Sham
Blast g Blast
5 ns ; ns
.‘E‘A 204 ™ ns ns =i P ns ns
2 £ . =
gE . . £ P
g2 ; . g gz : ” :
89 159 % . H H . T2 154 & 3 A W e
- H . N 28 . . H X .
gz % % -3
28 v . [ . . ‘
2% L0 e S == 1.0 . s 1
2 E RO 1 .8 e E : L) o
F] N N S . * X b
£: " : <e ) N N N
= 0.5 \ . ™ LIPS 0.5 AN 3 el fae
= . .
a N 'Y N AN N\ 1N
0.0 0.0 T T T
CAl CA CA3 DG CAl CA2 CA3 DG
(p=03588) (p=0.3645) (p=03223) (p=0.5208) (p=03330) (p=0.7563) (p=0.3691) (p=0.6040)

GFAP Stain (Hippocampus Sub-regions)

GFAP per Cell Area

(Normalized to Sham)

2.0

0.0

Sham
Blast
ns
ns
ns ns 3
8 .
..
. » . . : v
. . o2 P
e oy " .
+ |
i . *
P S B PR S SIS 3
. \ o |B -
G T R
CAl CA2 CA3 DG
(p=02189) (p=03704) (p=0.0116) (p=0.0574)

Figure 4.8: Sub-regions of the hippocampus were further analyzed for GFAP to identify if the total hippocampus data
correctly represent a diffuse injury across the adult rodent hippocampus at 24 hours post mild blast wave exposure.

a) Representative images of GFAP obtained from 10 weeks old adult male rats. Image was collected from each hippocampal
sub-region: Dentate gyrus (DG) and Cornu Ammonis 1, 2, and 3 (CA1, CA2, and CA3). b) At 3 days, blast group presented
no significant changes compared to sham across all hippocampus sub-regions. (Fluorescence Microscopy group: n=8/group;
data are mean £ SEM; *p-value represents < 0.05; ™p-value represents not significant; Scale bar in a = 57um).
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Figure 4.9: Sub-regions of the hippocampus were further analyzed for GFAP to identify if the total hippocampus data
correctly represent a diffuse injury across the adult rodent hippocampus at 24 hours post mild blast wave exposure.

a) Representative images of GFAP obtained from 10 weeks old adult male rats. Image was collected from each hippocampal
sub-region: Dentate gyrus (DG) and Cornu Ammonis 1, 2, and 3 (CAL, CA2, and CA3). b) At 7 days, blast group presented
an increase within all quantified parameters across all hippocampal sub-regions compared to sham. This Indicated a shift back
to a reactive phenotype at the sub-acute stages of the injury. (Fluorescence Microscopy group: n=6/group; data are mean +
SEM; *p-value represents < 0.05; "p-value represents not significant; Scale bar in a = 57um).

4.3.5. Optimization of Endogenous Control Gene Expression in Purified Hippocampal Astrocyte Cells
post-single bTBI.

A panel of 32 housekeeping genes was tested to optimize a reference gene for usage in the gene
expression experiments using a pre-designed endogenous control plate from ThermoFisher (information
under “section 4.2.4”) (Figure 4.10). These genes are known to be good candidates for experiments
looking at relative quantitation of gene expression that wish to customize a housekeeping gene. We chose

to run this reference control gene optimization for our purified adult hippocampal astrocytes at 24 hours
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and 3 days post bTBI as previous studies conducted in our lab showed that GAPDH may not be optimal
under blast conditions. At 24 hours post-single bTBI, our data showed a significant change in gene
expression in 23 control genes, with only 9 control genes presenting no changes in their expression (EIf1,
Hmbs, Tbp, EIf2b1, Gusb, Tfrc, Gadd45a, PES1, and Mrpll9) (Figure 4.11). In contrast, at 3 days post-
single bTBI, our data showed a significant change in gene expression in only 3 control genes (B-actin,
Ubc, B2M) (Figure 4.12). and the other 29 control genes presented no changes in their gene expression.
Therefore, nine housekeeper genes (EIf1, Hmbs, Thp, EIf2bl, Gusb, Tfrc, Gadd45a, PES1, and Mrpll9)

were identified as good candidates for future RT-qPCR data in bTBI studies.
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Table 1
Candidate reference genes analyzed in the study
Gene Symbol ~ Gene Name Main Function
i8S Eukaryotic 18S rRNA Ribosomal Protein
Acth Beta actin Actin and Actin related protein
Pgkl Phosphoglycerate Kinase 1 Carbohydrate Kinase
Ubc Ubiquitin C Ubiquitin protein ligase binding
Casc3 Cancer Susceptibility Candidate 3 RNA Binding
Puml Pumilio RNA-binding family member 1 RNA metabolism protein
Adll ABL proto-oncogene 1, non-receptor tyrosine kinase Scaffold / Adaptor Protein
Popd Processing of precursor 4, ribonuclease PMRP subunit RNA Binding
GAPDH Glyceraldehyde-3-phosphate dehydrogenase Oxidoreductase / Dehydrogenase
B2m Beta-2 microglobulin Major histocompatibility complex protein
Rpip2 Ribosomal protein, large P2 Ribosomal Protein
Ywhaz Tyrosine 3-monooxygenase tryptophan 5- Scaffold / Adaptor Protein
monooxygenase activation protein, zeta
Cdimla Cyclin-dependent kinase inhibitor 1A Kinase Inhibitor
Psmed Proteasome 26S subunit, ATPase, 4 Protease
Eifl E74-like factor 1 Winged helix / transcription factor
Rpl37a_predicted Ribosomal protein L37a Ribosomal Protein
Hprtl Hypoxanthine phosphoribosyltransferase 1 Glycosyltransferase
Hmbs Hydroxymethylbilane synthase Deaminase
Top TATA box binding protein General Transcription Factor
Ppla Peptidylprolyl isomerase A (cyclophilin A) Chaperone
Cdinlb Cyclin-dependent kinase inhibitor 1B Kinase Inhibitor
Eif2b1 fg'odc translation mitiator factor 2B, subunit 1 Translation Initiation Factor
MT-ATP6 Mitochondrially encoded ATP synthase 6 ATP synthase
Rpi30 Ribosomal protein L30-like Ribosomal Protein
Gusd Glucuronidase, beta Glycosidase
Arbp Ribosomal protein, large, PO Ribosomal Protein
Ifre Transferrin receptor Metalloprotease
Ppib Peptidylprolyl isomerase B Chaperone
Gadddsa Growth arrest and DNA-damage-inducible, alpha Cell Cycle, Regulation of cell cycle
PESI predicted Pescadillo nbosomal biogenesis factor 1 RNA Metabolism Protein
Mrpil9 Mitochondrial ribosomal protein L19 Ribosomal Protein
Rpsi7 Ribosomal protein S17 Ribosomal Protein

Figure 4.10: Table with the 32 candidates endogenous reference genes and their main function.
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Figure 4.11: Optimization of 32 endogenous reference Gene from hippocampal adult rat astrocytes at 24 hours post
mild blast wave exposure. Log2 fold change representing the difference in the levels of expression of 32 reference genes
between the 24hrs. post single blast traumatic brain injury (b-TBI) (B) and Sham groups (A) in Adult Primary Rat Astrocytes
(Hippocampus) using quantitative real time-PCR.
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Figure 4.12: Optimization of 32 endogenous reference Gene from hippocampal adult rat astrocytes at 3 days post mild
blast wave exposure. Log2 fold change representing the difference in the levels of expression of 32 reference genes between
the 3 days post single blast traumatic brain injury (b-TBI) (B) and Sham groups (A) in Adult Primary Rat Astrocytes
(Hippocampus) using quantitative real time-PCR.
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4.4 Discussion

More people are becoming aware of the importance of better characterizing and comprehending
how brain cells react to mechanical trauma, both individually and as a whole. Our in vitro model lacked
cell-to-cell interactions that further influence astrocyte response to brain injury. Validating the in vitro
data with our in vivo bTBI model is fundamental to understanding how astrocyte mitochondria are affected
by primary blast injury mechanics in the native brain tissue. Magnetic bead cell separation gave us a
vigorous analysis of non-autonomous astrocyte mitochondrial responses following bTBI. In this study, we
were able to characterize the time course from the acute and sub-acute stages of hippocampal astrocytic-
associated DRP1-mediated mitochondrial fission and a time-dependent reactive phenotype transition in
astrocytes.

Specific Aim 2 presented an astrocytic pro-fission state associated with the activation of DRP1
protein, confirming the study conducted in Specific Aim 1, yet now looking at adult male rat hippocampal
astrocytes instead of rat pup astrocytes. Participation of the GTPase DRP1 protein was assessed at four
hours, 24 hours, three days, and seven days post-exposure to a blast wave. The results reveal that total
DRP1 protein levels do not change at all time points. These findings correlate with an in vivo study that
looked at mitochondrial dynamic dysfunction following a controlled cortical impact (CCI) injury (Fischer
et al., 2016). Fischer and colleagues found that TBI does not alter total hippocampal (homogenized tissue
sample) DRP1 protein levels. Instead, it increased the translocation of DRP1 to the mitochondria to initiate
fission (Fischer et al., 2016). In addition, just as shown in neuronal mitochondria, dysregulation of the
primary protein regulator of mitochondrial fission, DRP1, along with the upregulation in the
phosphorylation of DRP1 at the serine 616 site (p-DRP1%6%), the activated form of DRP1, are being
reported to play a key role in astrocytic mitochondrial dysfunction, favoring fission over fusion post-TBI

(Motori et al., 2013; Rahman & Suk, 2020; Shih & Robinson, 2018; Stephen et al., 2014).

84



Corresponding with those findings, the current study presented that bTBI triggered hippocampal
astrocytic DRP1 translocation from the cytoplasm to the mitochondria by post-translational modification
with an increase of phosphorylation at the serine 616 site (0DRP1%%¢). Our results indicated that 4 hours
following blast wave exposure, a significant increase in pDRP1%°* protein levels occurred. The total level
of pDRP1%%*¢ protein was restored to sham levels at 24 hours and three days, whereas at seven days, levels
of pDRP1%%1 protein were shifted back to a significant increase compared to the sham group. These results
indicated a higher activity of DRP1-mediated mitochondrial fission by its translocation from the
cytoplasm to the mitochondrial organelle. In addition, levels of pDRP1%¢%" protein were visibly higher at
three days post blast wave exposure compared to all the other time points. This data was further correlated
with a significant decrease in the pDRP1s616/pDRP1s637 ratio levels between four hours and three days
across the blast groups and presented a non-statistically significant increase in the
pDRP1s616/pDRP1s637 ratio levels across blast groups at 24 hours and seven days. Activation of Drpl
is regulated by posttranslational modification, among which phosphorylation of Drpl can either activate
(pDRP1%%%%) or inhibit (0DRP1%%") its enzymatic activity. Phosphorylation at these two sites exerts
opposite effects on mitochondrial morphology. Therefore, by controlling the translocation of cytosolic
DRP1 to the mitochondria, the balance of the pDRP1%%!%/pDRP1%%%’ ratio leads to the regulation of
mitochondrial fission and, consequently, mitochondrial morphology.

Astrocytes play an essential role in the healthy brain and proper maintenance of the CNS.
However, there is increasing debate over the different functions associated with reactive astrocytes and
their response to injury, where they may play a dual role in TBI by contributing to the repair of damaged
tissue and the return to homeostasis or leading to deleterious effects by causing scar tissue formation and
therefore inhibit neuronal axon growth (Michinaga & Koyama, 2021; Zhou et al., 2020). The degree of

astrocyte reactivity can be triggered by different potential insult events, such as the mechanical severity
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of TBI and a wide variety of context-dependent intercellular and intracellular signaling molecules
associated with early and late stages of TBI (Anderson et al., 2014; Burda et al., 2016; Khakh &
Sofroniew, 2015; Matias et al., 2019; Sofroniew, 2020). This study helped characterize the time course of
hippocampal astrocyte reactivity from adult male rats’ exposure to a mild blast wave. Reactive astrocytes
are mainly characterized by morphological changes in molecular signatures such as cellular hypertrophy
(body and process), proliferation, and alteration in the intermediate filament protein GFAP. However,
those features are not an all-or-none response. Instead, they are finely regulated along a gradient of
intensity that can vary from very small to very intense phenotypic changes (Sofroniew, 2015b).

The results showed no changes in total hippocampal astrocytic GFAP protein as early as four
hours. At 24 hours post-insult, total GFAP protein levels were higher. Fluorescence microscopy provided
the same outcome with increased GFAP fluorescence intensity combined with increased possible
astrocytic proliferation in the hippocampal injured area. No cellular body hypertrophy was identified then.
GFAP is an important intermediate filament protein responsible for astrocyte cytoskeleton structure. It is
believed to play a crucial role in controlling astrocyte motility and form by giving astrocytic processes
structural stability (Eng et al., 2000). Furthermore, it is believed that the acute stages of astrocyte
proliferation, phenotypes of mild astrocyte reactivity, could present reparative characteristics (Anderson
et al., 2014; Sofroniew, 2020; Zhou et al., 2020). Correlated with the astrocytic mitochondrial dynamics
data, at three days post-insult, total hippocampal astrocytic GFAP protein was almost returned to
physiological (sham) levels, and the same was observed in the microscopy data. Moreover, at seven days
post-blast wave exposure, GFAP was shifted back to a higher increase of total protein levels combined
with an increase in astrocytic proliferation and changes in the cytoskeleton by presenting astrocytic
cellular body hypertrophy. As mentioned, astrocyte reactivity may play a dual role in protective and

deleterious actions in TBI. Together, these data indicate the starting of an astrocyte reactivity phenotype
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following mild single bTBI as upregulation of GFAP, which is a well-represented marker for astrocyte
reactivity in TBI and bTBI (Ekmark-Lewén et al., 2010; Michinaga & Koyama, 2021; Sajja et al., 2016;
Schwerin et al., 2021), and it could be the start of an astrocytic protective response acutely after mild
bTBI. However, if persisting, it can lead to a phenotypic transition into a severe reactive state, whereas it
can distinctly extend into a highly proliferative, scar-forming phenotype due to chronic-state injury (Buffo
et al., 2008; Pekny & Nilsson, 2005; Pekny & Pekna, 2014; Silver & Miller, 2004; Sofroniew, 2009;
Wanner et al., 2013).

An additional study that was conducted within the Specific Aim 2 was focused on optimization of
housekeeping genes for blast experiments. It is necessary to select proper endogenous controls when
studying gene expression alterations following bTBI. Endogenous control, commonly known as
housekeeping genes, are cellular maintenance genes that regulate basic and ubiquitous cellular functions.
These genes are used as an internal control for RT-gPCR reactions to normalize variations in sample input.
Unfortunately, changes in gene expression for GAPDH and B-actin have been observed in cells post TBI.
Therefore, 32 housekeeping genes known to be good candidates for experiments looking at relative
quantitation of gene expression were chosen to run a reference control gene optimization for our purified
hippocampal astrocyte cells at 24 hours and three days post single bTBI. The results observed at 24 hours
post-single blast wave exposure, a significant upregulation of gene expression in 23 control genes,
including GAPDH and B-actin, whereas, at three days post-single blast wave exposure, there was a
significant downregulation of gene expression in only three control genes including B-actin. Although
many control genes changed at their specific time point between sham and blast groups, including GAPDH
and B-actin, nine housekeeper genes (EIf1, Hmbs, Thp, EIf2b1, Gusb, Tfrc, Gadd45a, PES1, and Mrpll9)

were identified as good candidates for future RT-qPCR data in bTBI studies.
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In conclusion, Specific Aim 2 characterized the time-dependent course response of astrocytic
mitochondrial dynamics and the astrocyte reactive phenotype post mild bTBI with data acquired from the
same biological samples. Recent studies highlight the importance of proper astrocytic mitochondrial
dynamics in a healthy brain and how altered mitochondrial dynamics could lead to both protective and
detrimental astrocyte reactivity phenotypes in CNS degenerative diseases and TBI pathologies (Bantle et
al., 2021; Ishii et al., 2017; Rahman & Suk, 2020; Rose et al., 2017; Sarkar et al., 2018; Zehnder et al.,
2021). The same insult that triggered an initial reactive phenotype in astrocytes also altered astrocytic
mitochondrial dynamics. It is noteworthy that those alterations were first seen in the mitochondria as early

as four hours post-single blast wave exposure.
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Chapter 5. Conclusion

The text within Chapter 5 are adapted from Dickerson, M.*, Guilhaume-Corréa, F. *, Strickler, J., &
VandeVord, P. J. (2022). *First co-authorship. Age-relevant in vitro models may lead to improved
translational research for traumatic brain injury. Current Opinion in Biomedical Engineering, 100391.
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5.1 Summary

I. Specific Aim 1

The study used an in vitro bTBI model to characterize astrocyte mitochondrial response to a
mechanical insult. The results revealed four key findings in primary cultured cortical astrocytes: 1) Total
DRP1 protein levels were not altered post-overpressure mechanical insult. Rather, post-translational
modifications such as the phosphorylation at the serine 616 (pDRP1%!%) site increased which could
indicate DRP1 translocation to the OMM; 2) Mechanical insult induced differential remodeling of the
astrocytic mitochondrial network, leading to fragmentation by presenting a higher number of fragmented
mitochondria and a lower number of mitochondrial networks; 3) At the sub-acute stages of the injury,
astrocytic mitochondrial network integrity returned to physiological (sham) conditions and corresponded
with an equal pDRP1%%%6/ pDRP1%%% ratio; and 4) Total GFAP protein levels were not altered at four hours,

24 hours and three days post mechanical insult.

I1. Specific Aim 2

The study was conducted using an in vivo bTBI model to characterize astrocyte mitochondrial
dynamics in response to the primary blast injury mechanics in the brain. The results revealed four key
findings in hippocampal astrocytes isolated from adult male rats: 1) Magnetic-activated cell bead
separation gave a vigorous analysis of non-autonomous hippocampal astrocytic mitochondrial responses
following bTBI. 2) bTBI had no effect on total DRP1 levels during the injury's acute, subacute, and early
chronic stages. 3) Activated DRP1 translocated from the cytoplasm to the OMM by the increase of
pDRP1%16 at four hours and seven days post-blast wave exposure; 4) Post-bTBI, astrocytes presented an
upregulation of GFAP protein at 24 hours, by three days there were a shift back to physiological levels

which were upregulated again by seven days.
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5.2. Discussion

Structurally, astrocytes contain multiple radial processes that form various interfaces with other
glia, neurons, and capillary endothelial cells. Their fine processes are close to neuronal cell bodies and
synapses, and their endfeet envelop blood vessels (Abbott et al., 2006; Allen & Eroglu, 2017). They also
communicate with other astrocytes intercellular via gap junctions, forming a vast interconnected network
throughout the brain (Allen & Eroglu, 2017; Li et al., 2019; B. Ma et al., 2016). Astrocytic unique
morphology characteristics and architecture arrangement in the brain make them a crucial player in
neuronal protection and neuronal degeneration post brain injury. Astrocytes respond to a brain injury by
a process called astrocyte reactivity; however, studies are identifying a heterogeneity response within the
astrocyte reactive phenotype which is governed by the severity of the injury and intracellular and
intercellular molecular signaling (Anderson et al., 2014; Matias et al., 2019; Sofroniew, 2020).

bTBI is a combination of the interplay between the primary mechanical insult and the subsequent
secondary biochemical cascade insults. Therefore, initially starting as a mechanical injury, it is critical to
comprehend the mechanical insult characteristics and forces that affect the brain, specifically how they
affect astrocytes. Astrocytes are mechanically sensitive cells and do respond to mechanical overpressure
insult (Hlavac et al., 2015; Ravin et al., 2012, 2016; Sawyer et al., 2017; VandeVord et al., 2008; Zander
et al., 2016). Astrocytes have been reported to respond to mechanical insult by mechanosensitive calcium
signaling (Blomstrand et al., 1999; Charles et al., 1991; Ostrow & Sachs, 2005; Ravin et al., 2016;
Venance et al., 1997). For instance, as demonstrated by an in vitro study, a single adult rat astrocyte
mechanically stimulated by a stretch-induced insult triggered the propagation of calcium signaling across
the astrocyte-astrocyte interconnected network (Ostrow et al., 2000). Astrocytes can further respond to
mechanical insults by mechanosensitive cytoskeletal remodeling. An in vitro wound healing assay was

conducted to understand primary astrocyte migration towards the site of injury (De Pascalis et al., 2018),
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a phenotype of astrocyte reactivity. The study observed that upregulation of intermediate filaments such
as GFAP, vimentin, and nestin collectively contributed to reactive astrocytes migration. The intermediate
filaments helped control the force across the astrocytes-astrocytes network by preventing the generation
of traction forces from the “front line” cells from spreading across the neighboring cells and allowing a
collective migration of reactive astrocytes towards the injury site (De Pascalis et al., 2018). A fission event
has been reported to trigger mitochondrial fragmentation, increasing the mitochondria locomotion towards
active zones in migrating cells (Madan et al., 2022). Given that primary astrocytes exhibit oscillating
calcium signaling within their astrocytic network, mitochondria's strategic location within the cell is
crucial to match the local calcium activity since they help with calcium buffering (Stephen et al., 2014).
Acute (4 hours) astrocyte mitochondrial network remodeling was observed in our in vitro mild bTBI
model by presenting an increase in fragmented mitochondria, and it was followed by an increase in PCNA
(proliferation marker) which was later accompanied by the upregulation of GFAP (Hlavac & VandeVord,
2019). Presumably, this phenomenon is occurring to facilitate the organelle locomotion within the
astrocyte and across the astrocyte network to allow cytoskeleton plasticity in response to the mechanical
insult.

Mitochondrial fission events can also enable damaged mitochondrial dissociation from the
network and subsequent degradation of the damaged portion of the mitochondria by mitophagy
(mitochondrial quality control) (Chan, 2012; Lemasters, 2005; Pickles et al., 2018; Youle & van der Bliek,
2012). An in vitro study reported that astrocytes responded to inflammatory stimuli, a common secondary
insult post bTBI, with a prompt autophagic response as a mitochondrial quality control mechanism
(Motori et al., 2013). The study went further to knock out astrocytic Atg7, a gene encoding essential
autophagic machinery, and found this led to a failure in regenerating mitochondrial integrity and

ultimately affecting astrocyte survival. Fission events can increase ROS and consequently trigger an
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oxidative stress environment (Balaban et al., 2005; Flippo & Strack, 2017; Glancy et al., 2020; Jezek et
al., 2018; Sprenger & Langer, 2019). Published data from our laboratory observed, at 24 hours following
insult, an astrocytic pro-oxidative environment was triggered (Hlavac et al., 2020). Even though
mitophagy outcomes were not an outcome of the current study, the in vitro data showed that 3 days after
the mechanical insult, the astrocytic mitochondrial network had been restored, and fewer fragmented
mitochondria were present. This finding supports a potential acute autologous astrocytic repair mechanism
that would involve removing damaged mitochondria and restoring a healthy mitochondrial network after
mechanical overpressure to preserve mitochondrial integrity and prevent the accumulation of additional
potentially harmful compounds.

A preclinical study demonstrated in neuronal mitochondria that early mitophagy events are crucial
for ongoing neuroprotection after TBI. In this study, mitophagy inhibition led to worse results, confirming
the idea that mitochondrial fission served as an early form of cellular protection by clearing damaged
mitochondria before the start of apoptotic pathways (Chao et al., 2019). Furthermore, another study
looking at neuronal mitochondria response post-TBI demonstrated that giving a mitochondrial drug such
as pioglitazone that binds to a specific mitochondrial membrane protein, mitoNEET, at 3 hours post-injury
did not help ameliorate neuronal protection. On the other hand, delaying the treatment until 18 hours post-
injury did ameliorate ongoing neuronal protection (Hubbard et al., 2021). These researchers hypothesize
that the mitochondrial dynamics acutely after TBI are necessary to promote neuronal protection by
promoting functional mitochondria in critical phases of secondary TBI insult (Hubbard et al., 2021). Those
concepts could be translated to astrocytic mitochondrial dynamics and its role in acute brain injury. For
instance, astrocytic activity is linked to neuronal synaptic activity. Enhancing neuronal synaptic activity
induced mitochondrial remodeling and migration to astrocyte's fine processes near the neuronal synapses

(Agarwal et al., 2017; Bélanger et al., 2011; Lovatt et al., 2007; Stephen et al., 2015). Our in vivo model
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presented an acute (4 hours) increase of the GTP-DRP1 protein activation by an increase in
phosphorylation at the serine 616 sites indicating a pro-fission mediated mechanism. Moreover, this
response was followed by upregulation of GFAP combined with an early astrocyte proliferation 24 hours
post mild bTBI, presenting a possible “reparative” acute reactive phenotype. An in vivo CCI-TBI model
assessed the influence of ablating astrocyte reactivity on the volume of cortical tissue underneath the CCI
impact site. Ablation of reactive astrocytes was found to aggravate tissue loss following moderate CCl as
early as seven days after injury, reaching its highest levels by 28 days after injury. In contrast, severe CCI
showed no discernible changes (Myer et al., 2006). Presumably, following mild bTBI, acute mitochondrial
fission would allow for easier migration of the mitochondria within the astrocyte, helping with astrocyte
cytoskeleton plasticity and calcium buffering requirements to the demands of neuronal signaling. This
could help astrocytes to positively respond to the injury since an increase in intracellular calcium can lead
to the release of neuroactive substances that can modulate synaptic transmission and plasticity (De
Pascalis et al., 2018; Stephen et al., 2014).

As a result, in the case of a mild bTBI, acute mitochondrial fragmentation may present an early
beneficial effect on the astrocytes' response to the injury. However, if chronic, mitochondrial
fragmentation can have negative consequences such as increased mitochondrial ROS, which activates the
NF-kB pathway and results in the release of astrocytic pro-inflammatory mediators (Joshi et al., 2019;
Motori et al., 2013). The current in vivo data showed a restoration of mitochondrial dynamics three days
after mild bTBI. Still, this response was shifted back to a pro-fission mediated mitochondrial
fragmentation seven days later due to increased GTP-DRP1 protein activation. Although no quantitative
ROS data were analyzed in the current study, there was a non-statistically significant increase in
pDRP1s616/pDRP1s637 ratio across the blast groups from three to seven days. An imbalance in favor of

a larger pDRP1%%1%/pDRP1%%%7 ratio has been connected to a disruption in the redox status of astrocytic
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mitochondria, which in turn causes a high generation of ROS (Dai et al., 2020; Motori et al., 2013) and
ROS is an outcome seen in preclinical bTBI (Cho, Sajja, Vandevord, et al., 2013). Furthermore, these
responses were accompanied by astrocyte upregulation of GFAP proteins, proliferation, and cytoskeleton
hypertrophy, indicating the start of reactive worsening phenotypes and, as a result, negative bTBI
outcomes. Moreover, recent research emphasized the significance of astrocytic balanced fission and fusion
events (mitochondrial dynamics) in a healthy brain and the potential repercussions of altered
mitochondrial dynamics from both protective and maladaptive astrocyte reactivity patterns in TBI
detrimental outcomes (Bantle et al., 2021; Ishii et al., 2017; Rahman & Suk, 2020; Rose et al., 2017,
Sarkar et al., 2018; Zehnder et al., 2021). For instance, during cell mitosis, Cyclin-Dependent Kinase 1
(CDK1/cyclin B) or Cyclin Dependent Kinase 5 (CDKS5) phosphorylate DRP1 at the serine 616
(PDRP1%%8) site (Taguchi et al., 2007). CDKS5 also plays a role in astrocyte reactivity whereas inhibiting
CDKS5 activity on injured cultured astrocytes caused a delay in the rearrangement of tubulin, GFAP, and
the extension of astrocytic hypertrophic processes (He et al., 2007). In a similar manner, inhibition of
CDKS5 activity after pilocarpine-induced status epilepticus reduces astrocytic apoptosis and astrocyte
reactivity in the dentate gyrus, a hippocampal sub-region; moreover, it attenuated excessive mitochondrial
fission by decreasing the levels of pDRP1%%!® by maintaining the pDRP1%¢/ pDRP1%%’ ratio balance
(Hyun et al., 2017). In contrast, under physiological conditions, inhibition of CDKS5 activity did not affect
astrocytic mitochondrial morphology. This work suggests CDK5 may contribute in astrocyte reactivity
accompanied by modulations of DRP1-mediated mitochondrial fission (Hyun et al., 2017).

In conclusion, acute astrocytic mitochondrial fission events could present beneficial outcomes in
mild bTBI; if chronic, it may be harmful to the astrocytes. Exacerbation of fragmented mitochondrial may
intensify astrocyte reactivity, and since astrocytes present an interconnected network with other astrocytes,

this could have far-reaching effects in worsening the reactive phenotype. Furthermore, we were able to
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characterize the participation of the DRP1 protein in astrocyte mediated-mitochondrial fission, and we
were able to demonstrate the same response pattern between our in vitro and in vivo models. Those results
indicated that our in vitro bTBI model mimics the pressure and shear stress in the in vivo bTBI models.
Finally, the current study may point to a possible therapeutically window post-mild bTBI, leading to
innovative therapeutic targets to help prevent secondary injury cascades involving mitochondria dynamics

dysfunction.

5.3. Limitations

Each specific aim does present potential limitations. These limitations may impact the study's findings

and should be considered in the design of future research.

I. Specific Aim 1

1. An in vitro model of 2D cortical astrocytes was used for this study.

Since monolayer two-dimensional (2D) in vitro platforms involve artificial cell development, their
fundamental drawback is that they cannot accurately represent the intrinsic complexity of organ systems.
Therefore, the astrocyte morphology may be different compared to the in vivo response. Three-
dimensional (3D) platforms of primary astrocytes have been reported to preserve the astrocytic
heterogeneity morphology, closely mimicking the in vivo heterogeneity astrocyte population, despite the
fact that a 3-D cell platform still provides artificial elements for cell development (Balasubramanian et al.,
2016). Moreover, an astrocyte 2D monolayer bTBI model presented lower cell viability compared to 3D
platforms at 24 and 48 hours post mechanical insult (Hlavac et al., 2015), which could be happening
because the surrounding environment may affect the cell response to the injury insult. For instance, cells
could be experiencing a different shearing force since a 2D platform has cells growing directly in contact

with the plastic culture dish, while the 3D platform has the cells cultured in a matrix-embedded
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environment. While surrounding may vary, both models have presented similar results with cell viability
higher than 94%, indicating that astrocytes survive with minimal cell detachment occurring during the
mechanical insult (Hlavac et al., 2015). Furthermore, GFAP expression has been reported to vary between
2D and 3D platforms, with the 2D presenting upregulation by 48 hours which returned to sham levels by
72 hours and 3D showing the opposite responses, seeming to indicate the 3D environment may lead to a
delayed response. Although there was a different time-dependent expression of GFAP regulation, the
GFAP levels were not significantly different across blast groups from both models at 72 hours (Hlavac et
al., 2015). Finally, both in vitro platforms presented no changes in their cytoskeleton components (actin
and vinculin) at all-time points compared to sham (Hlavac et al., 2015). In conclusion, both models
demonstrated high astrocyte viability (survival), cytoskeleton integrity, and similar levels of astrocyte
reactivity at the acute stages of the injury. Future work could compare the 3D platform using astrocyte
mitochondrial dynamics outcomes to determine if the environment will delay the responses seen in the

2D cultures.

2. Primary astrocytes were obtained from two days postnatal (P2) rat pups.

Depending on the research topic being addressed, there are some limitations when using in vitro
model of astrocytes isolated from neonatal rodent brains (M. Dickerson et al., 2022). Those limitations
should be considered, particularly when used in conjunction with in vivo studies addressing detrimental
TBI outcomes in the adult brain. It is important to consider the differences between immature and mature
astrocytes in the healthy and injured brain. Since astrocytes facilitate the formation of synapses and
circuits, their distinctive phenotypic traits (morphology and protein expression patterns) are crucial for
neuronal network development (Allen & Eroglu, 2017; Felix et al., 2021; Li et al., 2019). For instance,
mature astrocytes exhibit a complex architecture with their peripheral astrocytic processes contacting

numerous neuronal synapses and blood vessels, whereas immature astrocytes are distinguished by having
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fewer processes (Akdemir et al., 2020). As a result, mature astrocytes are better able to form scar borders
after TBI than immature astrocytes. In addition, while immature astrocytes exhibit lower levels of plasma
transmembrane protein connexin (Cx), mature astrocytes form a highly interconnected network via Cx,
creating gap junctions or hemichannels. Low levels of Cx may be linked to a relatively weak syncytial
network and reduced intercellular exchange of ions, metabolites, and neurotransmitters because Cx is
essential in forming discrete cell-to-cell coupling (Felix et al., 2021; Zhong et al., 2016). Furthermore,
Kir4.1, another plasma membrane found in higher quantity in mature compared to immature astrocytes,
plays an important role in astrocyte biophysical properties by maintaining resting membrane potential and
extracellular potassium (K*) homeostasis (Felix et al., 2021; Zhong et al., 2016). Since it has been reported
that the Kir4.1 protein is lost following injury (Boni et al., 2020), this protein's level of expression and
function plays an important role in astrocyte response following TBI. Furthermore mature astrocytes have
higher levels of glutamate transporter 1, a glutamate uptake transporter within the plasma membrane that
is important in protecting the brain from extracellular excitotoxicity damage (Felix et al., 2021; Hernandez
et al., 2018), which is one of the hallmarks of TBI outcomes. Compared to our in vivo model, the current
in vitro study demonstrated a similar time-dependent pattern response in the astrocytic mitochondrial
dynamics. Even though, using immature astrocytes to study adult TBI responses may lead to a
biased interpretation of bTBI outcomes. When using age-relevant in vitro models, adult mature astrocyte
cultures should be considered (Souza et al., 2013), as they may help unravel astrocytes' role in an aged

brain following TBI.

I1. Specific Aim 2

1. Adult male rats were exposed to a single mild blast-induced TBI.

The three categories of TBI severity are mild, moderate, and severe (Jain & lverson, 2022). Military

personnel are most likely to suffer from mild bTBI (DOD TBI Worldwide Numbers | Health.Mil, 2022).
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Due to drills or military engagement, the military population is frequently exposed to many blast wave
events. Thus, the astrocyte reactivity and mitochondrial dynamics responses could be altered as the
severity of the injury is exacerbated by a repetitive mechanical insult. For instance, in the hippocampus of
adult rats exposed to a blast injury, our laboratory observed a delayed response of microglia activation
starting at two weeks post-injury (Cho, Sajja, Vandevord, et al., 2013). In contrast, astrocyte reactivity
started as early as 24 hours post single mild bTBI, as seen in our current and previous data, which was
accompanied by neurodegenerations (Sajja et al., 2012). Protein levels of the cytokine IFN-y, a pro-
inflammatory cytokine, were observed within 24 hours and returned to physiological levels by two weeks
post single mild bTBI (Cho, Sajja, Vandevord, et al., 2013). Reactive astrocytes are capable of releasing
a vast array of chemicals that influence other resident brain cell's function, and an initial pro-inflammatory
environment in response to injury could beneficially help reduce cellular damage and so neutralize
potential threats to the CNS due to the injury (Allan & Rothwell, 2003; Amor et al., 2010; Lucas et al.,
2006; Martino et al., 2002). However, repetitive blast events have led to microglia activation as early as
seven days post-injury (M. Dickerson et al., 2022), indicating a smaller post-injury window for possible
treatments compared to a single blast due to an increase in the number of blast wave exposure. However,
single and repeated blast events both present long-term detrimental cognitive outcomes (M. R. Dickerson
et al., 2020; Sajja, Hubbard, & VandeVord, 2015), such as memory and anxiety disorders shown in
patients who suffered a bTBI (Agoston, 2017; Chapman & Diaz-Arrastia, 2014; Higgins et al., 2014;
Kashdan et al., 2006; Miles et al., 2017; Theeler et al., 2012; Trudeau et al., 1998). Nevertheless,
investigation of the changes that occur following a single blast insult is fundamental to understanding the
initial biochemical response that contributes to the complex pathology following repetitive injuries.
Repetitive mechanical insults have a more dynamic biochemical response rather than an additive effect.

Therefore, establishing the molecular response following a single blast exposure is even more critical as
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a baseline to understand complex injuries in addition to addressing a clinical need following mild single

bTBI injuries.

5.4. Future Work

Comprehensive results from this current study characterized astrocyte dynamic response to a

single mild bTBI and further characterized a time-dependent astrocyte reactivity. Future work should

explore the potential involvement of early mitochondrial fission events in the acute astrocyte reactive

phenotype response post single mild bTBI.

Acute mediated-mitochondrial fission event was observed by increased mitochondrial
fragmentation, which was less visible three days post-injury. It would be important to examine
if this result happened by mitophagy as a mechanism in astrocytes aiding in eliminating
damaged mitochondria and therefore initially acting as a positive response post-mechanical
overpressure insult. When mitochondria fission occurs, they can be separated into polarized
daughter mitochondria, which have a high likelihood of fusing, while depolarized
mitochondria are particularly targeted for mitophagy elimination (Chan, 2012; Lemasters,
2005; Pickles et al., 2018). Mitophagy starts with PINK1 accumulation on the OMM, where it
recruits Parkin acting as a marker of impaired mitochondria. Parkin will then be activated and
initiate ubiquitination of the OMM. Finally, ubiquitin-binding autophagic components such as
LC3B identify ubiquitinated mitochondria, promote autophagosome development, and induce
mitochondrial clearance (Pickles et al., 2018). Therefore, exploring the PINKZ1/Parkin-
mediated mitophagy and LC3 participation in astrocytes post-acute mild bTBI would help

better understand our current study's early fission outcomes.
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Single mild bTBI presented an increase of ROS formation as early as four hours, which was
maintained up to two weeks post-injury (Cho, Sajja, Vandevord, et al., 2013), combined with
a significant decrease of glutathione (Sajja et al., 2012). Glutathione is an important
antioxidant, and since astrocytes produce more neuronal glutathione than neurons do on a basic
level, this suggests that they are better able to detoxify reactive oxygen and nitrogen species
under normal circumstances (Aoyama, 2021; Bylicky et al., 2018; McGann & Mandel, 2018;
Raps et al., 1989). As a result, it highlights how crucial optimal astrocytic mitochondrial
dynamics are in healthy and damaged brains. Current data presented a non-statistically
significant increase in pDRP1s616/pDRP1s637 ratio across the blast groups from three to
seven days. An imbalance in favor of a larger pDRP1%*¢/pDRP1%%*7 ratio has been connected
to a disruption in the redox status of astrocytic mitochondria (Dai et al., 2020; Motori et al.,
2013). Future work should explore the effects of ROS such as mitochondrial superoxide and
glutathione in acute astrocyte reactive phenotype. Increased mitochondrial ROS can activate
the NF-kB pathway and trigger the release of astrocytic pro-inflammatory mediators (Joshi et

al., 2019; Motori et al., 2013), and if chronic can present detrimental outcomes.

One approach to further test the current study hypothesis would be to block and activate DRP1
enzymatic activity by phosphorylation at serine 616 site (0DRP1s616). Blocking acute DRP1
activity could help determine the role mitochondrial fission plays in astrocyte reactive
phenotype post mild bTBI. CDKS5 it is one of the kinases that increased DRP1 phosphorylation
at serine 616 sites (Taguchi et al., 2007); moreover, after blocking CDK5 activity, a study
observed a preserved pDRP1s616/pDRP1s637 ratio and also reduced astrocytes hippocampus

reactive and astrocyte apoptosis (Hyun et al., 2017) post pilocarpine-induced status epilepticus.
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Furthermore, other studies have shown that inhibiting CDK5 activity in astrocytes provides
neuroprotection outcomes (Posada-Duque et al., 2015) by leading to calcium homeostasis in
the hippocampus, playing a crucial role in neuronal synaptic plasticity markers (Toro-
Ferndndez et al., 2021). In addition, activating pDRP1s616 by the direct activation of the
CDKS5 pathway would help to further test the astrocytic mitochondrial fission phenotype and
if this phenotype is driven by CDK5-mediated phosphorylation of DRP1 on serine 616 site and
further characterize this phosphorylation event and mitochondrial fragmentation are leading to
astrocytes reactive phenotype transition. As a result, it would be intriguing to pursue those

concept of blocking and activating CDKS5 while focusing on a single mild bTBI.
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