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ABSTRACT 

 

Traumatic brain injury (TBI) is a major medical concern that has demonstrated to 

be particularly challenging to treat because of the disparity amongst injury modes and 

severities. Increased use of explosive devices during combat has caused blast TBI (bTBI) 

to become a widespread consequence in military and Veteran populations, and impact-

related trauma from contact-related sports or motor vehicle accidents has made mild 

impact-induced TBIs (concussion) a major health problem. There is a high risk for those 

who have sustained a TBI to develop behavioral and cognitive disorders following injury, 

and these symptoms can present as delayed onset, causing diagnosis to be a major feat 

when planning for treatment and long-term healthcare. Both preclinical and clinical studies 

report the neuropathological changes following TBI, yet investigating the distinct 

mechanistic changes in blast and impact trauma that contribute to pathological disparities 

has yet to be elucidated.    

Microglia dynamics play a key role in initiating the inflammatory response after 

injury, as microglia become activated by undergoing morphological changes that influence 

their function in the injured brain, and unique signaling pathways influence their functional 

inflammatory states. While previous literature report on the unique responses of microglia, 

their mediated-inflammatory responses are still not well defined. This work aimed to 

investigate the acute and subacute responses of microglia to injury through their diverse 

activation states following blast and impact trauma. The work herein employed rodent 

models to investigate these changes, finding that microglia activation was spatially and 

temporally heterogeneous within and across injury paradigms. Three days following bTBI, 

activated microglia in the cortex displayed morphologies similar to microglia that are 

known to increase their interactions with dysfunctional synapses, while dystrophic 

microglia were prevalent in the hippocampus seven days following injury. Moreover, 

transhemispheric changes in microglia activation were noted following impact TBI, with 



stressed/primed microglia responding to immune challenges of the cortex at three days, 

whereas a unique morphological state that was markedly different from those traditionally 

reported in CNS injury and disease was present within the hippocampus three- and seven-

days following injury. State-of-the-art cell sorting techniques were used for in vivo analysis 

of microglia, which also exhibited that functional changes of microglia vary between injury 

paradigms, providing insight into how differences in primary insult may elicit distinct 

signaling pathways involved in microglia-mediated inflammatory responses. These in vivo 

studies were then crucial in understanding the malleable responses of microglia to complex 

injuries such as “blast plus impact” TBI, indicating that phenotypic changes in microglia 

following this injury are also unique and spatially heterogeneous. To date, therapeutic 

efforts for TBI are limited due to the lack of understanding the underlying mechanisms that 

influence TBI pathology. This work also investigated novel therapeutic targets, noting that 

administration of polyester nanoparticles restored microglia to baseline levels following 

impact. The fundamental research presented in this study is innovative and advantageous 

as it can provide essential data into targeted and personalized treatments that can improve 

long-term healthcare and ultimately, the quality of life for those suffering from a TBI.  
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GENERAL AUDIENCE ABSTRACT 

 

 

Traumatic brain injury (TBI) is a major medical concern that has demonstrated to 

be particularly challenging to treat because of the differences in injury modes and 

severities. Increased use of explosive devices during combat has caused blast TBI (bTBI) 

to become a widespread result in military and Veteran populations, and impact-related 

trauma from contact sports or motor vehicle accidents has made mild impact-induced TBIs 

(concussion) a major health problem. There is a high risk for those who have sustained a 

TBI to develop behavioral and cognitive disorders following injury, and these symptoms 

can present later on, causing diagnosis to be a major feat when planning for treatment and 

long-term healthcare.  

Microglia play a key role in inducing the inflammatory response after injury, as 

they change shape and size, which then influences their function in the injured brain. 

Although prior research reports on the unique responses of microglia, their effects on 

inflammation following TBI are still not well defined. This work aimed to investigate the 

early responses of microglia to injury through their diverse activation states following blast 

and impact trauma. The experiments in this study used animal models, finding that 

microglia activation can be distinct across time and brain regions, which may be injury-

type-specific. To date, therapeutic efforts of TBI are limited due to the lack of 

understanding the underlying mechanisms that influence TBI pathology. This work also 

investigated beneficial treatments for TBI, noting that administration of nanoparticles 

helped restore microglia to levels similar to the control group. The fundamental research 

presented in this study is innovative and important as it can provide essential data into 

targeted and personalized treatments that can improve long-term healthcare and ultimately 

the quality of life for those suffering from a TBI. 
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Chapter 1: Background 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



2 

 

1.1 Significance 

Traumatic brain injury (TBI) is prevalent among civilian and military populations, with 

high morbidity, mortality, and economic costs.1–3 Mild TBIs (mTBI) are the most common type 

of brain injury where there is usually an absence of external signs of damage; however, clinical 

symptoms of mTBI are frequently reported.4–8 For example, mild blast-induced TBIs (bTBI) 

account for 25% of all injuries among military personnel and Veterans. Despite the apparent 

functional recovery of military personnel who have sustained a bTBI, they are susceptible to a 

subsequent TBI. Repetitive bTBI can lead to detrimental effects such as late-onset 

neurodegenerative disease development and long-term cognitive and behavioral deficits.9,10 

Moreover, those who have suffered from mTBI caused by an impact, such as concussions 

sustained in a motor vehicle accident or contact sports, are also susceptible to further damage that 

can lead to similar short- and long-term sequelae.11,12 While clinical symptoms that accompany 

blast and impact TBI are reported, their injury mechanisms are poorly understood, which might 

result in distinctions in their pathology and clinical symptoms. 

Clinical symptoms of TBI are driven by secondary injury mechanisms such as acute and 

chronic inflammation, which can be induced by the resident immune cells within the brain known 

as microglia. Reports of microglia undergoing diverse morphological changes, exhibiting specific 

functions in response to the injured brain, have come to the forefront, making it imperative to study 

the spatiotemporal response of microglia phenotypes in blast and impact TBI. Furthermore, the 

discovery of the Nucleotide-Binding (NOD)-Like Receptor Protein 3 (NLRP3) inflammasome, a 

pivotal contributor to pro-inflammatory cytokine release which is located in microglia, plays a 

major role in neuroinflammation.13 While the microglia-induced inflammatory response is 

prevalent following injury, the longitudinal response of microglia activation, there is still a lack of 

knowledge on the transient functional changes of microglia and whether they are injury-type-

specific. Thus, characterizing microglia activation following TBI through their diverse activation 

states and NLRP3-mediated pathways may aid in developing targeted treatment options for those 

suffering from a TBI.  

As there are limited therapeutic strategies to treat neuroinflammation, it is imperative to 

advance the understanding of microglia dynamics between injury paradigms, observing 

morphological and pathological differences that may result between in blast and impact TBI. 

Hemostatic nanoparticles (HNPs) have been studied as a novel therapeutic strategy to alleviate 
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both behavioral and pathological outcomes following bTBI. Expanding this work to investigate 

how the administration of HNPs will specifically influence the microglia response in the injured 

brain will be imperative in improving healthcare and the quality of life for TBI patients. 

1.2 Hypothesis and Specific Aims 

This work hypothesizes that blast and impact TBI induces distinct acute and subacute microglia-

induced inflammatory profiles through mechanically derived signals, which impart unique 

pathological changes within microglia. Treating these injuries with HNPs will limit microglia 

activation, restoring microglia to sham levels. This hypothesis was tested using the following 

specific aims.  

Specific Aim 1: Define spatial and temporal changes in the pathological characteristics of 

microglia as it relates to the inflammatory response following traumatic brain injury. It is 

crucial to clarify the spatial and temporal heterogeneity of microglia activation through its unique 

morphological phenotypes following TBI. Moreover, minimal studies utilize closed-head pre-

clinical models to assess pathological changes following impact-induced TBI. Therefore, this 

specific aim is delineated into two sub-aims.  

Sub-aim 1.1: Determine changes in microglia activation as it relates to the acute and subacute 

stages of the microglia-induced inflammatory response following blast-induced neurotrauma  

Sub-aim 1.2: Characterize a pre-clinical model of closed-head controlled cortical impact to study 

the acute and subacute microglia response related to impact-related TBI.  

Specific Aim 2: Investigate acute and subacute microglia-specific gene expression patterns 

by assessing the NLRP3-mediated pro-inflammatory response following repeated blast 

exposure and impact trauma. This aim seeks to provide a rigorous analysis of the non-

autonomous microglia-specific responses following TBI by evaluating gene expression patterns 

within microglia that contribute to neuroinflammation.  

Specific Aim 3: Identify microglia pathological changes in a novel injury model and evaluate 

the ability of hemostatic nanoparticles to modulate the sub-acute inflammatory response 

following TBI. Studies have indicated that specific clinical manifestations of bTBI can be 

hypervigilance and risk-taking behaviors that can lead to further injuries such as a subsequent 

impact TBI. Therefore, it is essential to characterize a blast plus impact TBI model, evaluating the 

microglia-induced inflammatory response that can lead to future diagnostic tools. Moreover, this 
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aim seeks to investigate mechanisms that may influence microglia-mediated pathological 

responses, improving TBI outcomes.  

Sub-aim 3.1: Characterize a novel injury model that utilizes repeated blast exposure and closed 

head controlled cortical impact to study microglia dynamics in a complex injury model. 

Sub-aim 3.2: Evaluate the use of hemostatic nanoparticles as a strategy to delineate the 

mechanisms of microglia-mediated pathology in impact-induced neurotrauma allowing for a better 

understanding of the secondary injury mechanisms. 
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Chapter 2: Literature Review 
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2.1. Traumatic Brain Injury – Epidemiology  

Traumatic Brain Injury (TBI) is one of the leading causes of mortality and morbidity, with 

high incidence in both military and civilian populations.14–16 About 1.7 million people in the 

United States are afflicted by TBI annually, contributing to 30% of all injury-related deaths.17,18 

TBIs are challenging to treat because they are heterogeneous and often induce complex 

pathogenesis.19 For example, TBIs are clinically grouped by severity: mild, moderate, and severe, 

contributing to the heterogeneity in patients with this injury.20 Moreover, different TBIs are caused 

by penetrating objects, acceleration or deceleration forces (impact), and blast waves.21 The 

mechanical response from each of these types of injuries and severities of the brain varies, further 

complicating treatment. This chapter will focus on summarizing the mechanisms and secondary 

injury responses of TBIs that result from closed head impacts and blast exposures. 

TBIs are classified into two types of injury states: Diffuse and Focal.22–25  Diffuse injury 

refers to the bulk mechanical effects associated with pathological changes in both neurons and 

glial cells, and changes in vascularization that can lead to diffuse brain swelling.26 This type of 

injury is also known for causing damage to the axonal structure, which is commonly known as 

diffuse axonal injury (DAI). Focal brain injury results from localized brain responses to loading,27 

and can occur when there is a tangential motion of the brain surface relative to the cranium's 

interior surface. This motion can even cause contusions or rupture blood vessels leading to a 

hematoma and is more commonly seen in patients with moderate to severe TBIs.28 When 

identifying these two classes of injuries and their distinctions from one another, it is essential to 

note which types of TBIs fall within these categories. Studies show that impact TBI can be 

classified as diffuse and focal, with more injuries falling in the focal injury category, with blast 

TBI (bTBI) falling within the diffuse injury category.27,28 As the primary insult imparted on the 

brain following blast exposure or impact trauma are unique, it is important to delineate the 

secondary injury mechanism between the two injury modes, as neuropathology could vary between 

blast and impact TBI.  
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2.2. Impact Induced Traumatic Brain Injury 

Impact TBI is typically caused by blunt non-penetrating trauma through forceful impacts 

to the head.29–36 Impact TBI is commonly seen in contact sports such as football and soccer, motor 

vehicle accidents, or physical attacks from a dull or sharp object.   

  

2.2.1 Impact TBI Biomechanics 

Impact TBI is due to a direct impact to the head, which results in sudden 

acceleration/deceleration or rotational forces.37 Quantitative data on the macroscopic and 

microscopic interactions of the head-brain complex is essential in the mechanical assessment of 

these injury mechanisms.38 To date, the current steps taken to understand and predict the incidence 

of TBI in humans are as follows: 1) defining the external mechanical loads on the head in injury-

causing situations, 2) using brain models (physical, analytical, and/or computational), estimating 

how the external mechanical loads translate to mechanical conditions in the brain at the tissue and 

cellular level, and 3) using tissue and cellular tolerance criteria to identify the areas in the brain 

that will be injured as a result of external applied loading.26 The sudden change in linear 

acceleration/deceleration forces imparted to the brain is known to be a mechanism for closed head 

injury, and as a result, focal lesions to some brain regions (i.e., ipsilateral and contralateral sides 

of impact) can develop.38 In addition, the rotational or angular movement of the head that takes 

place as a consequence of the impact can cause shear stress and strain on the tissue, triggering 

signaling pathways involved in the secondary injury response.39–41  

 

2.2.2 Impact TBI Preclinical Models 

Using animal models for impact TBI research has become crucial in understanding the 

injury mechanisms. Models that try to replicate the unique features of impact TBI, such as the 

biomechanical forces that occur because of the impact, have been developed.42 Researchers have 

used preclinical TBI models such as fluid percussion injury (FPI), piston-driven devices: 

controlled cortical impact (CCI), and the weight drop model to study the mechanical and 

pathophysiological changes.43–45 FPI has been widely used in animal models of impact TBI making 

it advantageous to compare research and outcomes across laboratories.46 One limitation is that this 

model includes a craniotomy, exposing the brain before inducing injury, which may lack clinical 
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relevance, as humans do not have an exposed brain when an injury occurs. Even though this model 

is widely used, the mechanical variation between parameters can cause a difference in outcomes.47 

The weight drop model has become 

advantageous, as it was one of the first TBI 

models that do not require a craniotomy.48–

51 The weight drop model consists of 

dropping a projectile of specific 

characteristics through a tube at a specified 

height onto the head of the animal. Even 

though this model is commonly used, 

review data has reported considerable 

variation in the projectile's reported weight 

and drop height between studies, causing 

increased variability in the severity of the 

injury. This increased variability between 

studies has proven to be a significant 

disadvantage of this model.42,52 Piston-

driven models are also a standard method 

used to induce injury (Fig. 1).53 This model is particularly advantageous as it delivers an injury at 

a specific depth, velocity, and impact force.53,54 Piston-driven models provide valuable data in 

determining the parameters that guide the mechanical changes following impact TBI. One type of 

piston device that has been used to replicate impact TBIs is the CCI model. Many studies have 

used CCI models, which included a craniotomy before inducing injury.55–61 but research is starting 

to focus on using this device for closed head injuries.62–66 This device has either a pneumatically 

driven or electromagnetic driver that is used to impact the animal.42,53 Applications of this study 

have helped model sports-related concussions, motor vehicle crash injuries, and injuries due to 

military conflicts. Manipulating the parameters of this model can be utilized to control clinically 

relevant variables, studying pathological outcomes that resemble aspects of human TBI.67 

 

Figure 1. Schematic of an electromagnetic 

controlled cortical impact device. The impactor is 

mounted onto a stereotaxic frame allowing for 

adjustability of the impact angle. The impactor is 

connected to a control box that allows various 

parameters to be set. 
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2.3. Blast Induced Traumatic Brain Injury  

 Blast-induced traumatic brain injury (bTBI) results from direct or indirect exposure to an 

explosive event.68 These injuries are common in conflicts where explosive devices such as 

improvised explosive devices are commonly used.16,69,70 Per the Defense and Veterans Brain Injury 

Center (DVBIC), 414,000 military individuals sustained a TBI from 2000-2019, and one-third 

were exposed to a blast event.16   

 

2.3.1 Blast TBI Biomechanics 

The blast wave travels faster than the speed of sound from the center of the explosion and 

displaces and subsequently compresses an equal volume of surrounding air at a high velocity.71 

This phenomenon is the blast wave's overpressure phase, followed by an exponential decrease that 

passes through zero and begins a negative pressure phase.72,73  The components of the blast wave 

can be described and represented by the Friedlander waveform (Fig. 2).74 This wave describes an 

ideal blast from a spherical source in an open environment.71,75  

Figure 2. Friedlander Waveform represents the free field pressure-time profile of a blast 

wave. The blast wave is characterized by a positive phase that is followed by a negative phase. 

The blast wave is also defined by several parameters: peak overpressure, rise time, positive and 

negative impulses, and positive and negative durations. 



10 

 

Five parameters have been identified that may contribute to damage to the head and brain 

caused by blast waves. These include (1) the peak of the initial positive-pressure wave, (2) the 

duration of overpressure, (3) the medium of the explosion, (4) the distance from the epicenter of 

the blast wave, and (5) the degree of focusing because of a confined area or walls. 

Blast injuries can be divided into four categories (Fig. 3).74 The primary blast injury is due 

to blast wave propagation through tissue, also called barotrauma. Secondary injuries are caused 

when objects thrown by the blast wave hit a person. Tertiary injuries are caused by the blast wind, 

including the deceleration during impact with structures in the environment. Lastly, quaternary 

injuries are caused by thermal and chemical exposures from the explosion itself. For this review, 

the mechanism and neuropathological mechanism associated with blast injury will be focused on 

the consequences of primary blast injury.  

 

 The underlying blast mechanisms of primary bTBI have been challenging to define, and 

studies are ongoing to increase the knowledge of blast wave characteristics that complicate 

prevention and treatment efforts. The current theories of blast injury include blast wave 

transmission through the skull orifices, direct cranial transmission, skull flexure dynamics, and 

thoracic surge.72,76 CJ Clemedson postulated from his experimental work that the impulse of the 

Figure 3. The four injury modes following blast exposure. The primary blast injury occurs from the 

static overpressure created by the blast wave. The second blast mechanism is a result from the effect 

of shrapnel and objects thrown by the blast wave. The tertiary blast mechanism is the displacement of 

people as a result of the dynamic overpressure effect. Finally, the quaternary blast mechanisms are the 

effect of thermal and chemical injuries sustained because of the blast overpressure. 
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pressure wave and/or the pressure variations alongside the wave's propagation throughout the body 

generates tissue-specific responses. He also suggests that the pressure-wave interactions suggested 

that inertia, implosion, and cavitation as the primary mechanisms.77 More specifically, it was 

identified that the pressure wave causes an interface between two media of different densities, and 

inertial effects at this interface can cause stress and strain at tissue interfaces leading to 

displacement, deformation, or rupture of tissues and organs.74 Understanding the responses to 

injury that causes neuropathological changes is still difficult as these theories are still currently 

being tested. Additional studies testing the theory of inertial loading on the brain following blast 

have addressed Clemedson’s postulates, indicating that brain tissue at the interfaces with fluid, 

such as tissue surrounding the cerebrospinal fluid-filled ventricles, are thought to be particularly 

susceptible to primary blast injury. This is due to the reflection of blast waves at the border of these 

areas due to their differing densities.38,78,79 The stress on tissue interfaces is likely contributing to 

the cellular response triggered by blast overpressure. Another injury mechanism that is reported is 

the skull deformation theory. This theory indicates that pressure oscillations from blast waves are 

associated with skull deformation, directing the intracranial pressure response (ICP).72,80–82 As 

direct or indirect mechanisms of blast injury propose potential pathways on how the overpressure 

causes TBI, it is important to note that variable pathologies can exist due to sustaining either a 

single or repeated bTBI.83  

 

2.3.2 Blast TBI Preclinical Models  

There have been several experimental models used to study blast injury, which has led to 

the exploration of neuropathology, such as glia reactivity and oxidative stress, as well as other 

sequelae such as cognitive and behavioral impairment.84–89 Historical models used in the 1940s by 

Krohn, Whitteridge, and Zuckerman involved detonating seventy pounds of explosives in paper 

containers placed on the ground, with animals raised above it or mounted on a scaffold above the 

explosive device.90,91 Even though these experimental studies aimed at identifying the most critical 

mechanisms of blast-body interactions, there were still aspects of the study that needed to be 

refined. These aspects include limiting blast-body interactions to the primary injury, not secondary 

blast effects such as thermal exposure or body displacement.71,74 Recent models have utilized 

shock tubes that produce a shock wave that the specimen experiences while suspended in the tube. 

The tube consists of three primary components: an expansion chamber, a frangible diaphragm, and 
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a compression chamber. To simulate the blast, the pressure within the compression chamber causes 

the sudden rupture of the diaphragm, creating a high-velocity pressure shock wave in the expansion 

chamber (Fig. 4).92 These models have been advantageous but still prove complicated as the 

direction of the shock wave is not parallel to the wall of the tube, which can cause a series of 

reflective shock waves.92 

While a shock tube is a common 

experimental model used, and has 

improved reproducibility, the 

disadvantages, such as the complexity 

of reflective shock waves, make it 

difficult to define and study primary 

blast injury and its secondary 

mechanisms.92–95 Furthermore, animals 

placed in the mouth of the shock tube 

are at a more considerable risk of 

exposure to reflective and refraction 

shock waves that cause injuries that are 

more severe and complex than what is 

commonly reported in blast victims.96,97 

The VandeVord lab and others have utilized a custom-made Advanced Blast Simulator (ABS) that 

improves upon the commonly used shock tube.89,98 The ABS system has three distinct sections to 

create, develop, and dissipate the blast wave. The first section, the driver, develops the blast wave 

when acetate membrane sheets are passively ruptured following pressurization using helium gas. 

The second section is the transition section, where the animal is located and is exposed to a single 

peak overpressure. Lastly, downstream of the transition section, a passive end-wave eliminator 

(EWE) is located to facilitate the dissipation of the blast wave through a series of baffles. As a 

result, the animal is exposed to an overpressure representing a free-field blast exposure, 

eliminating the chance for exposure to reflective blast waves. Compared to a shock tube system, 

the advantage of this system is that it produces an actual blast wave and not a shock wave, which 

is more representative of what military personnel experience in the field. This means that the ABS 

produce a Friedlander waveform that consists of the positive duration, peak overpressure, and 

Figure 4. Reflective shock waves that can be 

generated from the use of a shock tube. 
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negative duration phase. In contrast, shock waves do not consistently produce the negative duration 

phase (Fig. 5). As it is still undefined which component of the blast waveform causes injury or the 

pathological changes following injury, it is advantageous to use the ABS to continue to examine 

the mechanisms of injury as advances to this system encompasses more characteristics of the blast 

wave than shock tubes. 

 

2.4. Secondary Injury Mechanisms Following Blast and Impact TBI  

The physiological effects of blast and impact TBI have been studied, showing evidence 

associated with neurological disorders and long-term physical, cognitive, behavioral, and 

emotional changes. Morbidities such as increased ICP, mitochondrial dysfunction, oxidative 

stress, inflammation, and blood-brain barrier (BBB) disruption have been reported.24,88,99–109 Key 

players in the secondary response include glial cells such as microglia, astrocytes, and 

oligodendrocytes.60,110–114 Neuronal dysfunction in response to injury can elicit responses from 

glial cells, contributing to secondary injury mechanisms of TBI.115–118 Even though secondary 

responses such as inflammation and BBB disruption are well-defined responses following TBI, 

the underlying mechanisms that contribute to these pathologies and how they may differ across 

injury paradigms are still poorly understood. Secondary injury caused by activation of multiple 

molecular pathways has been associated with both impact and blast injuries, and may be able to 

provide insight into pathological changes that may be specific to blast or impact TBI.19,102,106,117,119 

This review will focus on the role of microglia in the secondary injury response, specifically their 

functional role in the inflammatory response. 

Figure 5. Representative profile of the blast wave that the ABS generates. Characteristics of 

the Friedlander Waveform such as rise time, peak overpressure, and positive and negative 

durations are maintained within the pressure profile produced in the ABS.   
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2.5. Microglia: Function in the Healthy Brain 

Microglia represent the major cellular component of the innate immune system in the brain. 

Until now, microglia were considered the "macrophages of the central nervous system (CNS)," 

though recent findings have established that microglia have a distinct lineage and molecular 

signature that differs from circulating/infiltrating monocytes that differentiate into tissue 

macrophages.120 Microglia have distinct functions in brain development as they promote 

neurogenesis, axon fasciculation, myelination/oligodendrogenesis, cell death or survival, and 

synaptic development and maturation by releasing diffusible substances.121–125 For example, 

microglia secrete factors such as insulin-like growth factor 1 (IGF-1) and a variety of cytokines 

such as interferon-gamma (IFN-γ) to support cell genesis and cell health, with the release of 

cytokines and other microglial factors stimulating dendritic spine and synapse formation.126–129 

Microglia phenotypes in the developing brain include an amoeboid morphology that facilitates 

phagocytosis, aligning along axon tracts where oligodendrocytes are also located.128,130 Microglia 

in the healthy adult brain display a highly ramified morphology and constitute up to 20% of the 

glia content in the CNS.131 Highly ramified microglia were assumed to be resting and inactive in 

the healthy brain, but in vivo studies have indicated that microglia are still highly active in the 

healthy brain, with their highly ramified morphology indicative of their long cellular processes 

undergoing continuous cycles of extension to scan their environment for disruptions in 

homeostasis.110,114,132  

Microglia possess an abundance of sensors that allow them to survey their environment 

through cell surface receptors and ion channels.133,134 It is estimated that resident microglia scan 

the entire brain volume over a few hours, providing even more evidence to support their role in 

maintaining homeostatic environments in a healthy brain. 135 These observations again, are seen 

through the morphological state that microglia take on when in a "non-activated state," as the fine 

processes of microglia continuously contact neurons, axons, and dendritic spines.132 Microglia 

distribution in the healthy adult brain is also influenced by local cytoarchitecture.136 Research has 

indicated that microglia functions go beyond its immune function, playing a crucial role in shaping 

homeostasis in the brain through its cross-talk with other brain cell types. For example, white 

matter microglia show elongated somas and processes oriented along fiber tracts, while microglia 

in the circumventricular, a region characterized by a leaky BBB, exhibit compact morphology with 

short processes.137,138 In contrast, gray matter microglia exhibit many elaborate radially oriented 
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arbors determining that there is anatomical diversity seen in microglia, independent of activation 

state that is still largely unknown, contributing to the heterogeneity of microglial cells.139 Either 

way, it is indicated that the cell process movement generally occurs in a way that maintains the 

overall size and symmetry of individual microglia territory, and direct contact with microglia 

processes and their high degree of motility facilitates immune surveillance, contributing to the 

health of the brain.120  

 

2.6. Microglia Activation in Response to the Injured Brain 

Microglia play a crucial role in maintaining the integrity of the healthy brain and 

responding to injury and disease of the brain, which can be both beneficial and detrimental. 

Concerning activation, microglia are 

traditionally known to polarize into two 

major subtypes that are categorized as 

"M1" and "M2" (Fig. 6).132,140 The 

classical M1 subtype secretes pro-

inflammatory cytokines such as the 

production of high levels of interferon-

gamma (IFN-γ), tumor necrosis factor 

(TNF-α), interleukin 1 (IL-1), and 

promotes cell-mediated immunity. The 

alternatively activated M2 phenotype is 

then subdivided into three polarization 

phenotypes: M2a, M2b, and M2c, each 

with a specific function and pattern of phenotype marker expression. M2-a polarized cells 

upregulate several markers, such as CD206, and increase the production of scavenger receptors 

for phagocytosis. M2b has either pro- or anti-inflammatory function and is associated with 

immunological memory, while M2c undergoes a "deactivated" phenotype in response to markers 

such as IL-10. This phenotype is involved in tissue remodeling and matrix deposition after 

inflammation has been downregulated.141–144 

Figure 6. Microglia dynamics are traditionally 

known to polarize into two states: M1 and M2. M1 

microglia function in a pro-inflammatory state while 

M2 microglia function in an anti-inflammatory state. 

Created with BioRender.com. 
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While the M1 and M2 phenotypes are still widely used to understand microglia activation, 

exploring the morphological phenotypes of microglia in response to injury is essential. Following 

injury, it has been hypothesized that both pro- and anti-inflammatory microglia located around 

traumatic lesions take on morphological changes in response to these lesions.143–146 For example, 

microglia can convert from a "healthy" ramified shape to a "rod-like" shape in response to neuronal 

dysfunction or can display amoeboid morphologies that aid in phagocytosis that either can lead to 

further neuronal loss or can promote neuroplasticity (Fig. 7).147–149 Moreover, studies are 

conveying that microglia phenotypes are indicative of their function in the injured brain, providing 

a more comprehensive analysis of microglia activation state that goes beyond the "M1" and "M2" 

phenomena.  

 

Figure 7. Microglia undergo unique morphological changes in response to TBI. 

Microglia display diverse morphologies when activated which are indicative of their 

functions in the injured brain.  
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A porcine model of closed-head, non-impact, rotational acceleration TBI was used to test 

for neuronal permeability and how this affects the microglial response.150 Overall, the study 

showed that neuronal permeability is one of the drivers of reactive microglia. More specifically, 

previous literature has indicated that microglia around the permeabilized neurons exhibited shorter 

process lengths and larger body diameters but did not exhibit a rod shape that other rodent studies 

of diffuse TBI have alluded to.151 In regions of the brain that did not show neuronal permeability, 

microglia were not significantly different in density or morphology compared to sham animals. 

These results suggest that neuronal membrane perturbation could drive the microglial response 

following injury. Even though this is an essential step in understanding the reactivity of microglia 

in response to the injured brain, more studies still need to be done, especially as microglia 

phenotypes and reactivity have shown to vary across species and changes in injury paradigms 

(blast vs. impact) could indicate morphological heterogeneity across regions.  

 

2.7. Acute Drivers of Neuroinflammation 

Initially, the prevalent inflammatory reaction to TBI was viewed to occur through the 

peripheral immune mediators entering through the disturbed BBB.152 More recent studies have 

recognized that the inflammatory response is a more robust and complex interaction between 

central and peripheral cellular components that are influenced by the mechanism of injury and the 

degree of injury (mild, moderate, and severe).117 In particular, in response to injury, the expression 

of pathogen recognition receptors such as toll-like receptors (TLRs) and nod-like receptors 

(NLRs), that respond to pathogen-associated molecular patterns (PAMPs) and endogenously 

produced danger-associated molecular patterns (DAMPs) can influence the microglia-mediated 

inflammatory responses.153–158 DAMPs and PAMPs as acute cues are released passively or actively 

following injury to initiate immune cell activation. Transient membrane permeabilization can 

release DAMPs, which can be proteins, nucleic acids, or other molecules present in the cells before 

the injury and then are passively released by damaged cells following trauma which results in cell 

activation.159,160 One of the most established DAMPs is extracellular adenosine 5’-triphosphate 

(ATP).161,162 ATP, a storage modulus of chemical energy, can be passively released when neurons 

are transiently permeabilized or actively released by reactive astrocytes.163 When released from 

astrocytes, ATP may act to amplify extracellular signals and function as a chemoattractant signal 
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for peripheral immune cells. Laser injury studies have shown this chemo-attraction signal to induce 

microglial proliferation, chemotaxis, and inflammatory protein synthesis.114 In addition to passive 

molecules, active upregulation of synthesis and release of various molecules can also drive 

immune cell reactivity. It is well established that molecules such as TNF-α, IL-1β,  IL-6, IL-10, 

and IL-16 become upregulated, driving neuroinflammation.153 In pre-clinical rodent models, these 

cytokines were detectable at acute and sub-acute time points.164–167  

Proteases are another source of active inflammation because they can process enzymes and 

cytokines into their bioactive form. The most common activation of this type is matrix 

metalloproteinase (MMP) activation.153 In a closed head weight drop murine model, MMP-2 and 

MMP-9 were detectable as early as ten minutes of injury and peaked within one hour of injury in 

the cortex. The formation of inflammasomes in microglia and neurons can also amplify the 

production of inflammatory signaling molecules. Inflammasomes are intracellular complexes that 

assemble in response to DAMPs and stimulate the production of pro-inflammatory factors.168 The 

signals that stimulate the formation of inflammasome complexes can be ROS, signals of 

dysfunctional mitochondria that release ATP, and/or crystalline substances such as amyloid-β.169 

The inflammasome complex that has emerged, contributing to the production and secretion of IL-

1β in microglia is known as NLRP3.170 Following a weight drop model of TBI, NLRP3 mRNA 

expression increased incrementally over the first week.170 There have also been studies of impact 

injury showing that interfering with the formation of NLRP3 can reduce inflammation and 

contusion volume, and in turn, modulation of the inflammasome formation can reduce microglial 

activation, decreasing pro-inflammatory cytokine production.171 Even though this has been shown 

in impact models, understanding this mechanism of inflammation in blast injury has yet to be 

elucidated. 

As cytokine production and secretion are primary drivers of inflammation following injury, 

exploring the hallmark characteristics of inflammasome activation in microglia is critical. In the 

presence of immune activators such as PAMP, DAMPs, or other invaders or environmental stress, 

NLRP3 opens and allows for interactions between the pyrin domains (PYDs) in NLRP3 and ASC. 

Following this, ASC's caspase recruitment domain (CARD) binds to the CARD domain on 

procaspase-1, forming the NLPR3 inflammasome complex. Once this inflammasome complex is 

formed, it triggers procaspase-1 self-cleavage, generating the active caspase-1 p/10/p20 tetramer, 

inducing the conversion of pro-inflammatory cytokines from their immature "pro" forms to active 
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forms that are secreted outside of the cell.172 When this inflammasome is activated, it takes place 

in two steps. The first step involves a priming signal in which PAMPs or DAMPs are recognized 

by TLRs, leading to the activation of nuclear kappa B (NF-ĸB) mediated signaling, which 

upregulates transcription of inflammasome regulated components such as inactive NLRP3, and 

the immature "pro" forms of IL-1β and IL-18. This priming step has been studied and shown in 

vivo using the stimulation of microglia with lipopolysaccharide (LPS).171 The second step of 

activation is the oligomerization of procaspase-1 to caspase-1, as well as the production and 

secretion of mature IL-1β (Fig. 8).173 Munoz-Planillo et al. reported that LPS priming can also 

activate the second step of the NLRP3 complex in addition to ATP, enhancing K+ efflux caused 

by particulate activators.174 

Figure 8. Activation of the NLRP3 inflammasome. A pathway that activates in two steps: 

PAMPs are recognized by TLRs activating NF-kB, upregulating inflammasome genes. The second 

step involves ATP acting as an NLRP3 antagonist, inducing K+ efflux, which oligomerizes the 

NLRP3 complex (inflammasome, caspase-1, and ASC), increasing production and secretion of IL-

1β. Created with Biorender.com 
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2.8. Therapeutic Methods 

The current approaches to treatment for TBI include acute interventions that suppress the 

response to primary insult and minimize the secondary complications caused by injury. If TBI in 

a patient is diagnosed early, treatment methods include early rehabilitation to improve residual 

function, quality of life, and independence.54 Numerous preclinical studies have tested the 

therapeutic efficacy of drugs in animal models of TBI that target secondary injury mechanisms 

such as calcium channel blockers, antagonists, and free radical scavengers, but there are still no 

treatments that have made it past Phase III clinical trials.175 One therapeutic method studied is 

using the endogenous inhibitor of IL-1, "Interleukin-1 receptor antagonist" (IL-1RA). This 

inhibitor is widely used to treat autoimmune and inflammatory diseases such as rheumatoid 

arthritis and inflammatory bowel disease. An active trial in Phase II has been utilizing IL-1RA 

through subcutaneous administration or intravenous delivery to treat patients with severe TBI, but 

the mechanistic benefits are still undetermined.175 The use of cognitive behavioral therapy to 

reduce depression and memory deficits following TBI has been a helpful intervention, but 

unfortunately, this only treats the symptoms and not the secondary injury mechanisms that may 

cause depressive symptoms.176–178 

  In addition to the lack of treatments for TBI, additional complications make it challenging 

to deliver drugs to the brain. Complications may be due to the BBB, the vasculature of the CNS 

that acts as a physical barrier. The BBB inhibits the delivery of therapeutic agents to the CNS, 

such as the obstruction of a large number of drugs, including antibiotics and neuropeptides that 

cannot pass through the endothelial capillaries in the brain.179,180 Some studies have utilized 

therapeutic methods and strategies to treat the injured or diseased brain, completely bypassing the 

BBB through direct administration to the brain parenchyma, yet they may not be clinically relevant 

as they are highly invasive.181,182 Current routes of delivery such as topical, inhalation, 

intraventricular, oral, and intravenous administration of free-circulating drugs lack success in 

effectively delivering the optimal amount of drug to the brain to treat injury or disease. This is due 

to decreased uptake in the area of interest because of non-specific binding or poor retention within 

the body.183 As the disadvantages of current treatment options continue to delay medical 

interventions to patients suffering from TBIs, critical technological advances to deliver drugs to 

the brain are being sought out.  
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Nanoparticles break the biological barriers seen with other drug delivery methods because 

they improve site-specific delivery, bioavailability, shelf life and circumvent any potential adverse 

effects of the therapeutic.184 Nanoparticles also offer reduced size, longer suspension in the body 

and the brain, and can be engineered to target specific cells that drugs or biological agents need 

for optimal release.185 In TBI specifically, where there is a compromise and dysfunction of the 

BBB, the nanoparticles can be transported passively into the brain, and their small size can also 

allow for multiple dosing even if BBB integrity has been restored.186 Once in the brain, research 

has suggested that nanoparticles remain stable once they penetrate through the brain parenchyma 

due to their physicochemical properties. As efforts have increased to understand the influence of 

size, concentration, and stability of nanoparticles in the brain microenvironment, studying the use 

of nanoparticles to suppress the secondary mechanisms of injury following TBI has been 

applicable. Research has utilized antioxidant nanoparticles such as iron oxide and cerium oxide, 

which contain functional groups that inactivate reactive oxygen species (ROS), and gold 

nanoparticles that can suppress the inflammatory response following injury.187,188 Additionally, 

the use of gold nanoparticles have been completed as their rigid core can be easily modified, and 

they are easy to visualize when studying their retention and biodistribution in the body.189 Further 

studies understanding the use of antioxidant and gold nanoparticles as a treatment option for brain 

injury and disease are warranted, as they also cause adverse effects such as accumulation and 

aggregation at the BBB and to other brain cells.190,191   

The use of a specific type nanoparticle otherwise known as polyester nanoparticles that 

encompass either a poly(lactic-co-glycolic) acid (PLGA) or poly(lactic) acid PLA core has also 

been introduced to repair brain function following TBI, as their core and architecture provide 

synthetic versatility and stability (Fig. 9).  Their efficacy can also be enhanced by surface 

Poly(ethylene glycol) (PEGylation) which can increase their stealth properties, otherwise known 

as their ability to evade immune recognition, enhancing their circulation time and the chances of 

reaching their target.192,193  Furthermore, their ability to degrade, and clear from the body, is also 

essential for their use. These nanoparticles may also include 800CW, a cyanide dye that binds to 

necrotic areas, increasing the targeting of injured areas.194,195 The size of polyester nanoparticles 

can also be easily manipulated, supporting studies that focus on the impact of nanoparticle size on 

targeting and accumulating in injured areas of the brain.190,195 In addition to their size, core, and 

PEGylation, which is imperative to their efficacy in targeting and delivery, studies have also 
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indicated that polyester nanoparticles may be able to target and accumulate in endothelial cells and 

microglia, improving injury outcomes.196–198 

 

While many strategies are currently being tested and researched to treat TBI, technological 

advances such as nanoparticle delivery are promising avenues that can assist in targeting the 

secondary injury mechanisms that contribute to TBI outcomes. Polyester nanoparticles have stood 

out as advantageous due to their permeability and accumulation rates, and their simplistic design 

process can support a range of molecules for targeted drug delivery. Thus, it is vital to continue to 

study their efficacy in treating TBI, especially in microglia-mediated inflammation.  

 

2.9. Brain Regions of Interest 

 The VandeVord lab has taken a comprehensive approach to studying the pathological 

changes that are taking place following blast injury within the brain. However, characterizing the 

microglial response to the injury is lacking. The hippocampus, a complex structure embedded deep 

into the temporal part of the cerebral cortex, will be a region of interest when investigating 

microglia dynamics following TBI. The hippocampus plays a significant role in learning and 

memory, so damage to this region can lead to memory deficits, a frequently reported symptom of 

Figure 9. Representative image of a polyester nanoparticle. Polyester nanoparticles can have 

either a PLGA or PLA core with or without PEGylated chains. Polyester nanoparticles can vary in 

size which aid in penetrating the BBB, effective targeted delivery, and accumulation of 

nanoparticles at the injury site. Created with BioRender.com  
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TBI.199 A study by Caplan et al. demonstrated the importance of investigating microglia activation 

in the hippocampus, as its interactions with neuronal synapses determined that microglia play a 

crucial role in the formation and processing of spatial learning, thus the hippocampus is quite 

vulnerable to microglia activation following injury or disease.200 

Another study by Madathil et al. demonstrated that at early time points (three days), there 

was a dominant M1 microglia response in the hippocampus following closed head concussive 

injury.201 While microglia polarization states have supported that microglia activation in the 

hippocampus is present, exploring morphologically driven functional changes in microglia 

following TBI will contribute to understanding the underlying mechanisms that drive 

neuropathology. The motor cortex (MC) is also a region of interest when identifying the 

problematic nature of TBI and its symptoms. Neuronal dysfunction has been studied extensively 

in the MC following TBI, with limited research investigating microglia activation, which may be 

in response to neuronal perturbations in this region.202–204 

Additionally, studies following impact TBI have indicated changes in microglia activation 

in the injured brain's contralateral and ipsilateral sides, with temporal heterogeneity driving this 

response.205 Understanding the functional changes within this region in a closed-head model of 

impact TBI can aid in understanding acute and subacute microglia changes and if differences in 

the contralateral and ipsilateral sides of the MC are still observed. Injury to the MC also contributes 

to disruption in sensorimotor networks, deficits in motor function, and studies have indicated 

injury-induced plasticity occurring in this region; thus, how microglia-mediated responses 

contribute to these outcomes in TBI is imperative. Dickerson et al. also indicated that dysfunction 

within the MC and the hippocampus persist chronically following TBI, contributing to behavioral 

deficits such as anxiety-and depressive-like behaviors.206 Thus, wading into the details of the 

functional states of activated microglia in these regions following TBI is important to consider. 

Finally, the somatosensory cortex (SC) within the parietal lobe has been the location of impact in 

CCI models.207–209 As characterization and repeatability of a closed-head CCI model for this work 

are achieved, the ipsilateral and contralateral sides of the SC will also be a primary region of 

interest.  
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Chapter 3: Investigating the Characteristics of Microglia Activation 

Following Blast Induced Neurotrauma 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The materials and methods section within Chapter 3 are adapted, in part, from: Dickerson, M., 

Bailey Z., Murphy, S., Urban, M., White, Z., VandeVord, P.J, “Glial Activation in the Thalamus 

Contributes to Vestibulomotor Deficits Following Blast-Induced Neurotrauma,” Front. Neurol., 

vol. 11, 2020, doi: 10.3389/fneur.2020.00618. 
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3.1 Introduction 

Blast-induced TBI is a prevalent injury within military populations, with mild bTBI having 

the highest reported severity in the active military and Veteran populations.210–212 There has been 

growing concern about the detrimental effects of repeated mild bTBIs due to exposure to low-level 

blasts during military training.108,213,214 Additionally, mild bTBIs have an "invisible nature," 

meaning that there are no obvious outward signs of injury, so one can unknowingly sustain a bTBI, 

making them susceptible to multiple bTBIs over time. Also, there is a growing concern about the 

detrimental effects of multiple low-level blasts that military personnel experience during combat 

training.108,215 The secondary injury mechanisms following repeated blast exposure can lead to the 

mechanical compromise of cells that can influence sequelae such as inflammation, changes in ICP, 

and BBB dysfunction, as mentioned in section 2.4. For microglia, in particular, they contribute to 

maintaining homeostasis within the brain, meaning the role of these cells within the injured brain 

can lead to phagocytosis of cell debris, maintaining the integrity of synapses, further surveying of 

the brain in response to compromise of other glia such as astrocytes and oligodendrocytes, and 

tissue plasticity.123,216 Despite a general understanding of neuropathology following blast injury, 

further understanding of the underlying mechanisms that are involved in microglia-induced 

inflammation following repeated blast exposure is necessary. 

This study aimed to establish early patterns of microglia dysfunction that contribute to the 

pro- and anti-inflammatory response following repeated blast exposure. Moreover, some aspects 

of microglia activation are poorly understood following bTBI, making it imperative to study the 

spatial and temporal changes that microglia undergo following blast injury. Previous studies have 

shown that increases in microglia cells and their expression of proteins such as ionized calcium-

binding adapter molecule 1 (IBA-1) compared to controls are an indicator of activation. 

Pathological changes taking place in areas such as the hippocampus and the MC even persisted for 

days, even months, following blast injury.103,214,215–217 Previously, it was understood that microglia 

were classified into two subsets following disease or injury: M1 (pro-inflammatory) and M2 (anti-

inflammatory). However, emerging research indicates that microglia play a more elaborate role in 

the resolution of inflammatory responses, and this is due to the morphological changes that take 

place as a part of their activation, as illustrated in Figure 7. While the knowledge of the various 

morphological states of microglia is emerging, there is still a lack of understanding as to what 
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microglia’s acute and subacute morphologically driven functions are within the brain following 

repeated blast exposure.  

The NLRP3 inflammasome complex located within the cell is a novel molecule that is also 

a driving force inducing microglia activation.221,222 Following blast injury, molecules such as 

PAMPs or DAMPs trigger mechanistic pathways within microglia, activating the complex and 

releasing pro-inflammatory cytokines such as Il-1β, contributing to the neurotoxic inflammatory 

response. Due to the presence of these molecules, exploring NLRP3 levels following repeated blast 

exposure may give insight into the complex functions of microglia in the injured brain. This study 

aimed to understand microglia dynamics in an in vivo bTBI model, investigating spatial and 

temporal changes in microglia proliferation, IBA-1 expression, and morphological states, which 

are all hallmark characteristics of microglia activation. 

 

3.2. Methods 

The Virginia Tech Institutional Animal Care and Use Committee (IACUC) approved the 

experimental protocols described herein. Before experimentation, male Sprague Dawley rats 

(Envigo, Dublin, VA, USA) weighing approximately 240-260 g were acclimated for several days 

(12 h light/dark cycle) with food and water provided ab libitum.  

 

3.2.1. Blast Induced Traumatic Brain Injury  

The blast wave was generated using a custom Advanced Blast Simulator (ABS) (200 cm x 

30.48 cm x 30.48 cm) located in the Center of Injury Biomechanics at Virginia Tech University. 

The ABS consists of three distinct sections to create, develop, and dissipate the blast wave (Fig. 

10). These sections include: 1) the driver section, which developed the blast wave following a 

helium-driven rupture of calibrated acetate membranes, 2) the transition section where the animal 

was exposed to a single peak overpressure representing a free-field blast exposure, and 3) an end-

wave eliminator located downstream the test location to facilitate the dissipation of the blast wave 

through a series of baffles.  
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 Before blast exposure, the animal was anesthetized with 5% isoflurane and then placed in 

the ABS. Each animal was supported in the prone position inside the ABS, facing the oncoming 

shock front using a mesh sling. The sling was designed to minimize flow hindrance and isolate 

primary blast injury by eliminating acceleration/deceleration injuries. Animals were exposed to 

three blasts (~17 psi) separated by one hour each (3 x 1h) (n = 8). There was also a sham group for 

each time point (n = 8). Sham animals received all the same procedures except the blast insult. 

Following the sham or blast procedures, animals were observed through the recovery stages of 

injury and anesthesia.  

 

3.2.2 Immunohistochemistry  

Three- or seven-days following injury, animals were euthanized by transcardial perfusion 

of 0.9% saline and 4% paraformaldehyde. Following perfusion, brains were collected and stored 

in a 4% paraformaldehyde fixative solution. After 24 hours in the fixative, whole brains were 

cryoprotected in a 30% sucrose solution for tissue sectioning preparation. Once whole brains were 

submerged entirely in sucrose solution (~48 hours), tissues were then embedded in Tissue-Tek 

optimal cutting temperature (OCT) embedding medium (Sakura Finetek US, Inc., Torrance CA) 

and frozen at -80oC for cryostat processing. Brains were sectioned at 30 µm in the coronal plane. 

Samples were rinsed three times with phosphate-buffered saline (PBS) and were permeabilized in 

PBS with 0.3% Triton X (PBX) for 30 minutes at room temperature. Samples were incubated in 

2% bovine serum albumin (BSA) or 5% Normal Donkey Serum in PBS for 1 hour at room 

Figure 10. Advanced Blast Simulator (ABS). The ABS was used to re-create free field blast exposures. 

Acetate membranes are passively ruptured following pressurization using helium gas in the driver 

section (left). The blast waves reaches the animal located in the transition section (middle window) and 

is dissipated in the end-wave eliminator (right). 
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temperature. Sections were incubated for 16-18 hours at 4oC with the primary antibody ionized 

calcium-binding adaptor molecule 1 (IBA-1, 1:300, Biocare Medical, Concord, California) or 

NLRP3 (1:200, Invitrogen, Carlsbad, CA). The following day, sections were washed three times 

for 5 minutes in PBX and incubated for 1.5 hours at room temperature with a secondary antibody 

(Alexa Flour 546 anti-mouse IgG antibody (Invitrogen, Carlsbad, California)). After three more 

5-minute PBX washes, samples were mounted and cover-slipped with Slow Fade Reagent with 

DAPI (Invitrogen, Carlsbad, CA). Sections were then imaged under a Zeiss fluorescence 

microscope at 20X magnification. Brain sections included the MC and the hippocampus, further 

delineating the hippocampus into its four sub-regions: DG, CA1, CA2, and CA3.  

 

3.2.3 Image Acquisition and Analyses 

Images were acquired in each region and then processed with background subtraction and 

fixed thresholding to generate masks of IBA-1+ microglia and NLRP3. Using FIJI/Image J 

software, a comprehensive analysis of neuropathology was provided by quantifying four specific 

parameters using ImageJ software (NIH, Bethesda, MD). These parameters include area fraction, 

count per area, fluorescence intensity, and mean area/cell. Area fraction quantifies the percentage 

of positive signals within the region of interest. Count per area represents the total number of 

positive cells divided by the area. Fluorescence intensity measures the level of fluorescence 

intensity in the positive signal using the gray pixel intensity. Mean area/cell provides detail to the 

average cell size normalized to the area, giving the average area/cell. Count per area and mean 

area/cell was completed using the "analyze particles" function with the “pixel area size threshold” 

of 25 to exclude slight pixel noise and extract objects of interest. Brain region values were averaged 

from four images for each animal per stain.  

 

3.2.4 Quantifying Microglia Morphology 

To provide a greater understanding of the changes of IBA-1+ microglia, we quantified 

microglia morphology. The skeleton analysis method developed by Young and Morrison was used 

for this analysis.223 Images were converted to binary and skeletonized using ImageJ software (Fig. 

11). The AnalyzeSkeleton plugin was then applied to all skeletonized images to collect data on the 

number of branch endpoints and branch length per frame. A cut-off branch length value of 0.45 

um was used to exclude small fragments from each data set. The data from each frame was then 
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divided by the number of microglia in the corresponding image to give branch length/cell and 

branch points/cell.  

 

 

 

 

 

 

 

 

 

 

 

3.2.5 Statistical Analysis 

GraphPad Prism Version 9 was used for all statistical analyses (GraphPad Software, La 

Jolla, CA). The student's t-test was used to evaluate the statistical differences between the blast 

and sham groups, with the assumptions of normality and equality of variances examined using the 

Shapiro-Wilk test and Levene's test, respectively. Welch's corrective t-test or Mann Whitney's non-

parametric test was used to evaluate data that failed the normality and equal variance assumptions. 

At p<0.05 and p<0.1, respectively, data were considered statistically significant and trending. All 

histology data were normalized to respective shams, and data are represented as the mean ± 

standard error of the mean (SEM). 

 

3.3 Results 

Blast animals (n = 8) were exposed to three blast events one hour apart. Blast wave 

parameters are described in Table 1. Sham animals (n = 8) were exposed to all procedures with the 

exception of the blast exposures. Following exposures, no obvious external signs of injury were 

discernible. Over the three- and seven-day period, there was no significant difference in the 

weights measured in the repeated bTBI group compared to shams. 

Figure 11. Using fluorescent imaging of IBA-1 for skeleton analysis. (Left) Image of 

IBA-1 with its corresponding illustration of skeletonized microglia (Right). 
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3.3.1 Examining pathological changes in microglia in the MC three days following injury  

To capture the regional and longitudinal changes in microglia following repeated blast 

exposure, levels of IBA-1 in the MC and hippocampus were measured following injury using 

immunohistochemistry analysis (IHC). At the three-day time point, a significant increase in cell 

size (mean area/cell) was observed in the MC of blast animals compared to shams (p=0.03)(Fig. 

12).  No significant differences were found for area fraction, count per area, or fluorescent intensity 

within this region.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Group Peak Pressure 

(psi) 

Duration 

(ms) 

Impulse 

(psi*ms) 

Rise Time 

(ms) 

3 days 17.48 ± 0.37 

 

2.18 ± 0.04 14.42 ± 0.32 

 

0.05 ± 0.02 

 
7 days 16.52 ± 2.12 

 

2.12 ± 0.21 

 

13.34 ± 1.69 

 

0.02 ± 0.002 

Table 1. Summary of Blast Wave Characteristics. The average peak pressure resulted in a blast 

wave magnitude of approximately 17 psi. Results are represented as Mean ± SEM. 

 

 

 

 

 
Figure 12. Changes in the size of microglia were present in the MC in response to 

injury.Table 1. Summary of Blast Wave Characteristics. The average peak pressure resulted in 

a blast wave magnitude of approximately 17 psi. Results are represented as Mean ± SEM. 
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To analyze the morphological changes of microglia, skeleton analysis allowed for the 

quantification of increases and/or decreases in branch length and branch points of microglia to aid 

in understanding what morphologies microglia may be undergoing in response to injury (Figure 

13). Skeleton analysis indicated a significant decrease in branch length/cell in blast animals 

compared to shams (p=0.02), with a trending decrease in branch points/cell in blast animals 

compared to shams (p=0.06) (Fig. 14). 

 

  

Figure 12. Changes in the size of microglia were present in the MC in response to injury.  

Significant decreases in area/cell were seen in the motor cortex of blast animals compared to 

shams three days following injury. *p<0.05. Data represented as Mean ± SEM. 
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Figure 13.  Representative image showing morphological changes that occurred following 

blast injury.  (Top) Microglia in the MC of blast animals show morphologies representative of 

elongated cell bodies, decreases in branch length and decreases in branch points. (Bottom) Microglia 

were then skeletonized, extracting information needed to quantify parameters used for 

morphological analysis. 
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3.3.2 Limited changes in microglia activation are observed within the hippocampus at three days 

Within the hippocampus, limited activation was observed three days following repeated 

blast exposure. Within the CA1 sub-region of the hippocampus, the amount of positive signal of 

IBA-1 was significantly increased within the blast group compared to their sham counterparts 

(p=0.04). No significant differences were observed in the hippocampus for area/cell, count per 

area, or fluorescent intensity (Fig. 15). 
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Figure 14. Changes in microglia morphology are observed in the MC three days following 

blast injury. A significant decrease in branch length/cell was observed in the blast group 

compared to shams. A trending decrease in branch points/cell was also found in the blast group. 

*p<0.05. Data represented as Mean ± SEM. 
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No significant changes in microglia morphology were observed within the hippocampus 

three days following repeated blast exposure. Trending decreases in branch length/cell were 

observed in the CA2 sub-region of blast animals compared to shams (p=0.07), with no significant 

or trending changes in any other sub-region for this parameter. No significant differences in branch 

points/cell were observed between groups in the hippocampus (Fig. 16).  

 

 

 

 

 

 

Figure 15. Increased presence of IBA-1 was found in the CA2 three days following injury. 

A significant increase in area fraction was detected in the CA2 sub-region of the hippocampus in 

blast animals compared to shams. No other significance was found in the other sub-regions. 

*p<0.05. Data represented as Mean ± SEM. 
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3.3.3 Observing microglia pathology in the MC seven days following injury  

At the seven-day time point, significant differences were observed in the MC region. A 

significant decrease in mean area/cell was observed in the blast group compared to shams (p=0.02). 

Trending decreases in area fraction were observed in the blast group (p=0.08), with similar 

decreases in fluorescent intensity (p=0.06) (Fig. 17). While there was a significant decrease in the 

size of microglia, further morphological analysis did not show significant decreases in branch 

points/cell or branch length/cell for either group in the MC (Fig. 18). 

 

 

 

 

 

 

 

 

 

 

    

 

Figure 16. Limited changes in microglia morphology were seen in the hippocampus three 

days following injury.  A trending decrease in branch length/cell was found within the CA2 

sub-region of the hippocampus. Data represented as Mean ± SEM. 
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Figure 17. Changes in IBA-1+ microglia were found in the MC seven days following 

blast injury.  Significant decreases in area/cell were seen in the motor cortex of blast 

animals compared to shams. Trending decreases are also depicted in area fraction and 

fluorescent intensity within this region of blast animals. *p<0.05. Data represented as Mean 

± SEM. 
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3.3.4 Microglia Responses to injury are detected in the hippocampus seven days post blast 

Within the hippocampus, microglia activation was observed, with Figure 19 depicting this 

change. A significant decrease in mean area/cell was observed within the CA1 (p=0.007), CA2 

(p=0.006), and the CA3 sub-region of the hippocampus (p=0.02). Significant decreases in area 

fraction were found in the DG (p=0.05), CA1 (p=0.02), CA2 (p=0.007), and the CA3 sub-region 

(p=0.05) of the hippocampus. Decreases in IBA-1 expression (fluorescence intensity) was also 

observed in the DG (p=0.02), CA1 (p=0.0008), CA2 (p=0.006), and the CA3 sub-region of the 

hippocampus (p=0.02). No significant changes in the amount of IBA-1+ microglia (count per 

area), were observed in the hippocampus (Fig. 20). 
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Figure 18. Quantifying microglia morphology using skeleton analysis. No 

significant changes in branch length/cell or branch points/cell were noted in the MC 

seven days following injury.  Data represented as Mean ± SEM 
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Figure 20. Microglia activation was depicted in the hippocampal sub-regions of blast animals 

seven days following blast exposure. Significant decreases were shown in blast animals in 

area/cell, integrated density of fluorescence and area fraction. *p<0.05, **p<0.01, ***p<0.001. 

Data represented as Mean ± SEM. 
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Figure 19. Representative images of IBA-1 expression in the hippocampus.  Significant 

decreases (p<0.05) in IBA-1 expression were seen across all sub-regions in the blast group.  
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With the significant changes in IBA-1 expression and cell body size identified in the 

hippocampus seven days following repeated blast exposure, quantifying the morphological 

changes could give further insight into the subacute pathological changes of microglia (Fig. 21). 

Skeleton analysis indicated a significant increase in branch length/cell in the CA1 sub-region 

(p=0.03), the CA2 (p=0.002), and trending increase in the CA3 (p=0.06). Branch endpoints/cell 

showed similar increases with a trending increase in the CA1 (p=0.07), the CA2 (p=0.01), and the 

CA3 (p=0.04) (Fig. 22). 

   

 

                                 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 21. Representative image showing morphological changes in the CA2 that occur 

seven days following repeated blast exposure.  (Top) Microglia in the CA2 of blast animals 

show morphologies that are representative of a swelled soma, fragmented branches, and increased 

branching. (Bottom) An example of skeletonizing microglia for morphological analysis. 
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3.3.5 Limited changes in NLRP3 in the MC and hippocampus seven days following repeated blast 

exposure  

With pathological changes of microglia prevalent seven days following injury, exploring 

the inflammatory response on a molecular level was conducted. NLRP3, an inflammasome found 

within microglia, aids in the secretion of pro-inflammatory cytokines such as IL-1β when activated 

due to injury or disease. The amount of NLRP3+ molecules (count per area) and NLRP3 

expression (fluorescence intensity) was quantified to further explore whether there is a pro- or anti-

inflammatory-driven response occurring seven days following repeated blast exposure. Figure 23 

shows both NLRP3+ cells and intracellular NLRP3 signals within the brain.   

 

 

 

 

 

 

 

 

 

Figure 22. Sub-region morphological analysis of microglia seven days following bTBI.  

Significant increases in branch length/cell were observed in the CA1 and CA2 with a trending 

increases in the CA3, while significant increases in branch points/cell were found in the CA2 and 

CA3, with a trending increase in the CA1 of blast animals compared to shams. *p<0.05, ** 

p<0.01. Data represented as Mean ± SEM. 
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No significant changes in the amount of NLRP3+ molecules or the fluorescent intensity of 

NLRP3 were observed within the MC region between the blast and sham groups (Fig. 24). Within 

the hippocampus, trending decreases in count per area were observed in the DG (p=0.06) and the 

CA2 sub-region (p=0.09) of the hippocampus. When analyzing fluorescent intensity, a trending 

decrease was seen in the CA1 sub-region (p=0.08) (Fig. 25). 

 

 

 

 

 

  

 

  

   

 

 

 

Figure 23. Representative image of NLRP3 within the brain. NLRP3 co-

labeled with DAPI shows intracellular NLRP3, as well as NLRP3+ cells. 
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Figure 24. Limited changes in NLRP3 were seen in the MC seven days following repeated 

blast exposure.  No significant changes in count per area of NLRP3 or fluorescent intensity of 

NLRP3 were observed in the MC seven days following injury.  Data represented as Mean ± SEM. 
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3.4 Discussion 

With neurological impairments reported and diagnosed in the Veteran community 

following bTBI,224–226 it is vital to study the consequences caused by blast injury. While it is known 

that blast exposure can lead to acute and even chronic pathologies, an understanding of microglia's 

dynamic role in contributing to neuroinflammation following bTBI is lacking. In this study, 

animals were subjected to three blast insults separated by one hour each. Results from this 

preclinical study indicated that repeated blast exposures led to microglial changes within the brain 

that are both time, and region-specific.  

Several studies have shown that microglia play an essential role in the secondary injury 

response following TBI. However, little is known about the underlying molecular details 

contributing to microglia's acute and sub-acute involvement within the injury response and what 

morphologies microglia display following bTBI. These details are critical in generating relevant 

information that can aid in developing strategies for therapeutic intervention in both the acute and 

even chronic stages of injury. In order to investigate the phenotypic changes of microglia following 

repeated blast injury, IHC was performed in the MC and hippocampus regions of the brain to 

assess pathology three- and seven-days following injury. Three days following repeated blast 

exposure, increases in the cell body size of IBA-1+ microglia were observed in the MC of blast 
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Figure 25. Decreased NLRP3 expression was detected in the hippocampus of blast-

injured animals.  Trending decreases (p<0.1) in count per area are observed in the DG and 

CA2 sub-regions, while trending decreases in fluorescent intensity are observed in the CA1 

of blast-injured animals compared to shams. Data represented as Mean ± SEM. 
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animals compared to shams. To explore the meaning of this increase in the area/cell, quantifying 

microglia morphology was done to determine what morphologies of microglia were present in this 

region following blast exposure. While an increase in cell body size was observed, a decrease in 

the branch length/cell and branch points/cell were identified in the MC at this three-day time point. 

An increase in cell size and a decrease in both branch length/cell and branch points/cell may be 

consistent with microglia adopting a "rod-like" morphology, meaning their cell bodies are 

elongated with their primary processes projected toward the two ends of the cell. A rod-like 

morphology has been described as having an increased cell length-to-width ratio, with a reduced 

number and length of side branches,227 which is consistent with the results found in our IHC 

studies. "Rod-like" microglia play a neuroprotective role within the brain through reorganizing 

and remodeling neuronal and synaptic circuitry following CNS injuries.228,229 Moreover, they also 

exert phagocytic functions as they respond to neural insults, aligning adjacent to injured dendrites 

and axons. Rodent studies have also indicated that rod-like microglia are more commonly found 

in the cerebral cortex in the acute stages of injury models such as fluid percussion-induced TBI or 

ischemia.230 The results from the current study indicate that rod-like microglia are present within 

the cortex in the acute stages of bTBI as well.  

Within the hippocampus, small changes in microglia pathology were observed (Fig. 15). 

The amount of positive IBA-1 signal was increased in the CA1 sub-region of blast animals 

compared to shams. However, other forms of microglia activation, such as a decrease or increase 

in IBA-1+ microglia, changes in cell shape or size, and/or IBA-1 expression, were not present. A 

previous study by Huber et al. observed microglia changes in the brain 4 hours following a single 

blast overpressure.231 However, very few have reported on the pathological changes of microglia 

three days following blast injury, with no studies observing changes following repeated blast 

exposure. Due to this, it is difficult to speculate what time-dependent and/or region-specific role 

microglia is taking on at this time point. Microglia could be trying to return to pre-injury levels 

within the hippocampus three days following injury, or microglia cells could be constantly 

migrating in and out of this area at this time, which may lead to minute differences between blast 

and shams. More studies are needed to support these claims.  

At the seven-day time point, an opposite effect seems to occur within the MC compared to 

the pathological changes within the MC three days following repeated blast exposure. For 

example, mean area/cell was significantly decreased in blast animals compared to shams seven 
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days following injury, whereas an increase in cell size was observed in the MC three days 

following repeated blast exposure. To explore microglia size and shape further, changes in branch 

points/cell and branch length/cell were explored, but no significant differences were found 

between the blast and sham groups in this region. With the size of the cell decreasing in the MC at 

seven days, and no changes in morphology, microglia could be trying to return to a pre-injured, 

ramified state at this specific time point in this region. Within the hippocampus, evidence of 

microglia activation was observed through a decrease in mean area/cell, area fraction, and 

fluorescent intensity of IBA-1 seven days following repeated blast exposure. Changes in IBA-1 

expression have been observed following blast exposure of varying magnitudes with a study by 

Hubbard et al. demonstrating decreases in IBA-1 expression seven days following a single blast 

injury, whereas studies by Sajja et al. demonstrated increases in expression seven days following 

a single blast exposure.88,232,233 While the results herein demonstrate that activation consistently 

takes place sub-acutely, varying severity, such as single versus repeated blast, or increases in 

pressure magnitudes may play a role in functional changes of microglia. 

While microglia activation has been established in both a single and repeated blast 

exposure, this is the first study to speculate on functional changes of microglia based on their 

morphology following a repeated blast injury. Quantification of microglia morphology indicated 

increases in branch length/cell in the CA1 and CA2 sub-regions of blast animals and significant 

increases in branch points/cell in the CA2 and CA3 sub-regions. The increases in area/cell, branch 

length/cell, and branch points/cell could indicate that microglia are becoming more dystrophic. 

Dystrophic microglia are known to have a fragmented cytoplasm, spheroidal inclusions (rounded 

swelling), and more distal, fragmented processes and branches.234–236 Dystrophic microglia 

undergo an "anti-inflammatory role" with decreased surveillance and phagocytosis and have 

traditionally been shown to respond to increases in TAU.237  Studies also show its prevalence in 

the aging brain, especially the hippocampus, in response to neurodegenerative diseases such as 

Alzheimer's disease.236,238–240 This abnormal morphology that microglia take on has also been 

associated with the degeneration of microglia itself, with researchers hypothesizing that 

degenerating microglia and the loss of their neuroprotection is what influences neuronal 

degeneration.238  

Hippocampal vulnerability to CNS injury has been reported,233,241–243 but the mechanisms 

contributing to its vulnerability to blast injury still need to be elucidated. The hippocampus forms 
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a unidirectional pathway, with pyramidal neurons located in the CA1, CA2, and CA3, that all 

interconnect to one another, receiving inputs from the DG.244–246 The vasculature architecture 

within these areas is also distinct, with the CA1 vascularized by a large ventral artery and the CA3 

surrounded by capillaries that supply blood, nutrients, and O2 to active neurons.247,248 In response 

to injury, changes in the vasculature can contribute to increases in reactive oxygen species, 

neurotransmitters, and ions that can lead to the upregulation of cytokine and chemokine expression 

in microglia. Moreover, as the hippocampus is filled with neurons with high-energy demands, 

alterations in homeostasis can increase mitochondrial dysfunction in neurons, upregulating the 

secretion of molecules such as glutamate that can increase the expression of TLRs in microglia. 

Activation of TLRs and increases in cytokine and chemokine expression of microglia can be 

characterized by a dystrophic morphology, which can lead to degeneration.155,249 The mechanistic 

changes that influence hippocampal vulnerability following injury could also explain the results 

in the current study, as microglia displayed a dystrophic morphology following bTBI at seven 

days. Grabert et al. also described how activated microglia in the hippocampus decrease their 

expression of genes related to environment sensing, a characteristic of loss of their physiological 

function, which can lead to neurodegeneration.250 The results from microglia morphological 

analysis in the present study could support the claims of researchers that persisting 

neuroinflammation following bTBI could lead to the onset of neurodegenerative diseases in 

patients long-term, as dystrophic microglia are present in the sub-acute stages of injury. 

Furthermore, if microglia are degenerating within the hippocampus, losing physiological 

function, it might be rational to hypothesize that dystrophic microglia are not expressing high 

levels of IBA-1 (fluorescent intensity). Future studies should explore RNA sequencing of 

microglia in the hippocampus seven days following injury. Exploring upregulated and 

downregulated genes in dystrophic/degenerating microglia will support results that dystrophic 

microglia are present not only in the aging, diseased brain but can exist following bTBI as 

well.251,252 

Due to the overwhelming presence of microglia activation in the brain seven days 

following repeated blast exposure, IHC was performed to investigate levels of NLRP3 within the 

brain and their role in helping drive the inflammatory response. While the response was not 

significant, trending decreases in the amount of NLRP3+ molecules and NLRP3 protein expression 

were found within the hippocampus. Studies have indicated that increases in NLRP3 are a sign of 
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the activation of its complex, leading to increased secretion of pro-inflammatory cytokines such 

as IL-1β.253(p3),254–256 Morphological analysis of microglia indicated that the type of microglia 

within the hippocampus is dystrophic, which undergoes anti-inflammatory phenotypes in response 

to injury. Because dystrophic microglia are present in the hippocampus seven days after injury, 

this may explain why low levels of NLRP3, an inflammasome that drives pro-inflammatory 

responses in microglia, were observed. While limited evidence of microglia activation was present 

in the hippocampus three days following blast injury, additional bTBI studies investigating levels 

of NLRP3 are warranted to understand thoroughly the temporal response of molecular changes 

that influence microglia-mediated inflammation.  

While morphological analysis of IBA-1+ microglia give robust insights into the unique 

role that microglia play within the inflammatory response following blast injury, a limitation of 

this study is that IBA-1 also has an affinity to tissue-derived macrophages, which could be 

influencing results gained from quantifying microglia morphology. As microglia-specific 

antibodies emerge within the field, future IHC studies should utilize antibodies such as TMEM-

119, TREM2, and/or P2RY12 to co-localize with IBA-1 to provide a more comprehensive look 

into the microglia-specific response. Additionally, NLRP3 is present in microglia but can also be 

found in macrophages, and fluorescent microscopy showed that NLRP3 may also have an affinity 

to neuronal cell bodies. While a decrease in NLRP3 within the brain seven days following injury 

would be reasonable to believe because of the overwhelming presence of anti-inflammatory 

microglia within the hippocampus, it is difficult to speculate if the affinity of NLRP3 to other brain 

cells may have also influenced this result. Studies exploring NLRP3-mediated pro-inflammatory 

responses within microglia should include the co-staining of NLRP3 with microglia-specific 

markers to aid in a more robust analysis.  

The work presented in this study began to successfully characterize the various phenotypic 

changes that microglia undergo in response to repeated blast injury within the MC and 

hippocampus, as specified in Specific Aim 1. Time-dependent and region-specific pathological 

changes indicated that microglia take on a pro-inflammatory role to respond to neuronal 

dysfunction, such as synaptic pruning within the MC three days following injury, with an increase 

in the IBA-1 positive signal within the hippocampus. However, no acute changes were observed 

in microglia morphology in the hippocampus. Meanwhile, seven days following injury, decreases 

in IBA-1 positive signal and expression are observed within the hippocampus, with microglia 
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taking on a dystrophic, abnormal morphology with an anti-inflammatory role, while no sub-acute 

morphological changes in microglia were observed in the MC. These results suggest that microglia 

play a dynamic role in neuroinflammation following blast exposure, with heterogeneous 

phenotypes that are time-dependent throughout the progression of repeated bTBI. The robust 

analysis of the spatial and temporal changes in microglia activation provides a novel avenue for 

further investigation of therapeutic strategies. The work here may also present a potential 

therapeutic time window that may be crucial in improving the quality of life for bTBI patients, 

such as those in the Veteran community. 
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Chapter 4: Characterizing the Regional and Longitudinal Effects of 

Microglia Activation Following Impact-Induced Neurotrauma 
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4.1 Introduction 

Impact TBIs occur when an object strikes the head or when the head strikes a surface.257 A 

complex response makes this injury unique, with the mechanical properties encompassing contact 

and inertial forces. Both contact and inertial forces occur during impact loading when the head is 

struck, but only inertial loading (acceleration/deceleration forces) arises from the impulsive head 

motions from impact.257,258 Direct contact loading can result in primary injuries in both the region 

of impact (ipsilateral) and the opposite side of the impact (contralateral), as well as other areas 

distant from the impact site. Once impact loading on the skull occurs, a reduction in its structural 

and mechanical properties contributes to primary injury across regions.257 

There are acceleration/deceleration forces that are involved in this injury, and they can be 

classified as linear and rotational acceleration. These forces can result in tissue deformation 

because of shear forces on the brain, leading to increased ICP.259–261 Similar to bTBI, impact TBIs 

are heterogeneous and can be delineated into three severities: mild, moderate, and severe. Mild 

impact-induced TBIs (mTBIs) are more commonly reported and are referred to as concussions. 

Concussive injury can be sustained from vehicular accidents, military conflicts, and contact sports 

such as football or soccer, with clinical symptoms of concussions including headaches, balance 

problems, dizziness, memory deficits, insomnia, anxiety, and/or depression.262–270 While 

concussions (mTBIs) are the most common type of impact TBI, the exact mechanisms of 

concussions and what leads to the myriad of symptoms associated with this injury are still 

unknown.  

The use of animal models in impact TBI research is crucial in understanding the injury 

mechanisms, with the use of closed-head impact injury systems coming to the forefront. Previous 

literature using this model are yet to clearly define injury severity, with its characterization 

focusing on neuronal dysfunction in response to injury.64,271–273 Glial cells such as microglia also 

play an integral role in impact trauma. They may provide insight into the secondary injury cascades 

that occur because of impact loading to the head. Microglia can respond to neuronal dysfunction 

by initiating inflammatory responses that can clear cell debris and orchestrate neuronal restorative 

processes. A study that explored microglia activation in post-mortem samples of TBI patients 

indicated that shear forces directly impact microglia morphology,274 making it imperative to study 

their responses further. With the limited studies on the robust analysis of microglia morphology 

following impact injury,44,275 continuing work that characterizes impact injury through microglia-
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mediated responses may lead to the generation of data that is useful in developing diagnostic tools 

and therapeutic interventions. Moreover, due to impact loading, the rotational and linear 

acceleration forces on the brain produce a disordered metabolic cascade or biochemical injury that 

may influence diverse microglia activation states that are unique to this type of injury.263 Thus, 

advancing studies that explore the underlying mechanisms that control neuropathological changes 

in impact TBI are essential.  

For this study, we chose to use the closed-head CCI model because of its advantages over 

other models, such as the open-head CCI and FPI, which require a craniotomy, lacking 

translational aspects; and the weight drop model, whose limitations involve difficulties in 

reproducibility. We hope to characterize this model to produce mTBI as commonly reported in 

humans through a closed-skull impact that will not produce skull fracture or other obvious signs 

of injury (invisible nature of mTBI). We also hypothesize that this model will induce microglia 

activation as a secondary injury response to impact, persisting up to seven days following injury, 

with changes indicated within the brain region located within the impact site and its contralateral 

side. 

 

4.2. Methods 

The Virginia Tech Institutional Animal Care and Use Committee (IACUC) approved the 

experimental protocols described herein. Before experimentation, male Sprague Dawley rats 

(Envigo, Dublin, VA, USA) weighing approximately 300-315g were acclimated for several days 

(12 h light/dark cycle) with food and water provided ab libitum.  

 

4.2.1. Closed-Head Cortical Impact Model (cCCI) 

An impactor device induced a mild closed head injury in rats (n = 6).  Under 5% isoflurane, 

animals were placed in the stereotaxic frame where the head was shaven, teeth were placed in the 

teeth bar, and the nose was placed in the stereotaxic nose cone to maintain anesthesia. A foam pad 

was then situated within the stereotaxic frame, where the animal's head lay against without ear 

bars. An electromagnetic actuator was mounted onto the stereotaxic crossbar to allow for precise 

localization of the impact center (Fig. 26). A skull template was used to mark the center of impact 

(right somatosensory cortex, ~3.5-5 mm posterior to Bregma), and the injury tip was firmly zeroed 
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against the skin. The impactor (tip diameter: 5 mm) created a force at a velocity of 6 m/s at a depth 

of 8 mm and a dwell time of 300 ms inducing the injury (Impact One, Leica Biosystems, Buffalo 

Grove, IL). Animals were then placed on a heating pad at 37oC, monitored, and righting time was 

recorded. Sham animals underwent the same procedures except for the impact (n = 6). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 26. Closed Head Controlled Cortical Impact. (Left) The impact area was on the right side of the 

rat’s head, specifically on the right parietal bone, where the brain's somatosensory cortex is located. Created 

with BioRender.com. (Right) The impactor was mounted onto the stereotaxic frame, which aligns with the 

right somatosensory cortex of the animal. The foam pad was placed under the animal’s head, as the head 

was not attached to the ear bars. The impactor was connected to the control box where the dwell time and 

velocity were set. 

 

4.2.2 Tissue Processing and Analysis  

Three- or seven-days following injury, animals were euthanized, and brains were collected 

and stained for IBA-1 and NLRP3, as described previously in Section 3.2.2. The site of impact of 

the animals was located on the right somatosensory cortex. As the diameter of the impactor tip was 

5 mm, and the depth of impact 8 mm, the motor cortex (MC), which is adjacent to the 

somatosensory cortex (SC), and the hippocampus, which is lateral to the cortex, were also regions 

of interest when identifying microglia activation (Fig. 27). Tissue sections were then imaged and 

Impact  

Site 
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analyzed as described previously in section 3.2.3, with further understanding of changes in IBA-

1+ microglia achieved through quantifying morphological changes as described in section 3.2.4.  

 

4.2.3 Statistical Analysis  

 All statistical analyses were performed in GraphPad Prism Version 9 (GraphPad Software, 

La Jolla, CA). The Kolmogorov-Smirnov test, in association with the Shapiro-Wilk Test, was 

performed to test for normal distribution and equal variance of the data. If the data passed the two 

assumptions, a one-way ANOVA and post hoc tests were performed where appropriate for sham 

group, the contralateral side, and the ipsilateral side of the cCCI group. Data that did not pass 

normality or equal variance assumptions were assessed using a one-way Kruskal Wallis test or 

pairwise Welch’s correction test. Data were considered statistically significant with p<0.05 and 

trending at p<0.1. All histology data were normalized to respective shams. All data is represented 

as the mean ± standard error of the mean, or SEM.  

 

 

Figure 27. Representative image of the coronal section of the brain that is -3.00 mm 

posterior from Bregma. The SC, MC, and hippocampus are all located within this section, 

and these sections were collected, stained, imaged, and analyzed.  
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4.3 Results 

4.3.1 Animal Recovery and Righting Reflex for the three-day group 

Following cCCI, no apparent signs of injury were discernible. Animals subjected to cCCI 

showed a significant delay in righting compared to the sham group (p=0.0093) (Fig. 28).  Over the 

three days, there was no significant difference in weights observed in the cCCI animals compared 

to the sham group. The average weight of the cCCI group was 310 g ± 2.44, while the average 

weight of the sham group was 319 g ± 3.11. 
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4.3.2 Identifying microglia pathology in the SC and MC three days following cCCI  

Changes in IBA-1 expression were observed when comparing sham and cCCI groups, 

which may be indicative of microglia activation taking place three days following injury (Fig. 29). 

When investigating differences in overall IBA-1 positive signal (area fraction), a one-way 

ANOVA revealed that there was a statistically significant difference in area fraction (F (2, 14) = 

4.124, p=0.03), with post hoc test indicating a substantial increase in this parameter in the 

contralateral side of the SC in cCCI animals compared to the SC in shams (p=0.03). The same 

increases were observed for count per area (F (2, 14) = 4.386. p=0.03), with the amount of IBA-

1+ microglia significantly higher in the contralateral side of the SC of cCCI animals compared to 

Figure 28.  Physiological outcomes were quantified by measuring time to right. 

Compared to shams, cCCI animals showed significant delays in righting time. **p<0.01. 

Data represented as Mean ± SEM. 

 

 
Figure 28.  Physiological outcomes were quantified by measuring time to right. 

Compared to shams, cCCI animals showed significant delays in righting time. **p<0.01. 

Data represented as Mean ± SEM. 

 



54 

 

shams (p=0.02). Significant differences in fluorescent intensity were also indicated (F (2, 14) = 

4.100, p=0.03), with multiple comparisons test showing a significant increase in fluorescent 

intensity of IBA-1 in the contralateral side of the SC compared to shams. No significant changes 

were found in the SC for the mean area/cell or between the ipsilateral and contralateral sides of 

the SC region in cCCI animals for any parameter (Fig. 30).  

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
  

 

 

Figure 29. Representative of IBA-1 expression in the SC and MC. Significant increases in 

IBA-1 expression (p<0.05) were observed in the contralateral side of the SC and MC compared 

to the ipsilateral side, and the SC and MC of the sham animals.  
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One-way ANOVA indicated a significant difference in area fraction in the MC (F (2, 14) 

= 3.514, p=0.05), with area fraction within the contralateral side of the MC in cCCI animals 

significantly greater than the sham group (p=0.04). Significant differences between groups were 

also observed for count per area (F (2, 14) = 4.386, p=0.03), with the contralateral side of the MC 

in cCCI animals showing significantly more microglia compared to shams (p=0.02). This similar 

increase was also noted for fluorescent intensity (F (2, 14) = 3.696, p=0.05). Post hoc comparisons 

showed a significant increase in fluorescent intensity of IBA-1 in the contralateral side of the MC 

of cCCI animals compared to the MC in the sham group (p=0.04). Trending increases (p=0.06) 

were noted between the contralateral and ipsilateral sides of the MC of the cCCI group, but when 

compared to shams, no significant differences were observed. Additionally, no significant changes 
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Figure 30. Microglia activation within the SC of the cCCI group. Significant increases in area 

fraction, count per area, and fluorescent intensity were observed in the contralateral side of the SC 

in the cCCI group compared to shams. *p<0.05. Data represented as Mean ± SEM. 
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between the ipsilateral and contralateral side of the MC in the cCCI group were seen for any 

parameter, nor were significant differences observed between the ipsilateral side of the MC of the 

cCCI group and the SC of the sham group (Fig. 31).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
4.3.3 Quantifying morphological changes in microglia in the SC and MC three days following 

injury 

While no significant changes in cell size were found between the sham and cCCI groups, 

identifying whether microglia were still undergoing morphological changes within the SC and MC 

following injury was completed. A one-way ANOVA showed that there were no significant 

changes in either branch length/cell or branch points/cell in the SC in the ipsilateral and 
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Figure 31. Microglia activation was observed within the MC of the cCCI group. Significant 

increases in area fraction, count per area, and fluorescent intensity was observed in the 

contralateral side of the SC compared to shams. *p<0.05. Data represented as Mean ± SEM. 
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contralateral sides of the SC in cCCI animals compared to the SC in shams, or between the 

contralateral side and ipsilateral side of the SC in the cCCI group (Fig. 32). Within the MC, a 

Kruskal-Wallis test indicated significant changes in branch points/cell (p=0.01), with Dunn’s 

multiple comparison test showing a significant increase in branch points/cell on the ipsilateral side 

of the MC in cCCI animals compared to shams (p=0.1). No significant differences were found in 

this region for branch length/cell (Fig. 33).  
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Figure 32. No notable changes in microglia morphology in the SC three days following cCCI. 

No significant increases or decreases in branch length/cell or branch points/cell were found in the 

contralateral or ipsilateral side of the SC compared to the SC in the sham group. Data represented 

as Mean ± SEM. 
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Figure 33. Morphological changes in microglia were detected in the MC three days following 

impact trauma. (Top) Representative images showing morphological changes within the MC of 

cCCI animals. (Bottom) Significant increases in branch length/cell and branch points/cell were 

observed in the ipsilateral side of the MC compared to the MC in the sham group. No significant 

changes between the contralateral side and the ipsilateral side were observed. *p<0.05. Data 

represented as Mean ± SEM. 
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4.3.4 Pathological changes in microglia were present in the hippocampus three days following 

cCCI 

Evidence of microglia activation was also observed within the hippocampus three days 

following cCCI (Fig. 34). A one-way ANOVA indicated significant changes in the area fraction 

of IBA-1 in the CA2 sub-region of the hippocampus between the sham, contralateral, and 

ipsilateral sides of the CA2 in the cCCI group (F (2, 15) = 6.326, p=0.01). More specifically, 

multiple comparison tests indicated a significant increase in area fraction in the contralateral region 

of the CA2 in cCCI animals compared to shams (p=0.007). Additionally, significant changes in 

fluorescent intensity was also observed in the CA2 (F (2, 15) = 6.420, p=0.009). There was an 

increase in the fluorescent intensity of IBA-1 in the contralateral side of the CA2 in the cCCI group 

compared to shams (p=0.008). Trending changes (p<0.1) were observed in the hippocampus for 

area/cell and count per area (Fig. 35). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 34. Increases in IBA-1 expression may be indicative of microglia activation three days 

following cCCI. Representative images show increases in fluorescent intensity of IBA-1 within the 

CA2 sub-region of the hippocampus in the cCCI group compared to their sham counterparts.  
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4.3.5 Changes in microglia morphology were observed in the hippocampus three days following 

cCCI 

When quantifying morphological changes of microglia, significant differences were found 

for branch points/cell in the CA2 sub-region (F (2, 14) = 4.451, p=0.03) and the CA3 sub-region 

(F (2, 14) = 6.025, p=0.01) of the hippocampus. Post hoc tests indicated a significant increase in 

branch points/cell when comparing the contralateral side of the CA2 in the cCCI group to shams 

(p=0.05), as well as the ipsilateral side of the cCCI group to shams (p=0.03). This same significant 

change was found within the CA3 with a significant increase in branch points/cell within the 

contralateral side of the cCCI group compared to shams (p=0.04) and the ipsilateral side compared 

to shams (p=0.01). No significant changes were found for the DG or CA1 regions. Furthermore, 

between groups, no significant branch length/cell changes were found within the hippocampus 

(Fig. 36).  
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Figure 35. Microglia activation was observed within the hippocampus of the cCCI group after 

three days. Significant increases in area fraction and fluorescent intensity were observed in the 

contralateral side of the SC compared to shams in the CA2 sub-region. **p<0.01. Data represented 

as Mean ± SEM. 
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4.3.6 Animal Recovery and Righting Reflex following cCCI for the seven-day group  

Animals subjected to cCCI showed significant delays in righting in comparison to the sham 

group, and no other apparent signs of injury were discernible (p=0.02) (Fig. 37). Over the seven 

days, there was no significant difference in weights observed in the cCCI group compared to the 

sham group. The average weight of the cCCI group was 296 g ± 22.3, while the average weight of 

the sham group was 337.4 g ± 7.16. 
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Figure 36. Changes in microglia morphology were observed within the hippocampus. (Top) 

Representative images show increased branching in the CA2 of the cCCI group. (Bottom) 

Increases in branch points/cell were found within the ipsilateral and contralateral sides of the CA2 

and CA3 sub-region compared to their sham counterpoints. *p<0.05. Data represented as Mean ± 

SEM. 
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4.3.7 Identifying pathological changes in microglia in the SC and the MC seven days following 

cCCI 

Within the SC, a one-way ANOVA indicated significant differences in the number of 

microglia cells (count per area) between the shams and the contralateral and ipsilateral sides of the 

SC of cCCI animals (F (2, 12) = 5.217, p=0.02). More specifically, a significant decrease in count 

per area was found when comparing the sham group and the contralateral side of the SC in the 

cCCI group (p=0.02). A trending reduction was found when comparing the sham group to the 

ipsilateral side of the SC (p=0.06). For area fraction and fluorescent intensity, trending increases 

were observed when comparing the ipsilateral side of the SC to the contralateral side in the cCCI 

group (Fig. 38).  

 

 

 

 

 

 

 

Figure 37. Delays in righting reflexes were observed in the cCCI animals 

compared to shams. *p<0.05. Data represented as Mean ± SEM. 

 

 

 
Figure 37. Delays in righting reflexes were observed in the cCCI animals 

compared to shams. *p<0.05. Data represented as Mean ± SEM. 
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Figure 38. Changes in the number of microglia within the SC seven days after cCCI. (Top) 

Representative images show decreases in IBA1+ microglia in the contralateral side of the SC in 

the cCCI group. (Bottom) Significant decreases in count per area were observed in the 

contralateral side of the SC compared to the SC in the sham group. *p<0.05. Data represented as 

Mean ± SEM. 
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Changes in levels of IBA-1 were observed in the MC following cCCI, indicating that 

microglia activation may be taking place (Fig. 39). Increases in cell body size of IBA-1+ microglia 

(area/cell) were indicative of microglia activation (F (2, 11) = 22.32, p=0.0001). More specifically, 

significant increases in area/cell were observed in the ipsilateral side of the MC compared to the 

contralateral side in cCCI animals (p=0.0005), and the ipsilateral side of the cCCI group compared 

to the MC in the sham group (p=0.0001). A one-way ANOVA indicated that the area fraction of 

IBA-1 was significantly increased in the MC seven days following injury (F (2, 12) = 7.370, 

p=0.009). More specifically, post hoc tests showed increases in the ipsilateral side of the MC 

compared to the contralateral side in cCCI animals (p=0.007), with this increase found to be 

trending when comparing the ipsilateral side of the MC of the cCCI groups to shams (p=0.09). 

Significant decreases in the number of IBA-1+ microglia (count per area) were observed in the 

MC as well (F (2, 10) = 4.866, p=0.03). Post hoc multiple comparison tests indicated a significant 

decrease in count per area in the contralateral side of the MC of cCCI animals compared to the 

MC of the sham group (p=0.03). No significant changes in count per area were found between the 

contralateral and ipsilateral sides of the MC in cCCI animals or between the ipsilateral side of the 

MC in the cCCI group and the MC of the shams. Significant increases in fluorescent intensity were 

also observed (F (2, 11) = 6.104, p=0.01). These significant increases were found when comparing 

the ipsilateral side of the MC to the contralateral side in cCCI animals (p=0.01), and a significant 

increase was indicated when comparing the ipsilateral side of the MC of the cCCI group to shams 

(p=0.05) (Fig. 40).  

 

 

 

 

 

 

 

 

 

 

 

Figure 39. Changes in IBA-1 levels are observed in the MC following cCCI. Representative 

images show an increase in fluorescent intensity in the ipsilateral side of the MC following injury, 

and a decrease in the amount of IBA-1+ microglia in the contralateral side of the MC.  
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4.3.8 Changes in microglia morphology are noticeable within the SC and MC seven days following 

impact trauma 

Within the SC, a one-way ANOVA indicated significant differences in branch points/cell 

(F (2, 13) = 3.583, p=0.05). More specifically, an increase in branch points/cell was observed in 

the ipsilateral side of the SC in the cCCI group compared to the contralateral side (p=0.04). No 

significant changes were observed in the SC between any groups when quantifying branch 

length/cell (Fig. 41). Within the MC, significant differences in branch length/cell were found (F 

(2,12) = 4.957, p=0.02), with post hoc tests showing a significant increase in branch length/cell in 
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Figure 40. Microglia activation was observed within the MC of the cCCI group. 

Significant increases in area/cell, area fraction, and fluorescent intensity was observed in the 

ipsilateral side of the MC compared to shams. A significant decrease in count per area was 

observed in the contralateral side of the MC compared to shams seven days following injury. 

*p<0.05, ***p<0.001. Data represented as Mean ± SEM. 
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the contralateral side of the MC in the cCCI group compared to the MC of the sham group (p=0.03). 

An increase in branch length/cell in the contralateral side was trending compared to the ipsilateral 

side of the MC in the cCCI group (p=0.06). A significant increase in branch points/cell was found 

(Kruskal-Wallis test, p=0.01), with Dunn’s multiple comparison test indicating this significant 

increase when comparing the contralateral side of the MC to the MC in the sham group (p=0.03) 

(Fig. 42). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 41. Increases in branching were seen in the SC seven days following cCCI. 

Significant increases in branch points/cell were found within the contralateral side of the SC 

compared to the ipsilateral side. *p<0.05. Data represented as Mean ± SEM. 
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4.3.9 Changes in IBA-1 expression were notable in the hippocampus seven days following cCCI 

Within the hippocampus, decreases in microglia and IBA-1 expression were notable (Fig. 

43). A one-way ANOVA indicated a significant decrease in area fraction of IBA-1 in both the 

contralateral and ipsilateral sides of the CA2 in the cCCI group compared to shams (F (2, 11) = 

22.68, p=0.001). This was also observed in the CA3 sub-region, with area fraction significantly 
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Figure 42. Changes in microglia processes were present following impact trauma. (Top) 

Representative images show increases in branch length in the contralateral and ipsilateral sides 

of the MC following injury, with increased branching within the ipsilateral MC. (Bottom) 

Compared to shams, significant increases in branch length/cell and branch points/cell were 

observed in the ipsilateral side of the MC. *p<0.05. Data represented as Mean ± SEM. 
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decreasing in the contralateral and ipsilateral sides of the cCCI group compared to their sham 

counterparts (F (2, 11) = 6.799, p=0.01). Decreased IBA-1 expression (fluorescent intensity) was 

observed in both the contralateral and ipsilateral sides of the CA2 sub-region in cCCI animals 

compared to the sham group (F (2, 12) = 11.09, p=0.001). Decreases in IBA-1+ microglia were 

observed in the contralateral side of the DG in cCCI animals compared to shams (F (2, 12) = 5.130, 

p=0.02). In the CA2 sub-region, count per area was significantly decreased in the contralateral and 

ipsilateral sides of the cCCI group compared to shams (F (2, 12) = 9.015, p=0.004). This same 

trend was observed in the CA3, with the count per area in the contralateral and ipsilateral sides of 

the injured sub-region in cCCI animals significantly decreased compared to shams (F (2, 12) = 

17.55, p=0.0003) (Fig. 44).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 43. Microglia activation in the CA2 and CA3 is presented as a decrease in IBA-1 

expression seven days following cCCI. Images taken at 20x magnification in the CA2 and 

CA3 sub-regions of the hippocampus show decreased fluorescent intensity of IBA-1.  
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4.3.1.0 Limited changes in microglia morphology were found in the hippocampus seven days 

following injury  

When observing branch points/cell, a significant difference was found within the CA2 

(Welch’s ANOVA test p=0.007), with post hoc tests indicating a significant increase in branch 

points/cell on the contralateral side of the CA2 compared to the CA2 of the sham group (p=0.007), 

with a significant increase also observed within the ipsilateral side of the CA2 compared to the 

CA2 of the sham group (p=0.02). No significant changes were observed in any other sub-region 

for branch points/cell, and no significant differences were found within the hippocampus for 

branch length/cell (Fig. 45).  
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Figure 44. Significant decreases in IBA-1+ microglia and their expression of IBA-1 were found 

in the hippocampus seven days following injury. Compared to shams, a significant decrease in 

area fraction was notable in the contralateral and ipsilateral sides of the CA2 and CA3 in the cCCI 

group. A significant decrease in count per area was discovered in the contralateral side of the DG 

compared to shams, and both the contralateral and ipsilateral sides of the CA2 and CA3 in cCCI 

animals compared to their sham counterparts. *p<0.05. **p<0.01. ***p<0.001. Data represented as 

Mean ± SEM. 
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4.3.1.1 Decreases in the levels of NLRP3 were notable in the cortex of animals following injury 

 Increased NLRP3 production has been associated with activation following injury, 

contributing to the pro-inflammatory response. With the overwhelming evidence of microglia 

activation within the MC, SC, and hippocampus seven days following injury, further exploration 

into the microglia-induced molecular changes that contribute to neuroinflammation were 

examined. A one-way ANOVA indicated significant differences in the number of NLRP3+ 

molecules (count per area) in the SC (F (2, 12) = 12.48, p=0.001). Furthermore, there was a 

significant decrease in NLRP3 count per area in the contralateral side of the SC compared to the 

SC of the sham group (p=0.0004) and a significant decrease in the ipsilateral side compared to 

shams (p=0.005). No significant difference in the fluorescent intensity of NLRP3 was observed 

within the SC (Fig. 46).  

 

 

 

 

 

 

 

 

Figure 45. Limited changes in microglia morphology were observed in the hippocampus 

seven days following injury. Compared to the sham group, significant decreases in branch 

points/cell were observed in the contralateral CA2. No significant changes in branch length/cell 

were observed in the hippocampus. *p<0.05. Data represented as Mean ± SEM. 
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In the MC, a one-way ANOVA indicated significant changes in NLRP3 production (F (2, 

11) = 7.393, p=0.009), with post hoc multiple comparison tests showing a significant decrease in 

count per area in the contralateral side of the MC compared to the MC of the shams (p=0.009). A 

significant decrease in count per area on the contralateral side of the MC in the cCCI group 

compared to the ipsilateral side (p=0.02) was also observed.  Changes in NLRP3 expression 

(fluorescent intensity) were also found to be significant in the MC (F (2, 12) = 5.229, p=0.02). 

More specifically, a significant decrease in the fluorescent intensity of NLRP3 was found within 

Figure 46. Decreases in NLRP3 levels were seen in the SC seven days following cCCI. 

(Top) Representative images taken at 20x magnification show notable decreases in NLRP3 

in cCCI animals compared to shams. (Bottom). Significant decreases in count per area were 

observed in the contralateral and ipsilateral sides of the SC compared to the SC in the sham 

group. **p<0.01 ***p<0.001.  Data represented as Mean ± SEM. 
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the contralateral side of the MC in the cCCI group compared to the MC of shams (p=0.02) (Fig. 

47).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
4.3.1.2 NLRP3 expression was decreased in the hippocampus seven days following cCCI  

Significant changes in fluorescent intensity were observed in the DG (F (2, 12) = 4.463, 

p=0.03). More specifically, a significant decrease in fluorescent intensity of NLRP3 was found in 

the contralateral side of the DG compared to the DG of the sham group (p=0.02). Within the CA3, 

significant changes were also found (F (2, 11) = 19.89, p=0.002), with multiple comparisons 

indicating a substantial decrease in fluorescent intensity on the contralateral side of the CA3 

compared to the sham group (p=0.001), as well as the ipsilateral side compared to the sham group 

(p=0.0003) (Fig 48). 
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Figure 47. Decreased expression of NLRP3 was found within the MC seven days 

following impact. Significant decreases in count per area of NLRP3 were observed in the 

contralateral side of the MC compared to the ipsilateral side. This decrease in the contralateral 

side of the MC was also observed compared to shams. A decrease in fluorescent intensity of 

NLRP3 was also observed in the contralateral side of the MC compared to shams. *p<0.05, 

**p<0.01. Data represented as Mean ± SEM. 
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4.4 Discussion 

This study utilizes a closed-head, closed-skull model of concussion in the adult rat using a 

CCI device (cCCI), consistent with “mild” injury manifestations, as it does not produce skull 

fracture. Still, it does create delays in righting time.271,276 Understanding the spatial and temporal 

response of microglia following this injury mechanism was made by comparing the microglia 

response three- and seven-days following cCCI in both the ipsilateral (side of injury) and the 

contralateral (opposite side of injury) regions. 

 The right primary somatosensory cortex was where the injury was sustained, with other 

regions of interest including the MC and the hippocampus. Our results observed a transient profile 

in microglia activation in these regions. Previous research has shown microglia playing an active 

role in the neuroinflammatory response following CCI, with an increase in microglia found within 

the injured brain within the acute stages.277–279 While these have been crucial to advancing TBI 

research, our innovative use of the closed-head model is distinct from other preclinical models that 

utilize an “open-head” model involving a craniotomy. The traditional uses of CCI differ from the 

clinical condition where the injury occurs in a closed system. When observing the IHC results of 

the present study three days following injury, our results indicated an increase in IBA-1 expression 
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Figure 48.  Decreases in NLRP3 expression were observed in the hippocampus following 

cCCI. A significant decrease in fluorescent intensity is observed in the contralateral side of the 

DG compared to the DG of shams. Additionally, a significant decrease in fluorescent intensity 

is observed in the contralateral and ipsilateral sides of the CA3 compared to the CA3 of the 

sham animals. *p<0.05. **p<0.01. ***p<0.001. Data represented as Mean ± SEM. 
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and an increase in the amount of IBA-1+ microglia within the contralateral side of the SC 

compared to the SC of the sham group. These results are consistent with changes in the cortex of 

open-head CCI models within the acute stages, which may lead to conclusions on repeatability, 

and consistency in parameters for severity, yet spatial heterogeneity may vary in open-head vs. 

closed-head models, which is why advancing these studies are warranted.   

While no significant changes were indicated in the mean area/cell within the SC and MC 

three days post-impact, quantifying the morphological changes of microglia following cCCI to 

advance the understanding of the phenotypic changes that are taking place within the injured brain 

was completed. No significant changes in microglia morphology were found within the SC. Still, 

an increase in branch length/cell and branch points/cell on the ipsilateral side of the MC was 

observed when compared to the MC of the sham group. This is interesting as significant changes 

in overall IBA-1 expression (area fraction, count per area, and fluorescent intensity) were observed 

within the contralateral side of the SC compared to shams, with no significance found within the 

ipsilateral side. This indicates unique transhemispheric changes taking place following impact. In 

what is also known as diaschisis,280,281 anatomical and functional alterations develop in initially 

undamaged regions. In a study by Le Prieult et al., following an open-head model of CCI, up to 

four days following injury, impairments in Gamma-aminobutyric acid (GABA)ergic transmission 

and neuronal hyperactivity were observed in the contralateral somatosensory cortex, and microglia 

in response to cellular debris were restricted to the area of injury.282 The researchers of this study 

attributed neuronal activity in the contralateral side to an adapting mechanism to compensate for 

the functional loss of neuronal activity within the ipsilateral side of the brain. In the present study, 

increases in IBA-1 expression and IBA-1+ microglia within the contralateral side of the brain 

could be linked to a transient response to microglia interacting with neurons to compensate and 

stabilize the disrupted brain functions. While the experimental design of Le Prieult and colleagues’ 

study varied from ours, their results and theories may explain why microglia alterations in distant 

regions of the brain of the current study are present. As the intrinsic and extrinsic properties of 

microglia and neurons are interconnected to respond to injury, future studies that explore changes 

in neuronal dysfunction following cCCI and how microglia functional states are altered as neural 

activity changes, can aid in supporting studies of the contralateral side of the brain compensating 

for disrupted brain functions following injury.  
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With microglia showing an increase in branch points/cell and branch length/cell, microglia 

within the ipsilateral MC could be undergoing a stress/primed morphology, meaning they are 

hyper-ramified with longer processes.283–285 Stress/primed microglia are known to function in a 

pro-inflammatory state, with increased reactivity to immune challenges such as an excess release 

of pro-inflammatory cytokines like IL-1β, IL-6, and TNF-α from neighboring cells.284,285 Studies 

have indicated that microglia undergo this “primed” phenotypic change acutely following TBI. 

Still, the studies researching this morphology have focused on severe TBIs caused by a penetrating 

injury or within the aging brain, showing the importance and innovation of the present study in 

finding changes following a concussive-like injury.  

Within the hippocampus, similar shifts in levels of IBA-1 expression were also observed 

three days following injury. There was an increase in area fraction and fluorescence intensity 

within the contralateral side of the CA2 sub-region compared to the sham group. No significant 

differences were found for any parameter when comparing the ipsilateral side of the hippocampus 

to the sham group. Again, this may be due to microglia becoming activated in response to neuronal 

activity, with microglia compensating in this region to stabilize altered brain function due to injury.  

Furthermore, closed-head injury studies have indicated changes in IBA-1 expression as 

early as four hours, returning to baseline three days following injury.286 This shows the unique 

transient and heterogeneous response of microglia following impact TBI as microglia may be 

trying to return to baseline within the ipsilateral side, with a delayed response shown on the 

contralateral side as dysfunction persists. While levels of IBA-1 expression were found to be 

increased on the contralateral side of the hippocampus, changes in branch points/cell were 

increased on both the ipsilateral and contralateral side of the CA2 and CA3 sub-regions compared 

to these same sub-regions in the sham group. While branch points/cell was significantly increased, 

no changes in branch length/cell or alterations in cell body size were found within any 

hippocampus sub-region. A study by Hinwood et al. observed changes in microglia morphology 

following stress within the prefrontal cortex, revealing that stress increased the internal complexity 

of microglia.  They saw enhanced ramification (increased branching) without altering the overall 

area occupied by the cell (cell body perimeter) or the length of the branches. Their results indicated 

that this specific morphology was not associated with increased pro-inflammatory cytokines, 

instead, this phenotypic change was markedly different from those traditionally observed 

following injury. The unique morphology they observed was associated with an upregulation in 
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β1-integrin (CD29), a protein involved in the ramification of microglia, most often upregulated in 

neurodegenerative diseases.287,288 Similarities in morphology were notable in the present study, 

meaning that microglia display a unique type of “hyper-ramification in the hippocampus at the 

acute stages.  A study by Kim et al. indicated that cultured microglia activated by LPS showed 

proliferation and morphological changes dependent on β1-integrin signaling in response to neuron-

released α-synuclein,289 with evidence showing that α-synuclein regulates neurotransmitter release 

and the interaction and assembly of synaptic vesicles.290,291 

Moreover, a study by Luna et al. indicated that differential α-synuclein expression within 

CA2 and CA3 neuron subpopulations contributes to hippocampal vulnerability to injury.292 The 

evidence from these studies may show a unique and specific microglia-mediated inflammatory 

cascade dependent on β1-integrin signaling. With microglia morphologies displaying functional 

changes like microglia that increase their β1-integrin signaling, this remarkable secondary injury 

cascade may be present in the hippocampus in the acute stages of impact injury. Future studies 

that explore α-synuclein in neurons and its relationship to up- or downregulation of β1-integrin 

expression in microglia following cCCI are needed to advance the understanding of this specific 

pathway. 

An opposite shift in the levels of IBA-1 expression and the amount of microglia within the 

cortex was observed seven days following injury. Increases in IBA-1 expression were observed in 

the SC and MC of the cCCI animals compared to shams. Still, an overall decrease in the number 

of microglia cells was present within these regions. Results from Jamnia et al., who’ve utilized the 

closed-head CCI model to study neuropathology of impact TBI, observed changes in microglia 

distribution and morphology and found no significant differences four or eight days following a 

single cCCI in the cortex, contrasting with the presence of microglia activation observed in the 

present study. This could be due to variation in experimental design, such as differing injury 

parameters that may increase or decrease injury severity, or the fact that the contralateral and 

ipsilateral sides of the cortex were not delineated in the comparative study, which may dilute 

changes present in subacute microglia responses. Furthermore, significant changes in microglia 

morphology as quantified through skeleton analysis were found within the cortex seven days 

following injury, which was found to be negligible in the compared study.64 In the SC, an increase 

in branch points/cell was observed within the ipsilateral side compared to the contralateral side, 

yet no significant differences were found for branch length/cell. Whereas in the MC, a substantial 
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increase in branch length/cell and branch points/cell was found in the ipsilateral side of the MC 

compared to the MC of the sham group. With significant increases in area/cell, branch length/cell, 

and branch points/cell in the ipsilateral MC of the cCCI animals, microglia could be undergoing a 

dystrophic “bushy” morphology associated with microglia degeneration, with decreased 

surveillance and phagocytosis (anti-inflammatory).  

Within the hippocampus, significant decreases in the number of microglia cells and IBA-

1 expression were present in the DG, CA2, and CA3 sub-regions of the hippocampus. The 

hippocampus is quite susceptible to injury, as explained in section 3.4, with previous literature 

even demonstrating that the DG, CA2 and CA3 regions are particularly vulnerable to impact TBI 

because of increased neuronal loss, driving microglia activation.59,293–295 Likewise, microglia 

depletion has also been linked to attenuating dendritic spine loss and neuronal apoptosis296 which 

could explain why microglia depletion was observed in the DG, CA2, and CA3 of the present 

study. Moreover, other explanations for decreases in microglia and IBA-1 expression within the 

hippocampus could be attributed to apoptosis, or microglia proliferating in other areas to maintain 

homeostatic function in response to impact. Future studies investigating neuronal dysfunction 

through dendritic and synapse loss that can drive microglia pathology are warranted to further 

explore hippocampal vulnerability in cCCI. Investigating specific markers such as Caspase-3 and 

TUNNEL, and actin-related proteins such as coronins, will also contribute to discovering whether 

microglia are dying in response to injury and insight into their subacute motility and migration 

patterns. 

When quantifying morphological changes within the hippocampus, a significant decrease 

in the number of branch points was found within the contralateral side of the CA2 compared to the 

sham group. Still, no other changes were noted, such as an increase or decrease in cell body size 

or branch length/cell. While a unique morphological change was present within the hippocampus 

three days following injury, more studies are needed to understand what functional changes, if 

any, are taking place in the hippocampus at seven days as decreases in branching were the only 

changes observed.  

Levels of NLRP3 are a way to understand microglia activation on a molecular level by 

acknowledging whether there is a dominant presence of pro or anti-inflammatory microglia within 

regions of interest. Within the SC and MC, a significant decrease in NLRP3 protein levels was 

found in the contralateral and ipsilateral regions compared to the cortices of the sham group. It is 
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logical that a reduction of NLRP3 would be present in the cortex as morphological analysis 

indicated a dominant presence of dystrophic microglia, which are known to exhibit anti-

inflammatory functions.  

Within the hippocampus, no significant changes were found when quantifying the amount 

of NLRP3+ molecules, but significant decreases in fluorescent intensity were observed. As a 

unique microglia-mediated inflammatory pathway may be present, driven by α-synuclein and β1-

integrin signaling, NLRP3 activation may not be a driving factor within this injury cascade. This 

could explain decreases in its expression and negligible changes in the number of NLRP3 in the 

hippocampus. Furthermore, if microglia apoptosis occurs, this may also explain decreases in 

NLRP3 expression. 

This study successfully provided insight into acute and sub-acute microglia-induced 

inflammation in a closed head model of CCI. Responses in the ipsilateral and contralateral sides 

of the regions of interest exhibited unique transhemispheric changes following impact trauma that 

needs to be studied further. In this case, the results revealed that while one side of the head is 

subjected to impact, dysfunction occurs in various brain regions regardless of distance to the area 

of impact. This could be due to impact loading subjecting forces onto the skull and brain that lead 

to a more diffuse injury, evidence that has been supported in mild impact injuries.297 Likewise, 

damage to neuronal projections that span across regions in the brain could influence microglia 

responses. Biomechanical studies investigating stress and strain on the skull and brain tissue are 

necessary to understand their relationship to inducing specific injury cascades and signaling 

pathways. 

One limitation of this study is that, because the injury model is a closed head one, there is 

no exposure of the skull to locate the bregma and pinpoint the impact area. While most CCI injuries 

are open head, or even in Jamnia et al., where the skull is exposed first, the researcher can locate 

the skull's sutures, injuring the animal in the specified stereotaxic coordinates. Unfortunately, in a 

properly closed head injury model, it is more challenging to locate bregma, which could introduce 

variability in the study's outcomes. A skull template was used to mark the injury site in the 

specified coordinates. This template was a skull previously extracted from one of the test rats, and 

a hole was drilled into the parietal bone (somatosensory cortex region of the brain), allowing for a 

mark on the top of the head of each animal. This approach concerns ensuring that the skull template 

is placed precisely over bregma each time. While this limitation is present, three- and seven-day 
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studies have indicated consistent changes taking place in the regions of impact, adding confidence 

that the results are reproducible. 

 For the first time, this work has demonstrated the specific, unique roles that microglia 

display within a closed-head model of CCI within adult rats, with increasing evidence of specific 

biochemical responses and pathways that are mediated by microglia in response to impact trauma. 

The results from this study are imperative in understanding the underlying mechanisms that 

contribute to adverse TBI outcomes and generating relevant data that can aid in improving 

diagnostic tools, rehabilitation, and therapeutic interventions for TBI patients.  
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Chapter 5: Isolated Microglia Exhibit Unique Transcriptional 

Changes Following Traumatic Brain Injury 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Images and text from the introduction and materials/methods sections are adapted, in part, from: 

Dickerson, M., Guilhaume-Corrêa, F., Strickler, J., VandeVord, P.J., 2022. Age-relevant in vitro 

models may lead to improved translational research for traumatic brain injury. Current Opinion in 

Biomedical Engineering 22, 100391. https://doi.org/10.1016/j.cobme.2022.100391 
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5.1 Introduction 

Microglia play an essential role in neuropathology following TBI. Through their activation 

following the primary insult, they are crucial in repairing and remodeling the injured brain but also 

undergo functional changes that lead to neurotoxicity. Thus, highlighting the specific contributions 

of microglia following TBI is imperative. Traditionally, to study microglia-specific activation 

following TBI, in vitro models involving either primary microglia isolated from neonatal rodents 

or microglial cell lines have been utilized.149,298–302 While in vitro work is crucial in elucidating 

the role of microglia activation through its molecular pathways, many single-cell microglia models 

lack the cell-to-cell interactions seen within the CNS microenvironment that may influence 

microglia activation following injury or disease. Furthermore, there are no in vitro methods 

available that recapitulate all the characteristics of adult homeostatic microglia following TBI. In 

vivo analysis allows for the non-autonomous responses of microglia to be investigated, but it has 

proven difficult to study microglia-specific contributions to injury due to the inability to 

distinguish microglial genetic patterns from other CNS populations.303 Magnetic activated cell 

sorting (MACS) has come to the forefront as a technique that can isolate individual cellular 

populations within the CNS, enabling an enrichment of single cell populations across 

development, into late adulthood.304,305 Isolating microglia populations using MACS also builds 

upon in vitro work, allowing for microglia-specific responses that mediate neuroinflammation to 

be studied in vivo, encompassing the homeostatic functions or lack thereof of adult microglia 

following TBI.  

Studying microglia's intrinsic and extrinsic factors has led to comprehending the 

immunophenotypic changes and functions that microglia sustain (pro vs. anti-inflammatory) that 

occur in response to injury. These changes include the release of cytokines (such as IL-1β), 

activation states that lead to phagocytosis, and their ability to activate and recruit other cells to 

injured areas of the brain.19,306–308 As mentioned in Chapter 3, studies have discovered that one of 

the critical drivers of the microglia-mediated pro-inflammatory response following injury is the 

NLRP3 inflammasome. In brain injury, DAMPs and PAMPs such as ATP and high amounts of 

extracellular potassium are released from dysfunctional or dying cells, which are recognized by 

the NOD or Toll-like receptor. The trigger response from DAMPs or PAMPs then activates the 

complex that involves NLRP3, ASC, and caspase 1, cleaving IL-1β into its active form and rapidly 

releasing it from the cell (Fig. 8). Additionally, markers such as cyclooxygenase-2 (COX-2) and 
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CD206 have been traditionally used to indicate microglia activation, as expression has shown to 

peak three days following injury, persisting into the sub-acute stages.309–311  Increased expression 

of COX-2 from microglia has been linked to unique inflammatory pathways, as they interact with 

neuronal synapses.312 As phenotypic changes in microglia following both blast and impact-induced 

TBI have indicated that microglia displaying a “rod-like” phenotype interact with dysfunctional 

neurons, especially in the cortex within the acute stages of injury, it is imperative to understand if 

microglia-specific COX-2 expression may accompany these phenotypic changes. Finally, CD206 

plays a critical role in the injury response as CD206 is the first step to recognizing pathogens, 

influencing phagocytosis within microglia.313 Microglia who display amoeboid and rod-like 

morphologies also function in highly phagocytic states,129,227,314 thus, it is important to understand 

the relationship between morphological states of microglia and their expression patterns of 

markers related to their activation. 

While research has supported NLRP3 in microglia pro-inflammatory responses, and COX-

2 and CD206 as markers of activation, understanding microglia patterns in response to TBI still 

prove challenging. Historically, studying these expression patterns utilizes in vitro models that 

have presented with its disadvantages,315–319 and traditional methods of in vivo analysis utilize 

tissue homogenates that capture all cell types, which can complicate investigating microglia-

specific contributions. This is because other CNS subpopulations such as neurons and astrocytes 

also express NLRP3, COX-2, and even CD206 under specific physiological conditions following 

TBI.320–325 Utilizing MACS to combat these challenges, will allow for robust in vivo analysis of 

microglia-specific patterns, and their temporal changes, leading to increases in understanding the 

underlying mechanisms that influence neuropathology following TBI.   

To date, no studies have used MACS to extract pure microglia from the adult rodent brain 

for various downstream applications following blast or impact TBI. Understanding this response 

will provide critical information on microglia-specific changes of markers involved in diverse 

activations states of microglia such as NLRP3 and its effect on IL-1β production, COX2, and 

CD206 following TBI.   
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5.2. Methods 

5.2.1. Animal Procedures and Blast Injury 

The Virginia Tech Institutional Animal Care and Use Committee (IACUC) approved the 

experimental protocols described herein. Before any experimentation, 8-week-old male Sprague 

Dawley rats (Envigo, Dublin, VA, USA) (250-300g) were acclimated for several days (12 h 

light/dark cycle) with food and water provided ad libitum. 

The blast wave was generated using a custom ABS (Fig, 10) as described previously in 

section 3.2.1. Before blast exposure, animals were anesthetized with 5% isoflurane and placed in 

the ABS where each animal was supported in the prone position facing the oncoming shock front 

using a mesh sling. Animals were exposed to three static overpressure insults separated by one 

hour each (3x1h; n = 6). A sham group (n = 6) received the same procedures except for the blast 

insults. All animals were observed through the recovery stages of injury and anesthesia. 

 

5.2.2 Closed-Head Injury Model 

An impactor device was used to induce a mild closed head injury in rats (n = 6) with the 

right somatosensory cortex as the impact site, as described previously in section 4.2.1. Righting 

reflex was recorded, and animals were observed through injury and anesthesia recovery stages. 

Sham animals received the same procedures except for the impact (n=6).  

 

5.2.3. Isolating Microglia through Magnetic Bead Cell Separation (Fig 49). 

The following protocol was adapted from Holt et al.304 Three- or seven-days following 

repeated blast exposure or cCCI, animals were euthanized using CO2 and decapitated. The right 

cerebral cortex was micro-dissected, and meninges were removed in dissociation media (200 nM 

glucose, 500 µL of anti-anti, Earl’s Minimal Essential Media) bubbled with 95% oxygen: 5% 

Carbon Dioxide. Following cortical isolation, the tissue was minced into 1 mm3 pieces and was 

dissociated using Worthington’s Papain Dissociation Kit (Worthington Biochemical, Lakewood, 

NJ). This included releasing the settled mince tissue into the Papain/DNase solution, which was 

then incubated in a hot water bath at 37oC for fifteen minutes. Tissue was subsequently titrated 

into a single cell suspension and then centrifuged at 300xg for three minutes at room temperature. 

The supernatant was discarded, and the cell pellet was carefully suspended in resuspension media, 
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which included Earle’s Balanced Salt Solution (EBSS, Worthington Biochemical, Lakewood, NJ) 

and albumin-ovomucoid (Worthington Biochemical, Lakewood, NJ). Once resuspended, the 

homogenous solution was carefully layered onto the albumin density gradient and centrifuged. The 

supernatant was discarded, and the pelleted cells were resuspended in 10 mL of 0.5% BSA. The 

solution was then filtered using a 70 um BD falcon filter to remove any non-dissociated tissue. 

Once dissociated, 500uL of the filtered solution was taken out as “whole tissue fraction” 

to be used for qPCR to check for cell purity. This solution was then centrifuged at 300xg for three 

minutes at 4oC. The supernatant was discarded, and the cell pellet was stored at -80oC for future 

use. The remaining solution to isolate microglia were centrifuged at 300xg for three minutes at 

4oC. The supernatant was discarded, and the pellet was immediately resuspended in 250 µL of 

0.5% BSA. 30 µL of Myelin microbeads were added to the resuspended solution, and cells were 

incubated for 10 minutes at 4oC, gently mixing the solution every two minutes. Cells were washed 

with 1 mL of 0.5% BSA and centrifuged at 300xg for 3 minutes to remove unbound beads from 

the pellet. The pellet was resuspended in 500 uL of BSA and applied directly onto a prepped LS 

column fitted into a MACS Midi magnetic cell separator (Mitenyi Biotec, Gaithersburg, MD). The 

column was washed twice with 3 mL of BSA, and the flow-through was collected in a 15 mL 

conical tube. The flow-through containing the microglia, astrocyte, and neuron populations was 

centrifuged at 300g for 3 minutes, and the supernatant was discarded. 30 µL of Anti-CD11b+ 

microbeads were then added to the resuspended solution, and cells were incubated for 15 minutes 

at 4oC, gently mixing the solution every 2 minutes. After 15 minutes, cells were washed with 1 

mL of 0.5% BSA and centrifuged at 300xg for 3 minutes to remove unbound beads from the pellet. 

The pellet was resuspended in 500 uL of BSA and applied directly onto a prepped LS column 

fitted into the MACS Midi magnetic cell separator. The column was again washed two times with 

3 mL to allow unlabeled cells to be discarded with the flow-through. The column was removed 

from the magnetic field and placed in a collection tube (15 mL tube). The target population 

(Cd11b+ microglia) was collected by adding 5 mL of BSA to the plunger and pushing the supplied 

plunger to allow the cells within the column (microglia fraction) to be collected into the tube. The 

solution was centrifuged for 3 min at 300g, and the supernatant was discarded. The remaining 

pellet, including the microglia fraction, was stored at -80C until further use.  
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5.2.4. RNA Isolation and Quantitative Reverse-Transcriptase Polymerase Chain Reaction (qPCR)  

Quantitative PCR was used to optimize and measure gene expression from the isolated 

microglia populations. Total RNA was extracted using Trizol (Invitrogen, Carlsbad, CA) and the 

Purelink RNA MiniLink Kit (Invitrogen, Carlsbad, CA) following the manufacturer's protocol. 

RNA concentration and purity were determined using the Nanodrop (Thermofisher Scientific, 

Waltham, MA), which gave ultraviolet measurements at 260 nm and 280 nm. Reverse transcriptase 

was used to convert mRNA to a cDNA template using the iScript Reverse Transcription Supermix 

Kit (Biorad, Hercules, CA). The reaction mixture was then placed in the thermocycler to incubate 

and complete the reaction (Table 2).  

A purity check using qPCR was performed to confirm that the isolated cells were pure 

microglia. The process includes normalizing a mixed cellular population (whole tissue fraction) to 

examine the enrichment or depletion of microglia. The following specific cell type markers were 

used to check for this enrichment: ITGAM (microglia), GFAP (astrocytes), RBFOX3 (neurons), 

and MBP (oligodendrocytes). Glyceraldehyde-3 phosphate dehydrogenase (GAPDH) was used as 

an endogenous control for the normalization of RNA quantity. The PCR reaction was performed 

with an Applied Biosystems QuantStudio 3 Real-Time PCR System (Thermofisher Scientific, 

Waltham, MA) with fold changes in gene expression relative to the whole tissue fraction assessed 

using the ΔΔCT method. Following the purity check, qPCR was again used to measure pure 

microglia gene expression patterns of NLRP3, IL-1β, COX-2, and CD206. Fold changes in gene 

Figure 49. Magnetic-activated cell sorting for isolating brain cells from the adult rodent 

brain. First, the rodent brain is extracted and undergoes tissue dissociation. Cell-specific 

antibodies are tagged to allow for the separation and collection of targeted cells through a column 

placed on a powerful magnetic field, retaining the labeled cells.  

 
Table 2. Iscript Reverse Transcription Supermix Thermocycler Reaction Protocol.Figure 49. 
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expression relative to GAPDH were analyzed using the ΔΔCT method, with and then normalized 

to respective shams. All primers used are listed in Table 3.  

Priming 5 min at 25oC 

Reverse Transcription 20 min at 46oC 

RT inactivation 1 min at 95oC 

 

Primer Gene ID 

ITGAM Rn0070342_m1 

GFAP             Rn0056603_m1 

RBFOX3 Rn01464214_m1 

MBP Rn01399619_m1 

NLRP3 Rn04244620_m1 

IL-1β Rn00580432_m1 

COX-2 Rn01483828_m1 

CD206 (MRC-1) Rn01487342_m1 

 

5.2.5. Statistical Analysis  

All statistical analyses were performed in GraphPad Prism version 9 (GraphPad Software, 

La Jolla, CA) as previously described in section 3.2.5. All gene expression data were then 

normalized to respective shams. All data is represented as the mean ± standard error of the mean, 

or SEM.  

 

 

 

Table 3. Name and Gene ID of all Taqman Primers Used for qPCR. All primers were 

purchased through Thermofisher Scientific.  

 
Table 4. Blast Wave CharacteristicsTable 3. Name and Gene ID of all Taqman Primers Used 

for qPCR. All primers were purchased through Thermofisher Scientific.  

Table 2. Iscript Reverse Transcription Supermix Thermocycler Reaction Protocol. The 

protocol converts the RNA to DNA, amplifying the DNA.  

 

 
Table 3. Name and Gene ID of all Taqman Primers Used for qPCR.Table 2. Iscript Reverse 

Transcription Supermix Thermocycler Reaction Protocol. The protocol converts the RNA to 

DNA, amplifying the DNA.  
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5.3 Results 

5.3.1 Blast Event and Animal Recovery  

Blast animals (n = 6) were exposed to three blast events separated by one hour each, with 

blast wave characteristics described in Table 4. Following exposures, no apparent signs of injury 

were discernable. Over the three- and seven-day period, there was no significant difference in 

weights observed in the blast group compared to the sham group. 

 

Time Point Peak Pressure 

(psi) 

Duration (ms) Impulse (psi*ms) Rise time (ms) 

3 days 17.48 ± 0.37 

 

2.18 ± 0.04 14.42 ± 0.32 

 

0.05 ± 0.02 

 7 days 16.52 ± 2.12 

 

2.12 ± 0.21 

 

13.34 ± 1.69 

 

0.02 ± 0.002 

 

5.3.2 Animal Recovery following cCCI 

Following cCCI, no apparent signs of injury were discernable. Animals subjected to cCCI 

showed significant delays in righting time compared to the sham groups (Fig. 50). Over the three- 

and seven-day periods, no significant differences in weights were observed when comparing the 

cCCI groups to their respective sham groups.  

 

 

 

 

 

 

 

 

 

Table 4. Blast Wave Characteristics. Male Sprague Dawley rats were subjected to three blast insults 

separated by 1 hour each. The average peak pressure was ~17 psi, with sham animals receiving the 

same procedures except for the blast insult. 

 
Figure 50. Observing injury recovery through righting reflex.Table 4. Blast Wave 

Characteristics. Male Sprague Dawley rats were subjected to three blast insults separated by 1 hour 

each. The average peak pressure was ~17 psi, with sham animals receiving the same procedures except 

for the blast insult. 
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5.3.3 Isolation of microglia populations following MACS shows enrichment  

Cell purity was confirmed via qPCR by evaluating cell-type-specific gene expression. In 

both the blast and impact groups, an enrichment of CD11b+ microglia were observed. When 

normalized to the whole tissue fraction, low levels of expression of the astrocytic gene GFAP, 

oligodendrocyte gene MBP, and neuronal gene RBFOX3 were found post-magnetic sorting (Fig. 

51).  A small amount of myelin contamination (6%) is present in the isolated microglia of the 

impact group.  

                   

 

 

 

 

 

 

 

 

 

Figure 50. Observing injury recovery through righting reflex.  In both the three and seven 

day impact groups, animals that received a cCCI showed significant delays in righting time 

compared to the sham group. **p<0.01, ****p<0.0001. Data represented as Mean ± SEM. 

 

Sham cCCI

0

200

400

600

800
T

im
e
 t

o
 r

ig
h

t 
(s

)
✱✱

Sham cCCI 

0

100

200

300

400

T
im

e
 t

o
 r

ig
h

t 
(s

)

✱✱✱✱

3 day Impact Study 

 

3 day Impact Study

7 day Impact Study 

 



89 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

5.3.4 Limited changes in gene expression patterns of microglia were observed three days following 

repeated blast exposure  

Understanding microglia-specific gene expression patterns may further interpret the 

transient inflammatory response following repeated blast exposure. To investigate this role, 

mRNA expression levels of NLRP3, IL-1β, COX2, and CD206 were measured using qPCR, with 

all genes normalized to the reference gene GAPDH to explore fold expression. A significant 

increase in gene expression of COX2, a marker commonly upregulated in activated microglia in 

injury and diseased conditions, was observed in blast animals compared to shams (p=0.03). No 

significant changes in gene expression were found for NLRP3, IL-1β, and CD206 (Fig. 52).  

 

 

 

 

 

 

 

 

 

Figure 51. Microglia purity was achieved following MACS cell isolation. Quantitative PCR of 

isolated microglia from adult rats indicates a significant enrichment in the expression of ITGAM, a 

microglia-specific marker, and low levels of astrocytes, oligodendrocytes, and neurons when 

normalized to whole tissue from the cortex. ****p<0.0001. Data represented as Mean ± SEM.  
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5.3.5 Altered gene expression within microglia was observed seven days following blast injury 

Seven days following injury, all genes presented an increase greater than two-fold in blast 

animals compared to shams. The increase in fold expression of CD206, a cell-surface marker 

expressed on microglia undergoing an anti-inflammatory phenotype, was found to be significant 

when comparing the blast group to shams (p=0.02). Trending increases in fold expression were 

Figure 52. Molecular changes in genes involved in microglial activation between the sham 

and blast groups were determined by qPCR analysis. A significant increase in the genetic 

expression of COX2 was observed in cortical microglia three days following repeated blast 

exposure. No significant changes were found for any other gene. *p<0.05.  Data represented as 

Mean ± SEM.   
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observed in the blast group for IL-1β (p=0.07) and COX2 (p=0.06). No significant changes in gene 

expression of NLRP3 were observed (Fig. 53). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

5.3.6 Transcriptional changes in isolated microglia showed activation three days following cCCI 

Microglia from the right cortex (side of impact) were isolated using MACS to investigate 

whether there were transcriptional changes within microglia, which may indicate acute activation 

following cCCI. A significant increase in mRNA expression of NLRP3 (p=0.04), COX2 

Figure 53. Increases in microglia-specific gene expression were observed seven days 

following blast injury. A significant increase in mRNA expression of CD206 was observed in 

the blast animals compared to shams. A trending increase in gene expression of IL-1β and COX2 

was indicated in blast animals compared to the sham group.  *p<0.05. Data represented as Mean 

± SEM. 
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(p=0.004), and CD206 was observed within cortical microglia in the cCCI group three days 

following injury. Trending increases in mRNA expression of IL-1β (p=0.08) in microglia were 

also observed in the cCCI animals compared to shams (Fig. 54).  
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Figure 54. Increases in microglia-specific gene expression were observed three days following 

cCCI. A significant increase in mRNA expression of NLRP3, COX2, and CD206 was observed in 

isolated cortical microglia in the cCCI animals compared to shams. A trending increase in gene 

expression of IL-1β was found in the cCCI group compared to shams.  *p<0.05, **p<0.01. Data 

represented as Mean ± SEM. 
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5.3.7 Transcriptional changes showed diverse activation states in isolated microglia seven days 

following cCCI 

Quantitative PCR analysis showed a significant increase in gene expression of NLRP3 

(p=0.002) and IL-1β (p=0.008) in isolated cortical microglia from cCCI animals compared to their 

sham counterparts. Significant increases in gene expression of COX2 (p=0.04) and CD206 

(p=0.01) were also observed in cortical microglia in cCCI animals compared to shams seven days 

following cCCI (Fig. 55).  
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Figure 55. Diverse transcriptional changes in cortical microglia were found seven days 

following cCCI. A significant increase in mRNA expression of NLRP3, Il-1β, COX2, and 

CD206 was observed in isolated cortical microglia in the cCCI animals compared to shams. 

*p<0.05, **p<0.01. Data represented as Mean ± SEM. 
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5.4 Discussion 

 The microglia-mediated inflammatory response following TBI is a vital secondary injury 

mechanism that can drive tissue plasticity or trauma-induced neurodegeneration.326–329 However, 

little is known about the diverse phenotypic changes that microglia undergo following injury and 

the molecular mechanisms that drive these changes. Investigating in vivo microglia-contributions 

to neuropathology through MACS can give substantial insights into injury progression. In the 

present study, microglia were isolated from the adult rat brain following both blast- and impact-

induced TBI, leading to a high enrichment of the cell populations (Fig. 51). This method is 

advantageous as it allowed data to be generated on microglia-specific patterns, without the 

influence of other CNS subpopulations that may also express the same markers in the injured 

microenvironment. This novel approach could be an innovative area for intervention design as 

understanding the transient response of microglia activation can lead to targeted-therapies to limit 

persisting inflammation. 

Genetic changes in NLRP3 activation triggered by physiological changes due to injury 

were analyzed to understand what drives microglia-mediated inflammation. NLRP3 is activated 

by extracellular signals that then activate the NF-ĸB pathway, and transcriptional changes in 

NLRP3 influence the oligomerization of the complex that includes NLRP3, ASC, and Caspase-1. 

Once the inflammasome complex is activated, IL-1β is primed and released from the cell, 

influencing pro-inflammatory responses triggered by microglia. Thus, identifying the temporal 

changes within microglia following TBI is an ideal way to understand microglia-specific activation 

on a molecular level. While increased, no significant transcriptional changes in mRNA levels of 

NLRP3 or IL-1β were present in isolated microglia from blast animals three days following 

repeated blast exposure. In contrast, a significant increase in genetic expression of NLRP3 was 

observed in isolated cortical microglia in the cCCI group compared to their shams counterparts 

three days following injury, with no significant increases in IL-1β observed. Seven days following 

repeated blast exposure, no significant increases in gene expression of NLRP3 and IL-1β were 

found within cortical microglia in the blast group compared to their shams. In contrast, a 

substantial increase in NLRP3 and IL-1β was observed in the cCCI group compared to the sham 

group. The results herein suggest that downstream signaling cascades that influence NLRP3-

mediated microglia activation are present following cCCI, which might be influenced by the 

specific primary insult, such as the rotational acceleration forces on the tissue that can influence 



95 

 

signaling pathways, as discussed in Chapter 4. Further studies are needed to provide evidence to 

support this claim, especially to understand injury-type-specific induction of secondary 

inflammatory pathways, as changes in NLRP3 were not observed in blast animals at three days. In 

regards to limited changes observed in IL-1β, reports have indicated that closed head injuries show 

a transient cytokine profile, with pro-inflammatory mediators upregulated early following TBI, 

returning to baseline at three days, and peaking again at seven days.167 With no significant 

transcriptional changes in IL-1β occurring in either injury modality three days post-injury, the 

results in the present study may also indicate cytokine levels returning to baseline, or there are 

other mediators and signaling pathways in part from NLRP3 that are influencing IL-1β expression 

at three days. Additionally, the results at seven days were in agreement with reports that cytokine 

levels peak at seven days, but within microglia specifically, this transient response may be specific 

to cCCI and not repeated blast exposure. Sustained release of cytokines and chemokines, as well 

as changes in other cells such as astrocyte reactivity, could contribute to IL-1β cytokine levels 

observed at these specific stages in other studies. Continuing to study the microglia-specific 

molecular changes that influence this pro-inflammatory response can include investigating ASC 

and Caspase-1 expression, which can provide additional evidence into the oligomerization needed 

to activate the inflammasome complex across injury modalities, producing IL-1β. Moreover, 

studying other cytokines that are produced and secreted through NLRP3 activation such as IL-18 

should be investigated for a more comprehensive analysis of NLRP3 signaling pathways within 

cortical microglia.  

A significant increase in the genetic expression of COX-2 was found within isolated 

cortical microglia in both the blast and cCCI animals compared to their sham counterparts three 

days following injury. Seven days following injury, upregulation of COX-2 continued to persist in 

the cCCI group. At the same time, a non-significant increase (p=0.06) was observed in blast 

animals compared to their sham counterparts. A two-day in vivo study by Shojo et al. assessed 

genetic and histological alterations in COX-2 following an open-head impact injury (FPI). They 

marked an increase in genetic expression of COX-2 that increased 3h and 12h following injury, 

with immunostaining indicating COX-2 expression co-localized with IBA-1 peaks at two days.330 

Data presented in the current study indicated that COX-2 expression within microglia continues 

up to seven days following impact injury, building upon their hypothesis of the dynamic temporal 

expression of COX-2. While their results are meaningful, their genetic alterations of COX-2 
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encompasses all cell types and not just microglia, which may influence observing the sensitive 

changes in COX-2 expression, which may have contributed to the negligible changes in mRNA 

levels of COX-2 after 12 hours. Isolating microglia for in vivo analysis indicated microglia-specific 

COX-2 expression continues to persist through the sub-acute stages, which is a crucial observation 

in elucidating secondary injury responses to neurotrauma. Other research models used traditional 

in vitro models to study microglia-specific changes in CNS injury, examining transcriptional 

changes in COX-2 expression as a form of microglia activation with these models using traditional 

in vitro methods to study microglia-specific changes.331–333 Results herein were able to build upon 

this work, showing transient changes in microglia-specific responses in vivo, which encompasses 

all factors within the CNS microenvironment that influence the malleability of the microglia 

response to injury.  

CD206 is expressed on tissue-derived macrophages and activated microglia, functioning 

to phagocytose cellular debris, which is vital for immune homeostasis. A study by Greenlagh and 

David suggested that the phagocytic response of microglia differs from peripheral macrophages, 

with microglia playing a significant role in the early response of CNS injury, with higher efficacy 

to process CNS debris than peripheral macrophages.334 This increased efficacy is vital in the 

neuroprotection of the injured brain, making it imperative to understand the temporal response of 

CD206 within microglia. The present study showed a significant increase in genetic expression of 

CD206 in cortical microglia of cCCI animals compared to shams both three and seven days 

following injury. In contrast, increases in CD206 expression were only observed in blast animals 

seven days following injury. This may suggest that CD206 expression within microglia can persist 

past 24 hours, but this may depend on the injury modality and the secondary cascades associated 

with them. A study by Sabirzhanov et al. indicated that upregulation of microRNAs following CCI 

enhanced neuronal cell death.335 Increased cell death can influence microglia that function in a 

phagocytic state, which could explain why upregulation of CD206 is present up to seven days in 

this closed-head CCI study. In addition, other studies have noted increases in phagocytic activity 

of microglia in relation to neuronal death and synaptic loss following CCI early on in the injury 

response that has persisted in the subacute stages.336–338 In contrast, neuronal dysfunction that 

influences myelin and dendritic debris following mild bTBI, have been commonly found starting 

up to five days following blast exposure,233,339 which may explain the delayed onset of phagocytic 

microglia in the cortex in the present study. This may also provide insight on the diverse role of 
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rod-like microglia, as observations discussed in Chapter 3 indicated rod-like microglia, who are 

known to have phagocytic properties, were present in the cortex at three days, yet up-regulation of 

CD206 was not present at three days. Future studies are necessary to continue to understand the 

functional roles of microglia who take on diverse activation states following blast injury. Overall, 

data from the present study, utilizing microglia-specific in vivo analysis, showed that transient 

responses of microglia may be specific to TBI-type.  

The work presented in this study provided an initial understanding of microglia-specific 

pathological responses within the cortex following TBI. MACS isolation techniques allow for in 

vivo analysis of microglia-specific transcriptional changes to CNS injury, a novel approach that to 

our knowledge, has not been studied following blast injury or cCCI. Isolation of cortical microglia 

suggests that diverse activation states of microglia are present within the cortex following TBI, 

which may be time-dependent and injury-type-specific. Future directions are needed to further 

explore this claim by analyzing transcriptional changes earlier on following both repeated blast 

exposure and cCCI (4h, 24h, 48h), as well as in the early chronic stages (< 7 days). Furthermore, 

identifying gene expression patterns within microglia in other brain regions, such as the 

hippocampus, amygdala, thalamus, etc., is also important and may provide more insight into the 

spatial heterogeneity of microglia following TBI. Future work should also explore other surface, 

intracellular, and released molecules within microglia such as TREM2, CCR2, and MMP-9 to 

expand on understanding the diverse subsets of microglia and their specific functions in 

neuroinflammation following TBI. Exploring transcriptional changes within microglia should also 

include proteomics to understand the differences in protein expression and how this expression 

varies in accordance with gene expression. Proteomics will also prove beneficial in contributing 

to a representative profile of the functional changes that are taking place within microglia 

following TBI. Overall, the presented study has provided an understanding of the diverse changes 

within microglia across time following TBI and the feasibility of MACS to evaluate microglia 

pathology within the adult rodent brain. Understanding the susceptibility of microglia in response 

to TBI is imperative in generating meaningful data that can contribute to developing to 

personalized treatments to mitigate inflammation following TBI.   
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Chapter 6: Evaluating Phenotypic Changes in Microglia Following 

Blast Plus Impact Traumatic Brain Injury 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



99 

 

6.1 Introduction 

Chronic clinical symptoms of bTBI are frequently reported, with increased records of 

disinhibition in Veterans returning home from active duty.340 Previous studies have linked blast-

induced changes in the dopaminergic system with novelty-seeking behaviors, which is a behavior 

closely resembling traits associated with disinhibition such as risk-taking behaviors, aggression, 

and impulsivity, which can also lead to maladaptive behaviors such as substance abuse.341–343 

Reports have also linked military personnel who have sustained a bTBI with “premature mortality” 

from what was known as “thrill-seeking behaviors”, with clinical research indicating a positive 

relationship between these behaviors and motor vehicle accidents, falls, and assault.343,344 A review 

by Bernstein et al. supports evidence of risk and thrill-seeking behaviors with subsequent accidents 

as twenty-two studies linked co-morbidities from TBI and post-traumatic stress disorder (PTSD) 

with increases in objective driving behaviors that led to hospitalization due to accidents.345 

Decreased life expectancy for Veterans experiencing disinhibition can be linked to a plethora of 

issues such as diabetes, cardiovascular problems, or substance abuse related deaths, in addition to 

accidents, but reports of an “injury frequent effect," can explain poor outcomes following thrill 

seeking behaviors. More specifically, people who experience recurrent TBI’s such as repeated 

blast exposure in combat, and then a subsequent TBI as a result from an accident or assault, may 

experience increased frequency and severity of clinical symptoms associated with TBI.346 While 

population based-samples have provided support to this theory, there is still a lack of research in 

understanding how the injury frequency effect works, especially in complex injuries sustained by 

Veterans such as the “blast plus” complex injuries.347 Moreover, to our knowledge, only one study 

has explored preclinical models to understand whether blast exposure increases susceptibility to a 

subsequent TBI, or if bTBI predisposes the brain to increased pathological outcomes following 

concussion (mild impact TBI).348 Overall, it is imperative to answer the fundamental questions 

regarding “blast plus impact” TBIs, such as neuropathology associated with these complex 

injuries.  

Evidence suggests that clinical manifestations of blast- or impact-induced TBI are similar, 

but biological outcomes that influence clinical symptoms may differ.349  Specific aim 1 explored 

the spatial and temporal response of microglia following both blast and impact TBI; showing that 

IBA-1 expression was significantly increased in the acute stages of injury (three days) but were 

decreased compared to sham animals at the subacute stages (seven days) in both blast and impact-
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related injuries. Furthermore, morphological changes and microglia-specific genomics indicated 

that pro-inflammatory and phagocytic cortical microglia are present in the acute and subacute 

stages following impact injury, with dystrophic, degenerating, and phagocytic microglia persisting 

in the subacute stages of blast-injured animals. With complex inflammatory cascades occurring 

that may be injury-type-specific, in-depth analysis of microglia responses to blast plus impact 

injuries are needed to understand functional changes when these two injury modes are combined.  

Injury frequency, such as repeated head impacts have been defined in sports-related 

environments, with repeated mild TBIs over an extended period leading to chronic traumatic 

encephalopathy (CTE).11,96 Neuropathology following repeated blast exposure has also been found 

to persist, in the chronic phases, yet studying blast plus impact TBIs have rarely been considered, 

despite increased reports of poor outcomes in Veterans who have sustained these injuries. As 

mentioned, there is only one preclinical study that has explored neurological and cognitive deficits 

following blast plus impact TBI. Because of this, further in-depth analysis of neuroinflammation 

following this injury still needs to be considered.  Exploring whether microglia activation states 

are more severe, or present differently in comparison to blast-only or impact-only injuries 

(Chapters 3 and 4) can provide insight to this complex injury as it relates to poor outcomes after 

the fact. This study aimed to develop a pre-clinical model to understand microglia contributions to 

pathological outcomes following blast plus impact trauma and whether repeated blast exposure 

predisposes the brain to more severe microglia-mediated outcomes once a subsequent impact TBI 

occurs.  

6.2 Materials and Methods 

6.2.1 Animal Procedures and Experimental Groups 

The study described was carried out in accordance with all experimental protocols 

approved by Virginia Tech’s University Institutional Animal Care and Use Committee. Prior to 

experimentation, male Sprague Dawley rats weighing approximately 250-275 g (Envigo, Dublin, 

VA, USA) were acclimated for several days (12 h light/dark cycle) with food and water provided 

ad libitum. All animals were randomly assigned to one of four groups: Sham only (n=10), blast 

only (n=7), impact only (n=10), blast+impact (n=11).  
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6.2.2 Blast + Impact Model (Fig. 56)  

The blast wave was generated using the custom ABS as previously described in section 

3.2.1. Prior to blast exposure, animals were anesthetized with 5% isoflurane and then placed in the 

ABS. Animals were exposed to three blasts (17.27 psi ± 0.19) separated by one hour each (3x1h). 

Fourteen days following repeated blast exposure, the animals assigned to the "blast plus impact" 

group were placed under anesthesia again and were subjected to a single closed-head controlled 

cortical impact, as previously described in section 4.2.1. Following impact, animals were placed 

on a heating pad at 37C, monitored, and righting time was recorded. 

 

 

 

 

 

 

 

 

 

 

 

6.2.3 Physiological Measures 

Physiological measures such as weight loss and/or percent weight gain and righting reflex 

were measured for all groups of animals. Sham, blast+impact, and impact-only animals were 

immediately placed on a heating pad at 37oC in the supine position, and the time for the animal to 

right was recorded. Animals were weighed before the blast and/or impact injury to evaluate the 

percentage of weight gained or lost post-injury. 

 

6.2.4 Immunohistochemistry  

Two days following cCCI (16 days post-blast), animals were transcardially perfused with 

0.9% saline and 4% PFA. Brains were then collected, cryopreserved, and sectioned into 30 μm 

coronal sections to be used for immunohistochemical analysis. Sections containing the motor 

Figure 56. Timeline representing Blast+Impact Model. On Day 1, animals were 

exposed to three blast insults separated by one hour each. On Day 14, animals were 

subjected to a single cCCI, with brains collected on Day 16. 



102 

 

cortex, somatosensory cortex, and hippocampus (-3.00 mm posterior to Bregma) were stained for 

IBA-1, a microglia marker, as described previously in section 3.2.2. Tissues were imaged on a 

Zeiss Fluorescent Microscope, and quantification for overall pathological changes included 

analyzing levels of IBA-1 (area fraction and fluorescent intensity) the number and size of cells 

within each region (area/cell and count per area), and morphological changes of microglia (Branch 

length/cell and Branch points/cell) were completed as described in section 3.2.3 and 3.2.4. 

 

6.2.5 Statistical Analysis 

All statistical analyses were performed in GraphPad Prism Version 9 (GraphPad Software, 

La Jolla). The Kolmogorov-Smirnov test, in association with the Shapiro-Wilk test, was performed 

to test for normal distribution and equal variance. If the data passed the two assumptions, a one-

way ANOVA and post hoc tests were performed where appropriate for sham, blast+impact, blast-

only, and impact-only groups. Data that did not pass normality or equal variance assumptions were 

assessed using a one-way Kruskal Wallis test or the Brown-Forsythe test. Data were considered 

statistically significant with p<0.05 and trending at p<0.1. All histology data was normalized to 

respective shams. All data is represented as the mean ± standard error of the mean, or SEM.  

 

6.3 Results 

 
6.3.1 Physiological Outcomes 

Righting reflexes in the sham, blast+impact, and impact-only groups were not found to be 

significantly different from one another (Fig. 57). Sixteen days post blast; the blast-only group had 

a 12% weight increase. The blast+impact group had an 11% increase at the time of impact (Day 

14), with a 0.6% decrease in weight loss two days following impact (Day 16). A 4% loss in weight 

was observed in the impact-only group at the time of euthanasia.   
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6.3.2 Changes in microglia size are prevalent in the SC following Blast+Impact Injury 

A Brown-Forsythe ANOVA test indicated significant changes in area/cell in the SC 

between groups. A significant increase in area/cell was observed in the blast+impact group 

compared to shams (p=0.02) and the blast-only group (p =0.005). A significant increase in area/cell 

was also observed between the impact-only groups compared to shams (p<0.005). A significant 

increase in area fraction was also found between the blast plus impact group compared to the blast 

only group (p<0.05) (F (3, 33) = 2.816, p=0.05). No significant differences were found between 

any groups for count per area or fluorescent intensity (Fig. 58). 

 

 

 

 

 

 

 

 

 

 

 

Figure 57. Righting reflex across experimental groups. No significant differences in 

righting time were observed across groups. Data represented as Mean ± SEM.  

 

 
Figure 58. Changes in microglial responses were observed in the SC following 

blast+impact injuryFigure 57. Righting reflex across experimental groups. No 

significant differences in righting time were observed across groups. Data represented 

as Mean ± SEM.  
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6.3.3 Morphological changes in the SC were prevalent following impact  

Microglia morphology was quantified through skeleton analysis for a robust understanding 

of microglia activation following blast+impact injury. A one-way ANOVA indicated significant 

differences in branch length/cell across groups (F (3, 32) = 8.435, p=0.0003). Furthermore, a 

significant increase in branch length/cell was observed in the blast+impact group compared to the 

sham group (p=0.03). This significant increase was also found between the blast+impact and 

impact-only groups (p=0.03).  A significant decrease in branch length/cell was found when 

comparing the impact-only group to shams (p<0.0001). When analyzing branch points/cell, the 
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Figure 58. Changes in microglial responses were observed in the SC following 

blast+impact injury. Significant increases in area/cell were found in the blast+impact group 

compared to shams and the blast-only group. A significant increase in area/cell was also 

found in the impact-only group compared to shams. An increase in area fraction was 

observed in the blast+impact group compared to the blast-only group. *p<0.05. Data 

represented as Mean ± SEM. 
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only significance found was between the blast+impact and the impact-only group (p=0.04) (Fig. 

59). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

6.3.4 Evidence of microglia activation in the MC varied across experimental groups 

Significant changes in area/cell of microglia were observed in the MC following 

blast+impact injury (F (3, 33) = 4.187, p=0.01). More specifically, post hoc tests indicated a 

significant increase in area/cell in the blast+impact group compared to shams (p=0.05), and the 

impact-only group compared to shams (p=0.003). A trending decrease in area/cell was observed 

between the blast+impact group and the impact-only group (p=0.09). A significant reduction in 

the number IBA-1+ microglia (count per area) was found when comparing the blast-only group to 

shams (p=0.04). This decrease was also found to be trending between the blast only and 

blast+impact group (p=0.06). Increases in IBA-1 expression (fluorescent intensity) were observed 

within the MC of the impact-only group compared to shams (p=0.03). A trending increase in 

fluorescent intensity was observed between the blast+impact group and the blast-only group 

Figure 59. Changes in microglial morphology were prevalent in the SC following impact. A 

significant decrease in branch length/cell was observed in the impact-only group compared to shams 

and the blast+impact groups. A significant increase in branch length/cell was also observed in the 

blast+impact group compared to shams. A significant increase in branch points/cell was found in 

the impact-only group compared to the blast+impact group. *p<0.05, ****p< 0.0001. Data 

represented as Mean ± SEM. 
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(p=0.08). No other significant differences among groups were found for this parameter. Moreover, 

no significant differences between groups for area fraction were observed (Fig. 60). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

6.3.5 Changes in microglia morphology within the MC were detected across all groups  

Skeleton analysis indicated changes in microglia morphology within the MC following 

injury (F (3, 32) = 3.209, p=0.03) (Fig. 61). More specifically, significant decreases in branch 

length/cell were observed when comparing the blast+impact group to shams (p=0.01), the blast-

only group to shams (p=0.02), as well as the impact-only group to shams (p=0.02). No significant 
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Figure 60. Microglia activation were observed in the MC across injury groups. A significant 

increase in area/cell was observed in the blast+impact group compared to shams, as well as the 

impact-only group compared to shams. A significant decrease in count per area was observed in 

the blast-only group compared to shams. For fluorescent intensity, a significant increase was 

observed in the impact-only group compared to shams, with this increase found to be trending in 

the blast+impact group. *p<0.05, **p<0.01. Data represented as Mean ± SEM. 
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differences were found between the blast+impact, blast-only, and impact-only groups. A trending 

decrease in branch points/cell was found within the blast+impact group compared to shams, but 

no other significant or trending differences were observed between any other group (Fig. 62). 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 61. Representative images showing changes in microglia morphology across 

groups. Fluorescent images were skeletonized, with analysis indicating decreases in 

branch length of microglia in the blast-only, impact-only, and blast+impact groups’ 

compared to shams. 
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6.3.6 Changes in microglia size were notable in the hippocampus following blast+impact injury 

Within the DG, significant changes in area/cell was observed (F (3, 32) = 3.507, p=0.02). 

Post hoc tests indicated a significant increase in area/cell when comparing the blast+impact group 

to shams (p=0.003), with a significant increase also observed in the blast-only animals compared 

to shams (p=0.04), and the impact-only group compared to shams (p=0.05). These significant 

differences were also observed within the CA1 (F (3, 32) = 4.518, p=0.0094). More specifically, 

a significant increase in area/cell of microglia was found when comparing the blast+impact group 

to shams (p=0.005). A significant increase in area/cell was also observed in the blast-only group 

compared to shams (p=0.009) and the impact-only group compared to shams (p=0.003). Within 

the CA2, significant changes were found (F (3, 30) = 3.336, p=0.03), with significant increases in 

area/cell between the blast+impact group and shams (p=0.004). The CA3 sub-region also indicated 

differences, with a significant increase in area/cell found in the blast+impact group compared to 

shams. No significant differences in area/cell were found between blast+impact, blast only, and/or 

impact only groups in the hippocampus (Fig. 63). 

 

 

Figure 62. Changes in microglial morphology were found in the MC following blast+impact 

injury. A significant decrease in branch length/cell was observed in the blast+impact group, blast-

only, and impact-only group compared to sham. A trending increase in branch points/cell was 

found in the blast+impact group compared to the sham group. *p<0.05.  Data represented as Mean 

± SEM. 
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6.3.7 Limited changes in IBA-1 positive signal was observed in the hippocampus 

A one-way ANOVA indicated significant changes in the CA3 sub-region of the 

hippocampus (F (3, 31) = 3.877, p=0.0183), with a significant increase in area faction observed in 

the CA3 of the blast+impact group compared to shams (p=0.003). While no significant changes in 

area fraction were observed in any of the other sub-regions, trending increases in area fraction 
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Figure 63. Blast and Impact injury led to microglia activation within the hippocampus. 

In the DG and CA1, a significant increase in area/cell was observed in the blast+impact, blast-

only, and impact-only groups compared to shams. In the CA2 and CA3, a significant increase 

was observed in the blast+impact group compared to shams. *p<0.05, **p<0.01. Data 

represented as Mean ± SEM. 
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were observed in the CA1 in the blast-only group compared to shams (p=0.07), and a trending 

increase in the CA2 of the blast+impact group compared to the blast-only group (Fig. 64).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

6.3.8 Blast+Impact injury did not lead to changes in the number of microglia in the hippocampus 

Limited changes in the number of IBA-1+ microglia (count per area) were found amongst 

injury groups. More specifically, no significant differences were observed in any of the sub-regions 

of the hippocampus (Fig. 65).  
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Figure 64. Limited changes in the amount of IBA-1 positive signal were observed in the 

hippocampus following blast+impact injury. In the CA3, a significant increase in area fraction 

was observed in the blast+impact group compared to the blast-only group. No significant differences 

were found amongst the injury groups for any other sub-region. **p<0.01. Data represented as Mean 

± SEM. 
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6.3.9 Changes in IBA-1 expression within the hippocampus are limited across injury groups 

A one-way ANOVA exhibited significant differences within the CA3 sub-region of the 

hippocampus (F (3, 30) = 4.008, p=0.01). Moreover, a significant increase in fluorescent intensity 

was found in the CA3 of the blast+impact group compared to the blast-only group (p=0.0023). A 

trending decrease in fluorescent intensity was observed when comparing the blast-only group to 

shams (p=0.06). No significant differences were observed between other groups or sub-regions 

(Fig. 66).  
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Figure 65. Blast+impact injury did not lead to changes in microglia populations. No 

significant differences in count per area were observed in any of the injury groups in the 

hippocampus. Data represented as Mean ± SEM.  
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6.3.1.0 Changes in microglia morphology were prevalent in the hippocampus 

Morphological analysis of microglia indicated a significant change in both branch/length 

and branch points/cell in the hippocampus. Within the DG sub-region, changes in branch 

length/cell were found (F (3, 32) = 3.358, p=0.03), with a significant decrease in branch length/cell 

observed in the DG of the blast-only group compared to shams (p=0.01), and the blast-only group 

compared to the blast+impact group (p=0.006). A trending increase in branch points/cell was found 

in the DG of the impact-only group compared to shams (p=0.09) (Fig. 67).  
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Figure 66. Blast+impact injury led to sub-region-specific changes in IBA-1 expression. A 

significant increase in fluorescent intensity was observed in the CA3 of the blast+impact group 

compared to the blast-only group. A trending decrease in fluorescent intensity was found in the 

blast-only group compared to shams. Trending differences were observed in the CA1 and CA2 sub-

regions across injury groups, but the differences were not found to be significant. **p<0.01. Data 

represented as Mean ± SEM.  
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In the CA1 sub-region, a significant decrease in branch length/cell was found in the 

blast+impact group compared to shams (p=0.04) and the blast-only group compared to shams 

(p=0.04). No significant differences were observed in the impact-only group compared to shams. 

Branch points/cell indicated a significant decrease in the blast+impact group compared to their 

sham counterparts (p=0.04), and this significant decrease was also observed in the blast+impact 

group compared to the impact-only group (Fig. 68-69).  

 

 

 

 

 

 

 

 

 

 

Figure 67. Blast exposure led to changes in microglia morphology within the DG. A 

significant decrease in branch length/cell was observed in the blast-only group compared to 

shams and the blast+impact groups. A trending increase in branch points/cell was found in 

the impact-only group compared to the sham group. *p<0.05, **p<0.01. Data represented 

as Mean ± SEM. 
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Figure 68. Morphological changes in microglia were present within the CA1 sub-region of 

the hippocampus in the blast-only and blast+impact groups. Representative images depict 

decreased branch-length in blast-only and blast+impact groups, with limited branching observed 

in blast+impact animals.   
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Furthermore, in the CA2, a significant decrease in branch length/cell was found in the 

blast+impact group compared to shams (p=0.01), the blast-only group compared to shams 

(p=0.03), as well as the impact-only group compared to shams (p=0.01). A significant decrease in 

branch points/cell was also observed in the impact-only group compared to shams within the CA2 

(p=0.03), with this decrease trending in the blast+impact group compared to shams (p=0.09) (Fig. 

70).  

 

 

 

 

 

 

 

 

 

 

Figure 69. Notable phenotypic changes in microglia were observed in the CA1 following 

injury. A significant decrease in branch length/cell was observed in the blast-only group 

compared to shams and the blast+impact group compared to shams. A significant decrease in 

branch points/cell was observed in the blast+impact group compared to shams, as well as 

compared to the impact-only group.*p<0.05. Data represented as Mean ± SEM.  
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Finally, skeleton analysis indicated no significant differences in branch length/cell or 

branch points/cell between any of the groups in the CA3 sub-region of the hippocampus (Fig. 71). 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 70. Unique phenotypic changes in microglia were observed in the CA2 following 

injury. A significant decrease in branch length/cell was observed blast+impact group, blast-only 

group, and impact-only group compared to shams. A significant decrease in branch points/cell 

was observed in the impact-only group compared to shams, with this decrease found to be trending 

in the blast+impact group when compared to the sham group. *p<0.05. Data represented as Mean 

± SEM.  
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Figure 71. No changes in microglia morphology were observed in the CA3. Data represented 

as Mean ± SEM.  
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6.4 Discussion 

Mild forms of bTBI are prevalent among military personnel and Veterans following high 

combat situations, with reports of this injury altering mental status, with no "outwardly" signs of 

injury such as loss of consciousness. Because of this, many personnel return to combat, which 

increases their susceptibility to repeated bTBIs. Growing concerns of exposure to multiple low-

level blasts during military training also contribute to concussive deficits, with reports of repeated 

blast exposure leading to chronic issues such as memory deficits, anxiety, and increased risk-taking 

behaviors. Once returning home, Veterans are at a greater risk of subsequent concussions, which 

may be associated with an increased risk of disinhibition.343 The "blast plus" complex, which refers 

to the frequent head injury where exposure to blast proceeds other traumas such as impact or 

penetrating injuries, has been speculated within military populations. Still, there is a lack of 

evidence-based research that confirms that exposure to a blast event predisposes the brain to 

neuropathological deficits that influence subsequent TBI outcomes. In the current study, we aimed 

to characterize the "blast plus impact" condition to identify whether there is increased 

susceptibility to pathological changes associated with microglia dynamics within the brain 

following repeated blast exposure. Animals were subjected to three repetitive blast events with an 

inter-blast interval of one hour each, and then two weeks later were subjected to a closed-head 

controlled cortical impact. Through pathological assessments, microglia activation was observed 

within the somatosensory and motor cortices, as well as the hippocampus following blast+impact 

injury. We have previously established the pathological differences within a repeated mild bTBI 

model (Chapter 3) and concussion (Chapter 4). Microglial activation was observed in both models, 

with morphological analysis indicating that the onset of activated microglia phenotypes varies 

within the SC, MC, and hippocampus across each injury modality.  

To our knowledge, a study by Aravind et al. is the only other study to test whether blast 

injury predisposes the brain to increased neurological deficits in a rodent model of blast plus 

TBI.348 The research design of the combined blast plus impact injury of their study involved 

animals being exposed to a single blast insult with a craniotomy performed immediately afterward 

to prepare for FPI, an impact injury that was produced 24 hours later.  While their research design 

did not examine microglial responses following this complex injury, they found increased 

neurodegeneration at both acute and chronic time points in the hippocampus of their blast plus 

blunt TBI group, suggesting that the blast injury predisposed the brain to increased deficits 
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following a subsequent TBI. In the current study, microglia become activated which could be in 

response to neuronal dysfunction present within the brain of blast+impact animals. Moreover, 

increases in area/cell of microglia were found in the blast+impact and impact only group compared 

to shams in the MC and SC, with these same increases observed in all sub-regions of the 

hippocampus in the blast+impact, impact only, and blast only groups. Results in the comparative 

study showed vast increases in neurological deficits in the blast+impact compared to blast- and 

impact-only injuries, whereas results from the present study showed incremental changes between 

injury groups, making it difficult to predict whether the blast predisposed the brain to increased 

deficits. While the results from our study differed, there were vast differences in the experimental 

design that could have influenced variations in results. The lack of the previous study investigating 

microglia responses, as they are essential in neuropathology following TBI, emphasizes the 

novelty of the present study, as the investigation of microglia-mediated responses following blast 

plus impact has yet to be accomplished.  

One unique feature of this study was identifying the morphological changes in the 

blast+impact injury group compared to shams, blast-only, and impact-only groups. In Chapter 3, 

animals subjected to repeated blast exposure showed subacute changes in microglia morphology 

within the hippocampus. Changes in microglial morphology (↓area/cell, ↑ branch length/cell, and 

↑endpoint/cell) in the hippocampus resembled dystrophic phenotypes often associated with 

activated microglia, with no significant changes observed in the MC. In Chapter 4, acute changes 

in microglia morphology resembled microglia that are associated with stressed/primed microglia 

(↑ branch length/cell, ↑ branch points/cell) in the MC, and microglia with increased branch 

points/cell were found within the hippocampus, yet no significant changes were observed within 

the SC. In the present study, decreases in branch length/cell were found within the SC of the 

blast+impact group, suggesting that diverse morphologies in the SC of the blast+impact group are 

contributed by pathological changes associated with both injury modalities.  Moreover, increases 

in branch length/cell were found in the MC of all injury groups compared to shams, showing that 

microglia changes may be more dependent on time in this region rather than an “injury frequency” 

effect. Significant increases in area/cell and decreases in branch length/cell within the SC and MC 

of the blast+impact and impact-only group, may indicate that microglia are starting to develop a 

more amoeboid-like morphology, which is characterized by a swelling soma and retraction of 

processes.  As this is only seen within the blast+impact and impact-only groups in the SC and MC, 



119 

 

this may indicate that impact injury and time may be what is driving this specific microglia 

phenotype in “blast plus” injuries. 

Numerous studies have identified that the hippocampus is vulnerable to blast injury, with 

the high-speed compression of the blast wave leading to shear stress between fluid and tissue 

interfaces. More specifically, brain tissue at interfaces with fluid, such as those that border 

cerebrospinal-fluid-filled ventricles or blood-filled sinuses, such as the hippocampus, are thought 

to be particularly susceptible to primary blast injury.72,219 Additionally, blast research has indicated 

significant changes in microglia activity within the hippocampus that have persisted past seven 

days.219,350 Because of this, blast injury could increase vulnerability to secondary injury responses 

within the hippocampus in a blast+impact model. In the hippocampus, area/cell of microglia was 

increased within the hippocampus in blast+impact, blast-only, and impact-only groups compared 

to shams, with this increase found to be greater within the blast+impact group compared to blast- 

and impact-only groups. These results may contribute to the hypothesis that repeated blast 

exposure may cause susceptibility to additional TBIs, with the hippocampus a major region at play 

when characterizing blast plus injuries. Additionally, increases in IBA-1 expression (area fraction 

and fluorescent intensity) were found in blast+impact animals in the CA3 sub-region compared to 

the blast-only group. This may be linked to differences in intrinsic and extrinsic factors influencing 

microglial activation between blast and impact injuries. While blast exposure may have 

contributed to changes in IBA-1 expression, the addition of impact injury may have caused an 

upregulation in IBA-1 that is seen in the blast+impact group compared to the blast-only group.  

As mentioned previously, quantification of microglia morphology in previous chapters 

indicated subacute phenotypes in repeat bTBI animals that resemble dystrophic microglia in the 

hippocampus. In contrast, a unique phenotype of microglia (↑ branch points/cell) that is associated 

with anti-inflammatory properties, and increases in -integrin, are found within the hippocampus 

of impact animals at acute stages of injury. Morphological analysis of microglia within the present 

study indicated dynamic changes that take place within the hippocampus, with blast+impact 

animals resembling morphologies similar to the impact-only group within the DG, while microglia 

seem to take on a more amoeboid morphology (↑ area/cell, ↓ branch length/cell, ↓ branch 

points/cell) in both the blast-only and blast+impact groups in the CA1 and CA2 sub-regions. A 

study by Hernandez et al. found that mild blast forces have induced biochemical changes within 

neurons seven days following bTBI, driving pro-inflammation.68 As described in section 2.5, 
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microglia that become more amoeboid-like have been associated with pro-inflammatory, 

phagocytic phenotypes, responding to cellular debris such as dying cells and fragmented dendrites. 

This may explain why amoeboid-like morphologies are present following this injury. Dynamic 

responses in the hippocampus of the blast+impact group that resembles changes within the blast-

only group may also suggest that while injury frequency may affect microglia responses, the type 

of TBI and the secondary injury mechanisms accompanying that injury is heterogeneous across 

regions. It is complicated to claim that repeated blast exposure predisposes the brain to increased 

pathological changes in blast+impact TBI.  

Future studies will need to explore blast+impact injuries further by characterizing 

microglia pathology at different time points, such as varying the time between injuries. For 

example, future studies can expose the animals to blast injury, and then 24 hours later, animals are 

subjected to cCCI. Furthermore, having the study carried out further, such as looking at more 

chronic microglia outcomes following blast plus impact, may provide more insights into this 

complex injury. Advancing characterization of the autonomous response of microglia, such as 

genomics and proteomics of isolated microglia following blast+impact, blast-only, and impact-

only TBI, may also lead to understanding the underlying molecular changes that vary between 

injury modalities that may dominate in specific regions within the blast+impact TBI model. 

Additionally, identifying the spatiotemporal response of processes such as apoptosis, oxidative 

stress, BBB permeability, and neurodegeneration should be investigated.  

As clinical reports have indicated cognitive and behavioral deficits such as memory loss, 

anxiety, depression, and risk-taking behaviors in Veterans who return home, behavioral 

assessments such as open field thigmotaxis, novel object recognition, and the three-chamber test, 

to name a few,206,232,351,352 would be critical in the robust analysis of outcomes that blast+impact 

TBI may have. Overall, this is the first study to explore a blast+impact model that includes repeated 

blast exposure, which is resembled in military training and combat, accompanied by a closed head 

cCCI, a subsequent TBI that could occur when Veterans return home. This study aids in generating 

relevant preclinical knowledge that can lead to developing strategies to improve and mitigate TBI 

outcomes that plague the Veteran community.  
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Chapter 7: PEGylated Polyester Nanoparticles Alleviate Microglia 

Pathology Following Impact-Induced Neurotrauma 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This data is a result of collaboration with Dr. Erin Lavik’s lab at University of Maryland, Baltimore 

County. The nanoparticles and treatments were synthesized and developed by Dr. Nuzhat Maisha 

and other collaborators within the Lavik Lab. 
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7.1. Introduction 

Microglia are at the forefront of the secondary injury response following TBI, having both 

a neuroprotective and neurotoxic role that can persist for days and even weeks following injury. 

As TBI is a leading cause of mortality and disability worldwide, it is essential to assess strategies 

that can aid in mediating microglial activation, thus improving TBI outcomes. 

To date, no treatment strategies for TBI have made it past phase 3 clinical trials, and few 

have focused on targeting and analyzing the mechanistic changes of microglia in response to 

treatment.353–356 Hemostatic nanoparticles are one treatment that may be effective in mediating 

microglial activation. Hemostatic nanoparticles (HNPs) were initially created to stop bleeding 

following polytrauma, and PLGA-PEG synthesized hemostatic nanoparticles have even been used 

to treat blast TBI in vivo.232,357,358 While these steps have been influential in pioneering the research 

of therapeutic strategies for blast TBI, it is vital to continue exploring microglia-specific changes, 

especially as functional properties of activated microglia may differ in TBI caused by impact 

versus blast. When investigating strategies that can aid in mitigating TBI pathology, it is crucial to 

continue to characterize therapeutic strategies for their translation to clinical settings. For example, 

Poly (lactic acid)-b-poly(ethylene glycol) (PLA-PEG) specific HNPs have proven advantageous 

because PLA-PEG properties include higher glass transition temperatures and core stability, 

making it possible to store in extreme temperatures.359 This modified nanoparticle structure allows 

for survival in varying environments aiding in long-term storage (-80oC) and swift availability in 

the field, while remaining safe to use (≤ 50oC). 

The functional properties of HNPs include conjugation with a specific peptide (GRGDS) 

that binds with activated platelets via the glycoprotein IIb/IIIa receptor, promoting coagulation, 

and decreasing clot formation time following trauma.358 For example, consequences of TBI can be 

injury to the vasculature such as hemorrhage and BBB dysfunction. Changes in vascularization 

can lead to the recruitment of platelets that can aggregate on vascular walls, leading to platelet 

plug formation. Platelet plug formation can then induce microthrombus and if unregulated, 

microvascular dysfunction.360  Research shows that molecules such as CD40L are released from 

platelets, activating the MAP-K and NF-ĸB pathways.361,362 Platelets also secrete inflammatory 

signals such as RANTES, recruiting macrophages and neutrophils, increasing inflammatory 

cascades that microglia are essentially involved in (Fig. 72).363 As HNPs aid in increasing clot 
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formation through interactions of platelets involved in these inflammatory responses, this may play 

a role in microglia activation following TBI. 

 

 

 

 

 

 

 As glial-driven pathology in the brain is linked to sequelae such as anxiety, depression, 

vestibulomotor deficits, and cognitive impairments, understanding if HNPs can alleviate 

microglia-induced inflammatory responses may assist in creating personalized treatments for 

patients suffering from a TBI. Furthermore, the use of HNPs has not been explored in a closed-

head CCI model, which increases the innovation of the study. Also, as previously described, 

microglia dynamics may differ across injury modalities, so it is imperative to investigate whether 

HNPs can mediate microglial activation in this model.  

Studies have indicated that BBB disruption following impact trauma can lead to platelet 

plug formation, even in mild TBI; thus, we explored whether HNPs affect inflammatory cascades, 

mitigating microglia pathology following TBI. It is hypothesized that intravenous administration 

of HNPs will reduce subacute microglia activation by restoring levels of microglia to pre-injury 

levels.   

Figure 72.  Platelet plug formation can induce microglia activation following TBI. Following 

injury, changes to the vasculature can cause the recruitment of platelets through the BBB, forming 

what is known as a platelet plug.  Platelets can then release molecules that binds to receptors on 

microglia, signaling pathways that influence inflammatory responses within microglia. Created with 

BioRender.com. 

 

 
Table 5. Nanoparticle characterization for the cCCI study.Figure 72.  Platelet plug formation 

can induce microglia activation following TBI. Following injury, changes to the vasculature can 

cause the recruitment of platelets through the BBB, forming what is known as a platelet plug.  Platelets 

can then release molecules that binds to receptors on microglia, signaling pathways that influence 

inflammatory responses within microglia. Created with BioRender.com. 
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7.2. Methods 

HNPs were designed, synthesized and characterized by Dr. Erin Lavik’s lab. The 

procedures outlined below are adapted from their publication, Maisha et al. 2022.364 

 

7.2.1 Nanoparticle Synthesis 

The ring-opening polymerization procedure was used to create block copolymers of Poly 

(lactic acid)-b-Poly(ethylene glycol) (PLA-PEG) with either 3400 or 5000Da PEG. Co-isomers 

Poly(L-lactic acid)-b-poly(ethylene glycol) (PLLA-b-PEG5000) and Poly(D-lactic acid)-b-

poly(ethylene glycol) (PDLA-b-PEG3400) were used to create the nanoparticles using 

nanoprecipitation. The weight ratio for the polymers was 3:1, with the control and hemostatic 

nanoparticles made using 90 mg of PLLA-b-PEG5000 and 30 mg of PDLA-b-PEG3400. The 

phosphate-buffered saline was doubled in volume, and the polymer was dissolved in the organic 

phase, Tetrahydrofuran (THF), at a concentration of 20 mg/ml and stir-hardened to produce the 

nanoparticles. Excess THF was removed by exposing it to air after 3 hours of stir hardening, and 

poloxamer was added as the stabilizer. After being separated by centrifugation at 4000xg for 10 

minutes at 4°C, the nanoparticles were resuspended in phosphate-buffered saline. Dynamic light 

scattering was used to characterize the particles to calculate their hydrodynamic diameter and zeta 

potential for nanoparticles in diluted potassium chloride solution (10mM). The degree of 

PEGylation was also assessed using 1H-NMR.  

 

7.2.2 A Coupling Reaction Generates Targeted HNPs 

GRGDS, the target peptide, was coupled to the block copolymer PLLA-b-PEG5000 using 

NHS/EDC conjugation. Moreover, the NHS/EDC based conjugation uses the carboxyl end of the 

bi-functional PEG and results in coupling with the amine end of the peptide GRGDS. First, 4mL 

of DCM was used to dissolve 300g of the PLA-b-PEG block copolymer. To create an amine-

reactive NHS-ester, 12 mg NHS and 10 mg EDC was dissolved in DMSO. After 60 minutes of 

reaction time, any extra DCM was removed by exposing it to air. The polymer was dissolved in 

methanol, precipitated, and collected by centrifugation at 4000 rpm for 5 minutes. It was then 

lyophilized the next day. In 3mL of DCM, the lyophilized intermediate product was dissolved, and 

then 8mg of the peptide was dissolved in 1.5 mL of DSMO and added to the mixture. After 24 
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hours of reaction time, the excess DCM was removed by air exposure, and the polymer was 

precipitated in methanol. Centrifugation at 4000 rpm for 5 minutes was used to collect the 

precipitated PLLA-b-PEG-GRGS, which was then lyophilized. The PLA-PEG-GRGDS system's 

hemostatic ability is decreased by inhibiting the glycoprotein IIb/IIIa receptor, which in turn 

inhibits the GRGDS peptide's ability to connect with the glycoprotein IIb/IIIa receptor on active 

platelets. Due to this, there are two types of nanoparticles in this study: control nanoparticles made 

of PLA-PEG and hemostatic nanoparticles made of PLA-PEG with GRGDS attached. 

 

7.2.3 OPA Assay to Measure Peptide Density 

An o-phthalaldehyde (OPA) assay, which produces fluorescence when free amines are 

present, was used to validate the presence of the peptide in the nanoparticles. Then, 20uL of 

DMSO-dissolved nanoparticles were combined with 200uL of OPA reagent and thoroughly 

blended. Using an excitation wavelength of 340 nm and an emission wavelength of 455 nm, the 

fluorescence was measured after 15 minutes of incubation in the dark. Once characterized, 

nanoparticles were transported to Virginia Tech on dry ice, and stored at -80C until further use.  

 

7.2.4 Animal Procedures and Experimental Design 

The Virginia Tech Institutional Animal Care and Use Committee approved the 

experimental protocols described herein. Male Sprague Dawley rats (~300 g, Envigo, Dublin, VA, 

USA) were acclimated for several days (12 h light/dark cycle) with food and water provided ab 

libitum. Animals were subjected to a cCCI, with the impactor (tip diameter: 5 mm) creating a force 

at a velocity of 6 m/s, at a depth of 3 mm, and a dwell time of 1.5 ms (Impact One, Leica 

Biosystems, Buffalo Grove, IL). Animals were then placed on a heating pad at 37oC, monitored, 

and righting time was recorded. Sham animals went through all the same procedures except for 

the impact. Once animals righted, they were briefly placed under anesthesia again and were then 

randomly assigned to one of three treatments groups with both cCCI (n=6) and sham (n=6) within 

each group: Saline, control nanoparticles (CNPs), and hemostatic nanoparticles (HNPs). 

Nanoparticles were then thawed to room temperature (no heat treatment used to thaw), and 

vortexed five times for five seconds. Once the nanoparticle solution was uniform, with no 

aggregation of nanoparticles visible, animals were administered 500 uL of either HNPs or CNPs 

(20 mg/mL). 
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7.2.5 Tissue Processing and Analysis  

Seven days following injury, animals were euthanized; brains were collected and then 

stained for IBA-1 as previously described in Section 3.2.2. The ipsilateral and contralateral sides 

of the SC were regions of interest in identifying microglia activation (-3.00 mm posterior from 

Bregma). Tissue sections were then imaged and analyzed as described in Section 3.2.3, with the 

parameters mean area/cell, area fraction, count per area, and fluorescent intensity used to 

understand overall changes in microglia activity in response to nanoparticle administration.  

 

7.2.6 Statistical Analysis 

All statistical analyses were performed in GraphPad Prism Version 9 (GraphPad Software, 

La Jolla, CA). The Kolmogorov-Smirnov test, in association with the Shapiro-Wilk test, was 

performed to test for normal distribution and equal variance of the data. If the data passed the two 

assumptions, a one-way ANOVA and post hoc tests were performed where appropriate for the 

shams, contralateral side, and ipsilateral sides of the cCCI group for each treatment cohort. Data 

that did not pass normality or equal variance assumptions were assessed using a one-way Kruskal 

Wallis test and/or Welch's Test. Data were considered statistically significant with p<0.05 and 

trending at p<0.1. All histology data were normalized to respective shams, and data are represented 

as the mean ± standard error of the mean, or SEM. 

 

7.3 Results 

7.3.1 Results of Nanoparticle Characterization 

Each batch of nanoparticles was characterized by the Lavik lab for size and peptide content 

before shipping for this study. Detailed values for HNP and CNP batches are displayed in Table 

5. 
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 Group  Diameter (nm) Peptide Content (%) 

Control nanoparticles 325.8 ± 8.3  

Hemostatic nanoparticles 317.1 ± 25.7 10.07 

 

7.3.2 Animal Recovery and Righting Reflex  

Following cCCI, no apparent signs of injury were discernable, though animals subjected 

to cCCI showed significant delays in righting compared to the sham group (Fig. 73). Over the 

seven days, no significant differences in weight in the cCCI group compared to shams were 

detected. 
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Figure 73. Delays in righting were detected in cCCI animals. A significant increase in righting 

time was observed in the cCCI animals compared to shams immediately following the impact. 

****p<0.0001. Data represented as Mean ± SEM. 

 

 

Table 5. Nanoparticle characterization for the cCCI study. Table of properties for both the 

PLA-PEG control nanoparticles and PLA-PEG-GRGDS hemostatic nanoparticles. 
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7.3.3 Nanoparticle administration restored the size of microglia in the SC of cCCI animals to pre-

injury levels 

A Brown-Forsythe ANOVA test indicated significant changes area/cell in the injured and 

sham animals within the vehicle-only (saline) group. Furthermore, a significant decrease in 

area/cell was observed in the contralateral side of the SC compared to the sham group (p=0.02), 

with this significant decrease also found in the ipsilateral side of the SC compared to shams 

(p=0.003). Within the CNP and HNP groups, no significant changes in area/cell were found 

between either side of the SC and their respective shams (Fig. 74). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

7.3.4 Nanoparticles improved microglia activation in cCCI animals seven days following injury  

A one-way ANOVA indicated significant changes in area fraction in the vehicle-only 

group following injury (F (2, 13) = 13.39, p=0.007). More specifically, a significant decrease in 

area fraction was observed in the ipsilateral side of the SC compared to the SC of the sham group 

(p=0.0004) and the contralateral side compared to the sham group (p=0.0012). No significant 

Figure 74. Changes in microglial size were prevalent in the SC of the saline-treated 

animals following cCCI. A significant decrease in area/cell was found in the saline group, 

with the ipsilateral and contralateral sides of the SC different than the SC in shams. No 

significant differences in the size of microglia were observed in the CNPs or HNPs groups. 

**p<0.01, ****p<0.001. Data represented as Mean ± SEM. 
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changes in area fraction were found when comparing cCCI animals to shams within the CNP or 

the HNP treatment groups (Fig. 75).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

7.3.5 Decreases in the number of microglia were observed in the vehicle-only cCCI group 

Changes in count per area were observed in the SC of the cCCI animals of the saline group 

compared to shams (F (2, 12) = 3.763, p=0.05), with post hoc tests indicating a significant decrease 

in count per area in the contralateral side of the SC in the cCCI group compared to the shams 

(p=0.01). A decrease was observed in the ipsilateral side compared to sham animals, but this 

decrease was insignificant. Moreover, no significant differences in count per area were found in 

the cCCI animals compared to shams in the CNP or HNP groups (Fig. 76-77).  
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Figure 75. IBA-1 levels in cCCI animals resemble those of shams following nanoparticle 

administration. In the vehicle-only group, a significant decrease in area fraction was observed in 

the ipsilateral and contralateral sides of the SC in the cCCI animals compared to shams. No 

significant changes were observed between cCCI animals and shams within the CNP or HNP 

groups. **p<0.01, ***p<0.001. Data represented as Mean ± SEM. 
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Figure 76. Nanoparticle administration may restore microglia to pre-injury levels. Images 

taken at 20x magnification indicate that vehicle-only injured animals had a decrease in the 

amount of microglia compared to shams, whereas cCCI animals treated with either CNPs or 

HNPs showed no notable changes in the amount of microglia within the cortex.  
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7.3.6 IBA-1 levels were restored following nanoparticle treatment seven days following injury 

Within the saline-treated group, a Brown-Forsythe ANOVA test indicated significant 

changes in fluorescent intensity of IBA-1, with the ipsilateral and contralateral sides of the SC 

showing significant decreases when compared to the SC of the sham group (p=0.01 and p=0.05 

respectively). Fluorescent intensity was not significantly different in the SC of the cCCI animals 

treated with CNPs or HNPs compared to their respective shams (Fig. 78).  

 

 

 

 

 

 

 

 

 

Figure 77. Nanoparticles restored microglia levels to baseline. Within the saline-treated 

group, a significant decrease in count per area was observed in the contralateral side of the SC 

compared to the SC in shams. No significant differences in count per area were found in the 

SC of cCCI animals compared to shams within the CNP- or HNP-treated groups. *p<0.05. 

Data represented as Mean ± SEM. 
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7.4 Discussion 

The nanoparticles within this study engineered by the Lavik group were PEGylated 

polyester nanoparticles, with HNPs functionalized with a GRGDS peptide. While these 

nanoparticles have been shown to mitigate internal bleeding through their hemostatic properties, 

studies have indicated their contribution in mitigating neuropathology following TBI.232,359 

Microglia alterations following TBI are shown to occur and have a unique role in TBI pathologies, 

with microglia being an early-responder to the pathological processes following injury. They 

exhibit distinct polarization states in response to microenvironmental cues, and microglial 

polarization states are accompanied by phenotypic changes that may lead to increases in pro- 

and/or anti-inflammatory cytokines, an increase in the secretion of ROS, or phagocytic properties 

leading to synaptic pruning, and/or removal of cell debris.326,328,334,336 While studies have explored 
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Figure 78.  Decreased IBA-1 expression was found in the vehicle-only group. A significant 

decrease in fluorescent intensity of IBA-1 was observed in both the ipsilateral and contralateral 

sides of the SC in cCCI animals of the saline group compared to their respective shams. These 

significant differences were not seen within the CNPs, or HNPs treated groups. *p<0.05. Data 

represented as Mean ± SEM. 
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treatment options to mitigate microglia-induced pathologies,365–367 there are still clinical gaps in 

how treatments contribute to mechanistic changes within microglia, restoring them to pre-injury 

levels. Moreover, an extensive comprehension of microglia dynamics following a closed-head 

rodent model of impact trauma using PEGylated polyester nanoparticles has yet to be considered.   

In the present study, microglia-induced activation was decreased following cCCI with the 

administration of nanoparticles, whether they were conjugated with a functionalized GRGDS 

peptide (HNPs) or with the peptide properties inhibited (CNPs). More specifically, a significant 

decrease in the amount and size of IBA-1+ microglia was observed within the SC of the vehicle-

only group of cCCI animals compared to their sham counterparts. In contrast, no significant 

differences in the size of microglia or the amount within the SC were observed in the contralateral 

or ipsilateral side in cCCI animals treated with either CNPs or HNPs compared to their respective 

shams. These changes in microglia profiles were also observed as levels of IBA-1 (area fraction 

and fluorescence intensity) in the SC of the cCCI animals within both the CNP and HNP groups 

were restored to sham levels. Changes in IBA-1 expression back to baseline levels were not 

observed within the saline-only group, where significant decreases in area fraction and fluorescent 

intensity were detected in the SC of the cCCI animals. As the reduction in microglia activation 

was present following both CNP and HNP administration, this may suggest that the therapeutic 

role of GRGDS may not be the only factor in restoring microglia levels. Maisha et al. explored the 

surface properties of the same PEGylated polyester nanoparticles in vitro by understanding the 

crosstalk between nanoparticles and immune responses. By incubating the nanoparticles in whole 

blood, followed by a cytokine assay, nanoparticles were found to impact inflammation by 

significantly reducing levels of IL-16. IL-16 is an immunomodulatory cytokine that induces 

lymphocyte migration and the expression of pro-inflammatory cytokines IL-1β, IL-6, and TNF-

α.368–370 Upregulation of IL-16 has been found in experimental models of TBI as early as 24 

hours,371 and may persist sub-acutely following TBI. IL-16, also considered a DAMP, are 

recognized by surface receptors on microglia, inducing their activation, further amplifying the pro-

inflammatory responses.372 While the study by Maisha et al. utilized in vitro methods, this can still 

be translated and explored in pre-clinical studies, to speculate on what may be influencing 

microglia dynamics. More specifically, CNPs and HNPs could reduce IL-16 levels that initially 

influenced secondary injury cascades triggered by cCCI, which may aid in restoring microglia to 

a healthy state. Macrophage migration inhibitory factor (MIF), another pro-inflammatory cytokine 
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was also significantly reduced by both the HNPs and CNPs following the in vitro study, increasing 

evidence of the role that the nanoparticles have in modulating the immune response. Enhanced 

expression of MIF, which is produced by cells such as macrophages, microglia, astrocytes, and 

neurons, are known to contribute to persistent activation of glial cells, and neuroinflammation, 

well within the chronic stages.373 MIF is also known to upregulate the expression of TLR-4, which 

is plays a role in driving in microglia activation, especially the pro-inflammatory response.374,375 

Thus, nanoparticles reducing the levels of MIF may contribute to IBA-1 expression and IBA-1+ 

microglia resembling sham levels following injury. 

DAMPs such as IL-16 and MIF are also found to represent the passive release of danger 

signaling in response to stress and/or cell death due to traumatic injury.376,377 In the untreated cCCI 

group (saline-only), decreases in cell size were observed, and this could be due to decreases in the 

cell soma size, which could be linked to morphological changes in microglia. These changes may 

be associated with a stressed/primed phenotype that responds to stress signals such as oxidative 

stress or genotoxic DNA damage, or a rod-like phenotype that aligns end-to-end along damaged 

axons. With studies suggesting that CNPs and HNPs reduce this immunomodulatory cytokine, this 

may explain why area/cell was not significantly different in the cCCI animals in both nanoparticle 

groups compared to their respective shams. The PEGylated polyester nanoparticles could re-

establish homeostasis, by limiting signals that promote non-autonomous microglia polarization, 

returning microglia to a healthy state. 

Furthermore, a study by Hubbard et al. indicated a decrease in IBA-1 expression seven 

days following bTBI in animals that were not treated with nanoparticles. They hypothesized that 

this decrease in IBA-1 expression could also be linked to microglia morphology through the 

retraction of processes.232 While there are differences in the injury paradigm (blast versus impact), 

the present study also indicated similar differences in levels of IBA-1 that could be linked to 

morphological changes. Future studies that link changes in microglia morphology to their diverse 

activation states, or the lack thereof following nanoparticle administration are warranted. This will 

allow for the understanding of how these polyester nanoparticles impart mechanistic changes that 

affect the microglia-mediated immune responses to continue.  

The PLA-PEG property of the nanoparticles having a more considerable impact on 

microglia activation rather than the hemostatic properties may also be related to time-dependent 

inflammatory cascades. Research indicates transient platelet profiles in the brain, with the 
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upregulation of platelets present 24 hours following a mild TBI.378 In contrast, previous research 

also revealed that platelets may lose their function up to seven days within the rodent brain,379 

meaning that thrombosis induced by platelets’ may be less prominent in influencing microglia 

activation at seven days post cCCI. This may provide insight as to why HNPs themselves are not 

the key drivers in restoring homeostasis, contributing to the fact that at subacute time points, other 

characteristics of PLA-PEG nanoparticles have a more significant impact on reducing microglia 

activation than GRGDS peptide conjugation.   

The work presented within has successfully begun to characterize the use of PEGylated 

nanoparticles to restore microglia’s homeostatic functions in vivo. Nanoparticle administration 

indicated microglia activation returning to sham levels one week following injury, by restoring the 

number of microglia and IBA-1 expression to sham levels. These results suggest that PEGylated 

polyester nanoparticles improve neurological recovery by influencing microglia contributions to 

neuropathology. This study highlights the advantages of using these nanoparticles to treat TBIs, 

though more studies are needed to assess the benefits of PLA-PEG nanoparticles after injury. 

Future directions need to quantify microglia morphology within the SC to provide a 

comprehensive analysis of morphological changes or the lack thereof following nanoparticle 

administration. Identifying morphological changes in microglia may also aid in understanding if 

specific phenotypes are associated with decreases in IBA-1 expression in the untreated injury 

group. 

Cytokine profiles following injury and nanoparticle treatment would be valuable to 

determine further, the contribution of microglia to the recovery process.  Many approaches can be 

used to explore this aspect of the study such as ELISA assays or Luminex platforms. More 

specifically, identifying whether upregulation of IL-16 and MIF are observed following cCCI, or 

if it is attenuated following nanoparticle administration will support the theory that decreases in 

cytokine profiles are key drivers in restoring microglia to their healthy state. Another outstanding 

question is whether time-dependent inflammatory responses that influence microglial activation 

are the reason why hemostatic properties of nanoparticles were less prominent. Studies that explore 

the interaction of microglia activation and platelet plug formation at acute time points such as 4 

and 24 hours may provide insight into whether the presence of platelets induce microglia 

polarization, and whether hemostatic properties of the polyester nanoparticles play a role in the 

early injury response of cCCI. 
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Finally, microglia responses are also heterogeneous across brain regions, with diverse 

phenotypes spread throughout different areas. Because of this, analyzing microglia responses in 

other brain regions, such as the hippocampus, MC, and the thalamus, to name a few, is essential 

in providing a robust analysis of the role of PLA-PEG nanoparticles in mediating microglial 

activation. Overall, the results of this study are promising in identifying life-saving treatments for 

traumatic brain injury. 
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Chapter 8: Summary 
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8.1 Conclusions 

Microglia play a substantial role in the pathology that develops following TBI. Preclinical 

models demonstrate that microglia become activated, presenting diverse phenotypes associated 

with functions that drive secondary injury responses like neuroinflammation. There is a critical 

need to understand the underlying mechanisms within microglia that mediate secondary injury, as 

their phenotypic changes can have both protective and deleterious effects that can persist within 

the chronic stages of injury. If left unrestrained, microglia dysfunction can lead to irreversible 

consequences such as neurodegeneration. In vivo models are a great way to delineate 

characteristics of activated microglial phenotypes while also considering the underlying molecular 

drivers that influence secondary injury cascades. Furthermore, building a comprehensive 

knowledge base of microglia dynamics following TBI will also facilitate design of therapeutic 

interventions that target the cellular and molecular drivers of microglia dysfunction.  

 The overall objective of these studies was to elucidate microglia dynamics following both 

blast- and impact-induced neurotrauma while also assessing the role of hemostatic nanoparticles 

in mitigating microglia-mediated pathology. Each of the following specific aims were addressed 

in this work: 

 

8.1.1 Specific Aim 1 

Chapter 3 detailed the work conducted to accomplish Specific Aim 1, sub-aim 1a. This 

work described how repeated blast exposure triggered transient changes in microglia phenotypes 

that also displayed regional heterogeneity. Acute changes in microglia indicated a distinct 

morphology in the motor cortex that may be associated with a pro-inflammatory function, aligning 

with damaged neuronal synapses and axons. Changes in microglia following repeated blast 

exposure were most notable at seven days, with dramatic decreases in IBA-1 expression and 

morphology similar to microglia who display dystrophic phenotypes. This phenotype is typically 

displayed in anti-inflammatory microglia, which are fragmented, losing physiological function, 

and ultimately degenerating. Histological analysis of NLRP3 following repeated blast exposure 

indicated trending decreases in NLRP3 expression, which may be linked to the observed microglial 

phenotype. 
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 In Chapter 4, acute and subacute microglia changes were observed following cCCI, with 

results exhibiting microglia activation in both the contralateral and ipsilateral side of the 

somatosensory and motor cortices, along with hippocampus. Moreover, transient changes in 

microglia indicated proliferation in microglia cells and IBA-1 expression three days following 

cCCI, whereas a decrease in microglia cells and IBA-1 expression were observed in the cortex and 

hippocampus up to one week following injury. Moreover, acute morphological changes in 

microglia were associated with pro-inflammatory phenotypes within the cortex, whereas anti-

inflammatory phenotypes were observed in the cortex and hippocampus at one week. Microglia 

within the hippocampus of animals subjected to a cCCI displayed a unique morphology, with 

associated phenotypic and functional changes that are not thoroughly reported in research. 

Subacute changes in NLRP3 levels indicated significant decreases in the cortex and hippocampus 

of cCCI animals, which may be related to the specific microglia phenotypes predominant within 

the cortex and hippocampus after injury. Characterizing a cCCI rodent model also contributed to 

the evidence that regardless of the TBI model being CCI, which is typically classified as a focal 

injury; the closed-head aspect of this injury model showed that the injury is more diffuse than 

others report, with microglia alterations found in both the ipsilateral and contralateral sides of the 

brain. 

 

8.1.2 Specific Aim 2 

Chapter 5 describes work that accomplishes Specific Aim 2, which sought to identify 

microglia-specific gene patterns contributing to inflammatory responses following TBI. This work 

first established and optimized the ability to use cell-sorting techniques to isolate cortical microglia 

from the adult rodent brain following TBI, producing a high enrichment of pure microglia. This 

innovative approach allows cell-specific responses to be identified following tissue-level injury. 

An association between NLRP3 inflammasome activation in microglia, and increased production 

of IL-1β, as well as other polarization states that are present within the cortex following blast 

exposure and cCCI were confirmed through qPCR. Repeated blast exposure indicated elevated 

genetic expression of COX2 within microglia at three days, whereas CD206 was increased in 

cortical microglia at seven days. Following cCCI, increases in the genetic expression of NLRP3, 

with a trending increase in IL-1β were found in cortical microglia. Moreover, increases in gene 

expression of COX2 and CD206 were also observed in the acute stages of injury. At the seven day 
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time point, similar genetic patterns were observed, with NLRP3, IL-1β, COX2, and CD206 

upregulated in cortical microglia following cCCI. Altogether, results from this chapter suggest that 

microglia alterations may be time-dependent, with distinct, contrasting molecular changes in bTBI 

versus impact TBI. This work demonstrates the importance of developing personalized treatments 

to combat microglia-mediated inflammation, as their phenotypes may be injury-dependent.  

 

8.1.3  Specific Aim 3 

Chapter 6 elucidated the work addressed in sub-aim 3a of Specific Aim 3. The work 

established a "blast plus" injury model, exploring microglia alterations following complex injuries 

that include both repeated blast exposure and a cCCI. The model itself is novel and recapitulates a 

Veteran-relate clinical condition that had not been previously modeled. The results provided a 

unique response as compared to the impact or blast alone injury models. Rather than increases or 

decreases in microglia proliferation in the cortex and/or hippocampus as seen in previous chapters, 

morphological changes were the main indicator of activation. Unlike morphologies observed in 

the cortex and hippocampus of bTBI and cCCI animals in Chapters 3 and 4, animals subjected to 

blast+impact injury showed a different type of morphology, with microglia adopting an amoeboid 

phenotype. Additionally, repeated blast exposure predisposing the brain to increases in microglia 

activation seems to be region-specific, with substantial changes in microglia activation found 

within the hippocampus of the blast+impact group compared to the blast- or impact-only group. 

In contrast, similar changes in microglia activation were exhibited in the blast+impact and impact-

only groups in the SC, and similarities in microglia activation were observed across all groups in 

the MC. This work assisted in providing the fundamental understanding of microglia function in 

the injured brain in a “blast plus” complex injury, displaying the crucial need to explore this type 

of repeated TBI further.  

 Chapter 7 summarized the hypothesis of sub-aim 3b, exploring how PEGylated polyester 

nanoparticles influenced subacute microglia responses to impact trauma. Both hemostatic and 

control PLA-PEG nanoparticles appeared to attenuate microglia activation following cCCI by 

restoring microglia levels. More specifically, subacute microglia activation in the SC following 

cCCI, as seen in Chapter 4, was displayed through decreases in microglia cells and changes in 

IBA-1 expression. In contrast, in the present study, no significant changes in microglia populations 

or IBA-1 expression were observed in animals treated with nanoparticles compared to the vehicle-
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only group. As both CNP and HNP administration seemed to restore microglia to sham levels, this 

indicated that the polymeric structure of the nanoparticles, which has previously been shown to 

reduce inflammatory signals that may activate microglia, has a more significant effect on 

attenuating microglial responses than the hemostatic properties of the nanoparticles, as initially 

hypothesized. 

 

8.2 Limitations 

The work within each Specific Aim was accompanied by experimental limitations, which may 

affect the results, and should be considered: 

 

1. Studies described were limited to in vivo approaches in a rodent model.  

The rodent brain is notably smaller, lacking distinctive patterns that are present in the 

human brain, such as gyri and sulci. These structures contribute to differences in the 

cellular make-up and complex network of neurons within the brain, which may cause a 

difference in microglia phenotypes that are exhibited in the rodent brain.380,381 Moreover, 

variations in skull differences between the human skull and rat skull could influence the 

transmission of blast waves to the brain and the mechanical insult from cCCI. Despite these 

limitations, studies continue to indicate that rodent models of blast and impact trauma elicit 

neuropathology associated with TBI's clinical outcomes. Thus, to confirm the small animal 

results, a larger animal model with a brain more representative of the human brain anatomy, 

such as mini-pig or non-human primate TBI models, should be considered to further 

advance the field.    

 

2. These studies did not evaluate sex as a biological variable.  

The use of males exclusively in the work may not be fully representative of microglia 

activation in TBI.  Blast and impact neurotrauma affect both males and females in military 

and civilian populations. Studies have demonstrated that sex differences influence 

microglia phenotypes and can play a distinct role in microglia-mediated inflammatory 

responses.382,383 As such, it is essential for future studies to explore cellular and molecular 

changes following blast, impact, and blast+impact models to begin to evaluate microglia 
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responses in both female and male subjects to contribute to generating more personalized 

treatment options.  

 

3. IBA-1 is expressed in both microglia and peripheral macrophages. 

We chose to use the marker IBA-1 to acquire histological results on microglia through 

image processing of fluorescent staining. It is known that IBA-1 has an affinity for both 

microglia and peripheral macrophages, yet it is widely used for investigating microglia 

activation following TBI.201,220,338,384,385 Because of this, macrophage contributions could 

also affect temporal and spatial IBA-1 levels. Quantifying microglia morphology and 

particle size exclusion in the image processing step aids in distinguishing between the two 

cell types, but optimizing microglia-specific markers (TMEM-119, P2RY12, TREM-2 and 

CXC3R1) for histological analysis is warranted.    

 

4. mRNA expression does not fully represent glial-specific responses following TBI. 

As mentioned in Chapter 5, microglia-specific molecular patterns were only measured 

through mRNA expression.  Protein expression was not measured. This is primarily due to 

the low yield of protein extracted from isolated microglia, which complicated protein 

quantification using Western Blotting techniques. While mRNA expression values are 

helpful in identifying molecular drivers that influence microglia activation, this is only one 

step in the transcription pathway, and protein expression will be more indicative of 

molecular alterations as proteins actively contribute to the cell-type-specific function. 

Protein levels of NLRP3 from histological data were the first step in drawing correlations 

between mRNA and protein expression in this study, but quantification of microglia-

specific protein expression will provide necessary contributions to understanding 

molecular changes that drive activation. Continued optimization of MACS technique to 

increase the yield of microglia to combat complexities in protein abundance is needed to 

address this limitation.  

 

5. Only one injection and time point for injection of nanoparticles were tested following 

injury. 
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Nanoparticles were administered immediately following injury as a proof of concept for 

this injury model. While studies using nanoparticles designed and produced from the Lavik 

lab have indicated the efficacy of administering treatment immediately following trauma, 

immediate injection is not always feasible right after the injury occurs. Studies determining 

the maximum time allowable for optimal treatment, as well as the efficacy of multiple 

dosing need to be considered. 

 

8.3 Future Directions 

The extensive results of this work identified multiple phenotypes of microglia involved in their 

activation, driving inflammation following blast, impact, and blast+impact TBI. As this research 

aims to generate relevant data to advance diagnostic and therapeutic tools for those affected by 

TBI, it is crucial to explore further the outstanding research questions that still exist. The following 

areas of research are of particular interest for future studies: 

 

1. Expand regions of interest to determine connectivity and injury severity.   

In Chapter 4, histological analysis showed significant decreases in protein levels of NLRP3 

seven days following injury, whereas genetic expression of NLRP3 was significantly 

decreased in isolated cortical microglia at this same time point. While direct correlations 

or comparisons might be challenging to make, one potential reason why opposite effects 

in NLRP3 levels are seen could be that one specific area of the cortex was explored through 

histological analysis, whereas mRNA results encompass microglia from the whole cortex, 

which may increase the chance of diverse microglia phenotypes to be present. Future IHC 

studies exploring areas such as the pre-frontal, retrosplenial, parietal, and visual cortices 

should be explored to determine if NLRP3 levels are still decreased. Thus, exploring 

multiple regions within the cerebral cortex that are both rostral and caudal to -3.00 mm 

posterior from bregma (current regions of interest) will enhance the understanding and 

contribution of NLRP3 activation 

 

2. Further characterize microglia responses following blast+impact injury. 
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Our pilot study of the blast+impact model showed promise in understanding microglia 

phenotypes following this clinically relevant, yet complex injury.  More studies are needed 

to characterize whether repeated blast exposure increases the chance of neurological 

deficits following a subsequent impact TBI. Furthermore, our model depicts a delayed 

impact following blast exposure.  Active military personnel and Veterans could sustain 

"blast plus" injury within minutes through the primary blast injury exposure and a 

secondary blast injury, which involves exposure to the blast wave and displacement due to 

the force of the wave, accelerating the body leading to head impact. Thus, varying the 

timing between blast and impact TBI can further explore how this repeated injury 

influences mechanistic changes of microglia. Expanding to include the exploration of 

microglia-specific genetic patterns through MACS may provide insight into molecular 

changes in microglia that may differ from blast- or impact-only TBIs.  

 

3. Associating microglia-specific phenotypes to sequelae such as depression, anxiety, 

and memory impairment following TBI.   

Dickerson et al. 2020 determined that vestibulomotor deficits following blast-induced 

neurotrauma are linked to glial activation.  Dickerson et al. 2021 determined that anxiety- 

and depressive-like behaviors are also associated with glial-driven pathologies. Additional 

studies exploring injury-induced pathologies following TBI have found that 

neuropathology may contribute to behavioral deficits.86,386–388 Taking steps to further 

quantify microglia morphology and determining microglia-specific genetic patterns can aid 

in understanding whether amoeboid, stressed/primed, rod-like, or dystrophic microglia 

drive these clinical outcomes; and the role that NLRP3 activation may play in driving 

specific behavioral responses. This is crucial in monitoring acute and chronic injury 

progression, contributing to therapeutic interventions that can reduce behavioral and 

cognitive impairments.  

 

4. Continue to validate the efficacy of PEGylated polyester nanoparticles to restore 

microglia to baseline and its use as a vehicle for drugs that can treat pro-

inflammatory responses following injury.  
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Chapter 7 demonstrated the potential ability of nanoparticles to treat microglia pathology 

following cCCI. Studies by Hubbard et al. utilized hemostatic nanoparticles; specifically 

nanoparticles encapsulated with dexamethasone, and demonstrated the treatment 

capabilities in mitigating bTBI pathology. Pending work is currently exploring multiple 

drug candidates encapsulated in nanoparticles to attenuate microglia-mediated pathologies 

following TBI. This continued research will be essential in identifying novel techniques to 

improve the quality of life for patients who suffer from a TBI.  

 

8.4 Author’s Contributions to the Field 

 
Year Title Journal 

2020 Glial Activation in the Thalamus Contributes to 

Vestibulomotor Deficits Following Blast-Induced 

Neurotrauma* 

Frontiers in Neurology 

2021 Chronic Anxiety- and Depression-Like Behaviors 

are Associated with Glial-Driven Pathology 

Following Repeated Blast Induced Neurotrauma* 

Frontiers in 

Behavioral 

Neuroscience 

2022 Age-Relevant in vitro models may lead to 

improved translational research for traumatic brain 

injury  

Current Opinion in 

Biomedical 

Engineering 

2022 Osteopathy in the cranial field as a method to 

enhance brain injury recovery: A preliminary 

study  

Neurotrauma Reports 

(in review) 

2023 Characterizing glial dysfunction in a clinically 

relevant model of impact-induced neurotrauma  

In preparation 

2023 Influences of microglia-specific genetic patterns 

on activation states following traumatic brain 

injury 

In preparation 

2023 Dystrophic and amoeboid microglia are the 

predominant phenotypes in a model of Blast plus 

Impact Traumatic Brain Injury 

In preparation 

 

*Represents first author publications cited in this work, with full citations located in the reference 

section.   
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